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Abstract Forest managers today are struggling with the great
uncertainties and rapid changes in many biophysical and socioeconomic aspects of their work. We argue in this review
that viewing forests and forest management as complex adaptive systems and acknowledging non-linearity and uncertainty
in forest dynamics and management provide an alternative for
both production- and conservation-oriented forests to the traditional command and control approaches that have been advocated so far in forestry. We first discuss the concepts of nonlinearity and uncertainty in forest dynamics and management.
We then propose a set of broad principles and approaches that
are required for forest managers to better incorporate these
new concepts into practices. These span from (1) relaxing
and expanding the sustained-yield and single-good paradigm,
(2) moving the target for assessing success in silviculture from
predetermined strict outcomes for each and every stand to an
envelope of possible outcomes that are acceptable for one or
multiple stands, and (3) using approaches and modeling tools
to assess as large a range of possible outcomes as possible
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modeling tools.
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Introduction
Forest dynamics and management have long been approached
with the view that the more we study and control such systems, the better we can ensure a predictable and steady flow of
goods and ecosystem services. This view has been described
by Holling and Meffe [1] as a pathologic syndrome of
Bcommand and control.^ The limits of such an approach are
more and more apparent today as both the social and ecological dimensions and certainties under which forest managers
are operating are rapidly changing [2••]. The only certainty
today seems to be that tomorrow will bring new changes and
surprises for which we are ill prepared. Such uncertainties
have always been there, of course, but they seem to be increasing as technology, market, culture, and climate are changing at
unprecedented rates.
Faced with this new reality, an evolving direction for
natural-resource management is to view forests and forest
management through the lens of complexity science [3•, 4].
A major attraction of complexity science is that it provides the
necessary conceptual framework to promote the long-term
productivity, biodiversity, and adaptability of forest ecosystems and an integrative, multidisciplinary approach to study
the structure and dynamics of forest ecosystems under the
increasing uncertainties of today’s forest management conditions [5••]. The various components and ecological processes
occurring in a forest are no longer viewed as decoupled from
the socioeconomic realities of the human construct.
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Complexity science can then help view forest and human
ecosystems as an integrated social-ecological system. It calls
for a shift from the pursuit of specific tree- and stand-scale
objectives toward a more flexible multi-scale perspective that
also considers landscape-scale processes and their interactions
in relation to the globally changing social-ecological conditions. But more importantly, it acknowledges that due to the
inherent non-linearity of many of the social-ecological elements and relationships of forest systems and the rapidly
changing environmental, biological, economic, and social
conditions of today’s world, predictability is getting more
and more difficult to achieve and could even be counterproductive in terms of achieving our management objectives.
Complex systems are not well understood using the classical
or Cartesian modes of thinking used in reductionist or determinist science. Reductionist science studies a system by investigating its individual components in isolation or at a single
scale of resolution. In contrast, complexity science proposes a
holistic perspective to the study of systems. It suggests that a
system can be better understood or managed by focusing on the
interactions among the various components of the system at
multiple scales. Moreover, contrary to the basic tenants of determinism, complexity science suggests that the dynamics of a
system may be highly unpredictable because they rely on nonlinear processes and interactions [6, 7]. Viewing forests as complex systems implies that all aspects of their states and dynamics may never be precisely known. While qualitative forecasts
may be possible, the precise quantitative prediction of attributes
such as total biomass, composition, or structure may pose insurmountable challenges. Even the most homogenous, intensively managed monospecific tree plantations or intensively
managed uneven-aged forests possess many attributes of complex systems [8]. They all have a natural tendency to adapt and
without continued top-down management control, they will
likely change and deviate substantially from the originally
intended condition, especially after unexpected disturbance
events (e.g., [9]).
Through the lens of complex system science, forests
can be viewed as integrated social-ecological systems
with immense benefits for their management [2••, 3•,
10]. Such a paradigm shift in the study of forest dynamics and their management could be one of the
greatest since the introduction of early forest management theories in the 1800s by German foresters [10].
Complexity science has a strong conceptual foundation
that is based on work in non-linear physics and information theory [6]. It is not a discipline per se, but a
unified theoretical framework that can be applied to
biological, economic, social, and political problems
and challenges. Forests, as with all ecological systems,
are different from strictly physical and chemical complex systems because of their ability to adapt to changes over time [11]. A complex system is adaptive when

heterogeneous components react differently to outside
influences, thus continually modifying the system and
allowing it to adapt to altered conditions. Forests have
ecological attributes—such as diversity, cross-scale interactions, memory, and environmental variability—essential for their capacity to adapt. Although there is no
universally accepted definition of a complex system,
most researchers in complexity science would agree
that a complex system has an emergent structure and
dynamics that are the collective result of many components interacting at a lower hierarchical scale.
Consequently, complex systems are difficult to analyze
or describe using only one scale or resolution.
Complexity science provides a transdisciplinary framework to study complex adaptive systems that are often
described as having the following properties or characteristics: (1) heterogeneity, (2) hierarchy, (3) self-organization, (4) openness, (5) adaptation, (6) memory, (7)
non-linearity, and (8) uncertainty.
Messier et al. [5••] contrasted ten recent and novel
forest management approaches being advocated in different forest biomes as an improvement over traditional
forest management approaches (Fig. 1). They then evaluated each practice in relation to how much it considered each of the eight properties of complex adaptive
systems. Some practices like the Italian’s systemic silviculture [12] fared pretty well, but most completely or
partially failed to acknowledge non-linearity and uncertainty characteristics inherent to any complex adaptive
system. This paper aims to review these two important
characteristics of complex adaptive systems (nonlinearity and uncertainty) and then present some ideas
on how forest managers can modify their practices to
better incorporate these properties to improve forest
management in response to the unprecedented biophysical and social uncertainties and changes occurring
today.

Non-linearity in Forest Dynamics: When 2 + 2 Does
Not Equate 4
Non-linearity characterizes the dynamics of systems with disproportionate responses to associated inputs [13, 14]. Many
non-linear relationships exist in forest ecosystems. Prominent
examples are the Michaelis–Menten (i.e., saturation) equation
for enzyme kinetics that is often used to describe resource use
of plant resource uptake [15], exponential or logistic population growth, and the normal, skewed, or bimodal distributions
of species along environmental gradients. Non-linear feedbacks play a key role in the regulation of plant and animal
populations in all ecosystems [16, 17]. Examples from forest
systems include density-dependence in mammalian
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Fig. 1 Evaluation of ten forest management approaches in terms of how they address the eight characteristics of complex adaptive system. Black boxes
indicate that the characteristics are emphasized, and white boxes indicate that they are not emphasized. Grey boxes indicate intermediate emphasis

reproductive and mortality rates [18] and density-dependence
in plant fecundity and seedling survival [19]. Many non-linear
relationships are monotonic, i.e., they only increase or decrease over the range of response of a given variable, albeit
at differing rates. Alternatively, non-linear relationships may
be non-monotonic, i.e., increasing over parts of the range and
decreasing over other parts (Fig. 2). Non-linearity implies that
the dynamics of forest systems may show unexpectedly large
or small responses to gradually changing conditions. Many
ecosystems display threshold dynamics under slow variations
in temperature [20], rainfall [21], grazing pressure [22],
Fig. 2 Conceptual examples
highlighting non-linear
relationships between parameters
as found in forest ecosystems

landscape fragmentation, or connectivity [23]. Examples of
such behavior in the ecological literatures include studies that
show a hysteresis effect (Fig. 3). For example, the impact of
increased herbivory on a forest or grassland system may lead
to a slight, maybe even linear decrease over a wide range of
grazing intensities, under conditions of sufficient rainfall. In
drought years, however, the same levels of herbivory may lead
to a major shift in biomass or even vegetation composition
(shifting from grassland to open steppe) [22, 24].
Non-linear or threshold patterns are especially hard to predict, when they are driven by cross-scale interactions of
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threshold-like dynamics when systems shift between alternative
stable states [33].

Uncertainty in Forest Dynamics and Management:
the Rule Rather Than the Exception

Fig. 3 Example of hysteresis in grassland ecosystems as an example of
multiple stable states. During times when water conditions are adequate,
grasslands can maintain fairly high biomass. The onset of drought events
may lead to non-linear behaviors and push grassland over a threshold.
Even reducing herbivory during drought may not allow the system to
return to its original state in the near term

multiple factors [25]. For example, the impact of stand treatments on the likelihood and severity of wildfires or insect attacks will change dramatically if the fuel conditions or the insect habitat in the surrounding landscape changes, respectively
[26]. The spatial magnitude of the 1980s western spruce budworm (Choristoneura occidentalis) outbreak in interior
Douglas-fir forests of British Columbia can be seen as a nonlinear response to local forest management practices, such as
harvesting and fire suppression [27].
Non-linearity is of special concern for forest planning as it
implies a high sensitivity to initial conditions. In non-linear
relationships, small initial differences can be amplified and
can lead to divergent trajectories [28]. For example, development of vegetation in forests following a disturbance could
follow many different trajectories due to slight differences,
such as the proximity of surviving mature trees, seed banks,
seed quality and predation level, or weather conditions during
germination and early establishment periods [29, 30].
Sensitivity to initial conditions means that forest ecosystems
have the capacity to retain memory of past states, in the form
of biological legacies. In turn, memory may act as an important agent of resilience, keeping the system in an optimal or
non-optimal state relative to management objectives.
Non-linear responses can lead to system’s surprisingly quick
crossing of thresholds, such as unexpected regime shifts in
forest ecosystems where the dominant vegetation type is replaced [30, 31]. Just as cross-scale interactions, multiple sequential disturbances can precondition a system for non-linear
behavior, such as successive disturbances that erode the regeneration potential of the forest. Many social-ecological systems
display threshold phenomena. In particular, systems in which
legislations or economic policies promote single land-use over
large portions of the landscape are more prone to sudden transitions [5••, 32]. Thus, non-linearity is a crucial component for

The dynamics of any complex system are riddled with uncertainty, which challenges predictions about future states. As stated by Carpenter [13], even the uncertainties are uncertain.
Uncertainty arises from many sources. First, it is caused by
the stochasticity inherent to most processes driving the dynamics of social-ecological systems. Forest ecosystems are subject
to stochastic variation in the physical environment and in the
occurrence and outcome of biotic events such as seed survival
and predator-prey encounters. Another source of uncertainty is
non-linearity in ecosystem processes. As pointed out above,
non-linearity hinders prediction because small differences in
initial conditions may lead to largely different trajectories, some
of which even resemble chaotic behavior [19, 34]. Non-linear
dynamics may also lead to unforeseen regime shifts. Examples
include the replacement of the Bornean forest by Imperata
cylindrica grasslands after repeated fires that were fostered by
this very flammable grass [35].
A third source of uncertainty is the openness of forest ecosystems, which can also be viewed as cross-scale interactions
with external components. Forests are exposed to changes in
peripheral systems to which they are coupled (e.g., economic,
political, demographic, climatic) [10]. For example, in Spain,
the landscape became more homogenized due to 21st century
social changes in the economy that led to agricultural land
abandonment and decreased forest products demands [36]. In
Borneo, rates of illegal logging rise with political instability and
when corrupt elected or appointed governmental officials come
to power [35]. More directly, extremely rare events can be
highly influential [37]. Natural and social events, such as
changes in hunting regulation and drought, as well as epidemics, wars, or market crashes, are hard to predict, but they
can have high short- and long-term impact on forestry and
forest development [10].
A final source of uncertainty emerges from the capacity of
adaptation of forests. Heterogeneity and biodiversity are key
determinants of ecosystem adaptation [11]. For example, external changes do not affect all species identically and a diversity of responses may exist among species accomplishing the
same ecological function [38]. Heterogeneity of components
and cross-scale interactions provide the sources of innumerable innovations for altered forest systems. Compositional,
structural, or behavioral changes at the bottom of the system’s
hierarchy (e.g., by removing keystone species) can result in—
through self-organizing processes—massive rearrangements
such that little remains of the original system’s dynamics or
functions [39]. For example, rising temperatures in the
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Northern Hemisphere shift tree species distributions with profound effects on the composition and internal processes of
boreal forests [9, 40]. New communities that reflect species’
dispersal and survival abilities under warmer conditions will
emerge, resulting in different resource use, habitat for wildlife
species, disturbances, and potential for human use [41].
Any prediction of the response of an ecosystem experiencing unprecedented events or conditions, such as a changed
climate, is an extrapolation. Typically, multiple factors act on
forest ecosystems simultaneously, adding another layer of uncertainty to such extrapolations. Predicting the response of
forests to management or restoration treatments under altered
environmental conditions is an example of multilayered uncertainty [42].

Non-linearity and Uncertainty: Making It Work
for You
Acknowledging non-linearity and uncertainty in forest dynamics and management, in conjunction with increasingly
rapid changes in ecological, social, and economic conditions
in the world today, highlights that practices and management
regimes that favor simplistic and stable forest composition and
structure are problematic. If nothing else, an appreciation of
how non-linearity and uncertainty have resulted in many surprises in the past should instill a sense of humility among
forest managers and help them acknowledge that we cannot
control the precise future of any tract of forest. Thus, foresters
are challenged to find ways to manage forests in the face of
non-linearity and uncertainty that encourages a suite of stand
and landscape conditions that can provide a wide range of
desirable outcomes under a broad set of Bsurprises^ [5••, 43].
Such changes in attitude are already occurring for landowners, such as the US National Forest system. New management goals include managing for increased resilience and
adaptive potential, and these goals are replacing the previous
focus on timber productivity [43–45] or stability [46]. Such
shifts have the highest likelihood of success if they result in
flexible and adaptive management approaches that can accommodate unpredictable ecosystem behavior [47].
Currently, consequences of uncertainties about future events
or the non-linear behavior of ecosystems are addressed as they
arise. Forest management responses to such situations that are
based on the command and control approach include pesticide
applications (e.g., for insect outbreaks), weed control and/or
planting operations (e.g., lack of propagule sources for natural
regeneration), and fertilization (e.g., nutrient deficiencies).
An alternative to such high input and impact treatments is
to acknowledge and incorporate aspects of complex adaptive
systems into forest management plans. Addressing the nonlinearity in forest dynamics and uncertainty in forest management described above provides unique opportunities for future

research and refinement of various forest management approaches. Understandably, the inherent unpredictability of
complex systems and great uncertainty in future conditions
are hard to accept for a profession, which has taken pride in
making forests homogenous and predictable. Foresters have to
take a new critical look at the value of precision in yield tables
and growth models, standard prescription guidelines, and silvicultural rules [10].
To suggest how complexity, particularly non-linearity and
uncertainty, can be incorporated into forest management, we
propose three broad solutions: (1) relaxing and expanding the
sustained-yield and single-product paradigm, (2) moving the
target for assessing success in silviculture from predetermined
strict outcomes for each and every stand to an envelope of
possible outcomes that are acceptable for one or multiple
stands, and (3) using new approaches and modeling tools to
assess as large a range of possible outcomes as possible.
Relaxing and Expanding the Sustained-Yield
and Single-Good Paradigm
We must broaden the scope of forestry practices beyond a
narrow focus on a few currently valuable timber products.
Given the long-term development of forests, we need to acknowledge our increasing uncertainty about (1) the future
timber values and quality requirements for any tree species,
(2) which tree species is most likely to grow well or even to
survive in response to rapidly changing biophysical conditions, and (3) the future importance and values of other ecosystem goods and services, such as carbon, water, and recreation. As an alternative, we propose (see also e.g., the USDA
as described in Peterson et al. [43]) that future management
plans provide flexibility in outcomes where, depending on
stand composition and structure, management would be
aimed at increasing the resistance, resilience, or adaptive capacity of the stand to known and unknown future conditions.
This can deliver a basis to maintain a broad set of future
possibilities.
Also, instead of projecting the sustained-yield of only one
service (wood) and only the most desirable tree species, more
and more studies are actually modeling how different forest
management practices can accommodate or optimize many
different services [48]. Tree carbon storage, for example, is
now increasingly recognized as an important forest function
and it has become a central point in climate change discussions [49, 50]. Strong trade-offs among supply, regulation,
and cultural ecosystem services have been identified and described [48, 51, 52].
All of these changes mean that we need to relax or modify
the very principle at the core of forestry; sustained-yield. By
accepting that the forest composition may change (or indeed
should change) to adapt to global change, it also means that
the way we calculate sustained-yield needs to be adjusted so
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that current harvest of some key species would not be dependent on the sustained production of that species over 100 to
150 years as is currently done in most jurisdiction in Canada.
Such an approach actually does not make sense anymore in
light of the current rapidly changing climate. The current chief
forester of Quebec is considering reducing significantly the
number of years over which the sustained-yield (or annual
allowable cut) needs to be calculated to allow forest managers
to start modifying the future composition of the forest away
from the current composition without imposing harvesting
penalties on forest companies (Gérard Szaraz, Pers. Comm.).
One recommendation is to manage for a diversity of
tree species that have a high functional diversity, i.e.,
contribute to a wide variety of ecosystem processes and
functions [53], thus supporting multiple ecosystem services. Focusing on building adaptive capacity shifts the
decision matrix and requires foresters to emphasize the
diversity of functional Bresponse traits,^ i.e., traits that
determine a species response to disturbances. This type
of management is more likely to ensure that the future
forests will continue to provide us with many of the
ecosystem services that are demanded by the public today and with potentially novel services that are currently not considered.
Practically, functionally diverse, mixed-species
stands support species with different biotic and abiotic
sensitivities and recovery mechanisms following disturbances. Different vulnerabilities and multiple response
mechanisms are crucial to ensure the ability of ecosystems to self-organize, a key component for adaptive
capacity. There is growing evidence that diversity can
promote the sustainability of social-ecological systems
in the long run through increasing their resilience [54].
Higher tree species diversity has also been shown to
often produce higher levels of many ecosystem services [55, 56].
Moreover, it seems likely that economic prospects could be
enhanced by adopting more flexible standards of acceptability.
Most forest managers could probably recall costly interventions
that did not meet expectations or were counterproductive when
market value for some tree species changed. Some examples
include growth and yield of many intensive plantations being
much lower than expected due to unexpected biotic disturbance
[57], tropical silvicultural interventions that did not succeed in
maintaining yield [58], and low wood prices for one tree species, such as red alder in the Pacific Northwest of the USA that
promoted its replacement by another higher-valued tree species,
such as Douglas-fir. After millions of dollars were spent removing red alder, prices increased to the point that several companies actually started to plant red alder. More realistic cost/
benefit analyses that incorporate diverse ecosystem services
and some levels of uncertainties are likely to generate very
different management strategies [59].

Moving the Target for Forest Management From Stand
to Landscape
Based on the idea of cross-scale interactions, complexity science suggests that acknowledging multiple spatial and time
scales in making predictions may be helpful in making better
management decisions [43]. For example, due to a different
set of biophysical constraining forces in stands and landscapes, managers are more likely to successfully predict trends
in forest composition, structure, and productivity at larger
spatial scales, while at the same time, acknowledging that
predictions for specific stands are not as reliable (e.g.,
Norden et al. [60]). Accepting less Bcontrol^ and more variability at neighborhood and stand scales provides managers
with more flexibility to accommodate the surprises coming
from non-linearity and self-organization in forest dynamics
and thus greater ecosystem adaptability at landscape or regional scales (for an example, see Mah et al. [61]).
Forest managers overseeing large private or public forest
estates should attempt to manage these forests to a prescribed
envelope of possible future stand conditions, rather than forcing
each and every stand to move to a specific predetermined condition, as indicated in yield tables or growth models (see Fig. 4,
shaded areas A and B). This envelope of possible future conditions can be described as a distribution of possible stand

Fig. 4 Trajectories of possible ecosystem characteristics between
traditional and complexity management. Point A represents a possible
stand being managed by selective cutting, following a severe natural
disturbance or a clear-cut, in which structural heterogeneity increases
with time, but in a predicted manner due to management. In such case,
the diameter distribution will tend to be very similar from one part of the
stand to another and among stands. Point B represents the same forest as
for point A, but managed as an even-aged monospecific stand throughout
the rotation. In this case, the management is so intense that the diameter
distribution is maintained outside the natural variability normally found in
similar unmanaged forests. Point C represents again the same forest but
either left alone or managed for complexity where the silvicultural
treatment is allowed to vary both within each stand and among stands.
In that instance, the forest manager is not predicting or managing for one
specific outcome, but a possible variety of outcomes that allow the stand
to be Bcreative^ in finding its own dynamic and complexity
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conditions that reflects the attractors of natural forest succession
under some specific biophysical conditions (Fig. 4, shaded area
C). Giving up specificity in prediction for any particular stand
may seem a step back from our efforts to manage forests on a
scientific basis since much efforts have been spent developing
tools to provide higher predictability. But, Bforcing^ a stand to
develop into a specific predetermined condition may forestall
its adaptive capacity because future conditions cannot be predicted with precision due to the non-linearity of many ecological and social processes. For smaller estates, a possible approach could be to consciously maintain or promote a higher
diversity of tree species and manage for a diversity of possible
development trajectories. In all cases, forest management practices instead should ensure that forests do not develop outside
the envelope of stand conditions as defined by the likely future
biophysical environment, and of course, by the current and
known possible future desired goods and services. Such envelopes may aid foresters in allowing ecosystems to respond to
natural or human disturbances without seeing the necessity for
intervention, as long as the end trajectories of various stand or
landscape conditions are not compromised. Descriptors of the
distribution of possible outcomes, which could include mean
conditions and associated variability around the mean, can be
used to calculate management outputs. Thus, the idea of predictability is not abandoned, but used at a level that is more
appropriate for the behavior of complex socio-ecological systems subjected to rapidly changing biophysical and social
conditions [62]. In this case, predictability switches from strict
outcomes for each and every stand to an envelope of possible
outcomes that are acceptable for one or multiple stands in the
landscape (see also the approach used by Hummel and
Barbour [63]).
This approach obviously requires further research, e.g.,
how to determine such envelopes and populate them for a
variety of landscapes and ownership objectives. For broader
implementation, forest managers must be able to develop
these distributions on their own. However, by Bloosening the
grip^ on predictability, such efforts may be more than offset
by managers actually gaining a lot of flexibility and saving
time and resources otherwise allocated to counter stochastic
and natural processes driving the dynamics of each and every
stand. Success of management operations should be measured
at multiple spatio-temporal scales rather than only at stand and
rotation age scales [62] (Fig. 4).
Accepting more variability in stand structure and tree species composition should require less management inputs while
increasing the overall resilience and adaptive capacity of these
stands to unknown future conditions. Even the often discussed
objective of promoting or re-establishing the historic range of
variability in forest conditions and processes (often referred to
as Ecosystem Management; Swetnam et al. [64]) dear to many
ecologists in North America may need to be relaxed [65].
While such information can provide interesting insights, it

may not allow for the promotion of novel response-type diversities that are necessary to enable ecosystems to adapt to
unprecedented future conditions [41].
Rather than focusing on specific predictions, foresters need
to shift scales and focus on probabilities. This approach can be
compared to insurance companies. They acknowledge uncertainty and do not predict whether or not a specific house will
burn. Instead, they have a very successful business model by
relying on information about fire probabilities (equivalent to
the landscape envelope described above) to calculate insurance premiums for specific houses. Accepting a wider range
of possible outcomes for individual stands (see Fig. 4) will
require acceptance of variability within and among stands.
This may mean, for example, that seedling mortality in selected parts of a stand will not automatically result in replanting
efforts, especially when regeneration of neighboring stands
has been successful. Accepting stochastic elements as an inherent part of ecosystems also requires foresters to critically
review their standards and expectations [66]. Fully stocked,
undisturbed forests are viewed as the norm to which all stands
have to achieve, deviations from fully stocked stands are not
automatically interpreted as management catastrophes and
should not reflect negatively on job evaluations or reputations
of forest managers (unless obvious mistakes have been made).
This also includes avoiding that the standard response for any
disturbance, such as windstorms, snow breakage, or insect
problems, is to salvage and bring stands back to fully stocked,
(apparently) undisturbed conditions as quick as possible.
Thus, incorporating risk and uncertainty does not necessarily
have to result in an adjustment of trued and tried management
approaches (for example, see González et al. [67]). Instead, it
should be interpreted as an opportunity to avoid having to
impose a narrow range of stand structures and composition
on every portion of every stand [63]. It provides flexibility for
managers to use a wider variety of treatments and to carefully
weigh responses to unplanned events and disturbances, including simply accepting them as an inherent and therefore
valuable part of the envelope of possible and desirable
conditions.
Using New Approaches and Modeling Tools to Evaluate
Forest Management Options
As discussed previously, the prediction of the future states of
ecosystems, stands, and landscapes cannot be made with precision. Non-linear dynamics, cross-scale interactions, emergence, and constantly changing external drivers or boundary
conditions (e.g., environmental variability, climate change,
global economy) all contribute to future uncertainty. With this
in mind, the tools that we use or develop should incorporate
and accept this inherent inability to forecast precisely the future. These tools should also acknowledge that changes or
adaptation to known and unknown future conditions are not
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only something that we must accept, but rather something that
has to be promoted and planned from the outset in management plans. Under this new paradigm, management interventions would not be aimed at reaching a precise objective or
goal in the future. Instead, interventions would aim at ensuring
that the forest contains all the elements necessary to preserve
its capacity to change and adapt to future conditions so as to
continue to produce desirable goods and services. A good
analogy would be the education of our children today.
Schooling and parenting should not be aimed at producing a
specific adult that will do a certain job that we predict will be
necessary in 30 years, but rather a very adaptable and resilient
individual that will be able to navigate through the complex
and increasingly changing world of the future.
Accepting uncertainty as a normal part of your planning
objective can actually be liberating since it can translate into
more flexible management options. Moving away from high
predictability is not only difficult to accept for managers but
also for researchers. As discussed by Carpenter [13], many
researchers justify their research by promising to bring more
predictability into one’s problem or system. Although achieving high predictability is likely possible for some systems over
the short-term, it is unlikely for highly complex systems such
as forests particularly over the long-term normally used by
forest managers.
Given the inherent uncertainty of future forest conditions,
the future of an individual stand or a regional landscape
should be discussed in terms of scenarios and Benvelopes^
or ranges of possible future states rather than precise predictions. One envelope should include all possible future states of
the stand for a single scenario, given the current knowledge of
the system’s state and functioning.
Incorporating uncertainty into management is being proposed as a way to help adapt forest and forest management
to climate change [68–70], and Yousefpour et al. [71] provided a nice review of the many approaches, models, and tools
that have been used or proposed so far. Such approaches as
scenario analysis, real options and simulation modeling can all
be used to evaluate risk and uncertainty in forest management.
In scenario analysis, the future of a stand can be conceived in
terms of an envelope composed of likely future states, given a
particular management scenario and external drivers. A series
of scenarios may be explored through modeling to ascertain
which policies and management interventions will keep the
stand within an acceptable range of possible outcomes. The
best use of simulation models is to develop and explore future
scenarios and to serve as decision support tools by allowing
greater insight into the possible responses of the system to
proposed policies as was done by [72].
Models that represent the local behaviors and interactions of
individuals with representations of environmental processes are
increasingly being used for scenario building. A good example
of such an approach was done by Temperli et al. [72]. Using a

process-based forest model (LandClim), they simulated both
forest dynamics and various forest goods and services under a
range of climatic and management scenarios for a diverse landscape in central Europe. Interestingly, their main conclusions
were that (1) adapting this forest to future climate could be done
by balancing both conservation and production goals and (2)
different tree species mixtures having different drought tolerance should be maintained to facilitate adaptation over time.
As demonstrated by Temperli et al. [72] and many other
similar recent papers (e.g., [73–75]) rather than focusing on a
single, optimal vision of the future, forest managers should
use adaptive management, scenario building, and dynamic
models to explore an envelope of probable futures that becomes wider the further forward one projects [76–78].
Planners could then quantify the likelihood of each scenario
using sensitivity analyses or expert knowledge analysis (e.g.,
[79]) to address the ranges of uncertainties in ecological, social, and economic dimensions.
We know that social, economic, climatic, and ecological
conditions 100 years from now will be unlike current or past
conditions. Changing conditions must be anticipated rather
than just recognized as they occur, since a reactive approach
when dealing with long-lived organisms such as trees may be
ineffective or detrimental. This challenge is probably the most
pressing issue facing forest managers and policy makers today. Some cases will likely require conscious management for
a different future forest composition to increase resilience to
known, unknown, and unknowable future conditions [41, 80].
There is an increasing variety of new models and approaches that can be used to simulate stands and landscapes
in more Bcomplex^ ways. Many are even able to incorporate
changing conditions to predict the likely future conditions of
the forest. Traditional growth and yield models that are deterministic and non-spatial (e.g., [81]) are not very useful in this
context. More recent models that use trees as individual
modeling agents and are spatially explicit (e.g., PTAEDA2:
[82]) represent a significant advancement. Models that simulate forests by incorporating regeneration and growth routines
at various spatial scales (e.g., SORTIE-ND: [83, 84]) and that
include important natural disturbance events such as fire and
insect epidemics (e.g., LANDIS-II: [85]) are even better suited
to help managers understand the envelope of desirable future
stand structures.
Efforts of various research groups around the globe to develop stochastic and spatially explicit models of forest developments are encouraging. Recent developments in Bayesian
Networks (for examples of their use in ocean and fishery research, see Hoef [86]; Lee and Rieman [87]; Borsuk et al.
[88]) and linkages to climate change models will further improve forest simulation models. However, rather than approaching these models with a mindset of improving predictability of forest development under specific conditions, development and use of the models should draw upon a solid
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understanding of the characteristics of complex adaptive systems, especially accepting uncertainty and unpredictability as
intrinsic and desirable characteristics of any individual forest
stand.
Since ecosystems are fundamentally a network of
interacting elements, new models and modeling approaches
need to be able to represent the important elements of the
system both spatially and temporally [89]. Complexity models
require an organizational hierarchy to represent their system of
interest [90–92]. To simulate the intricate functions of a forest,
a model will need to represent, in a spatially explicit manner,
the most important objects and functions that affect its shortand long-term dynamics at more than one spatial scale. Many
hierarchical representations are possible, but in most cases,
they will encompass some or all of the following levels
(individuals < populations < communities < ecosystems < biomes). Complexity theory also implies that it is not possible to
simulate complex behaviors in stands by using whole stands
as modeling agents because no interacting elements are present that can generate emergent properties at the stand scale. In
fact, ecosystem structures, functions, and processes are now
interpreted as emerging from inter-hierarchical interactions.
For example, the slow (e.g., tree succession) and fast variables
(e.g., insect dynamics) of Gundersen and Holling [93] represent interactions occurring across two time scales. Complex
behavior is always represented using a Bbottom-up^ approach
to modeling. In such an approach, each hierarchical element is
modeled as a discrete agent or object state, where each entity
has functions that are characterized by relationships described
by rules (or equations) and constant values or variables.
These are just some broad guidelines to be used to simulate
forests as complex adaptive systems. For any model, the hierarchical levels being represented, the spatial and temporal
scales used, and the functions and variables represented depend on the questions being asked, the available data, and the
skills of and the approach used by the modelers. What is
important to remember here are the basic elements that are
required in such models to be used to simulate complex behaviors: (1) representation of many hierarchical levels, (2)
representation of both spatial and temporal scales, (3) some
stochasticity, (4) some non-linearity, and (5) some representation of discrete entities or elements.

Concluding Remarks
We conclude by summarizing five key elements that need to
be incorporated into forest management to accommodate nonlinearity and uncertainty:
o Consider as wide a variety of ecosystem components
(i.e., more than trees), functions, and ecosystem services as possible. This would be likely to make it

desirable to maintain a diverse set of forest conditions
(see third element below).
o Abandon the Bcommand and control^ approach for
each and every stand. Instead, allow stands to develop
within an acceptable envelope of possible conditions
(Fig. 4), measure success at the landscape scale rather
than the stand scale, and allow for multiple development trajectories at lower scales. Management of forests should accept variability in space and time as an
inherent desirable attribute that allows forests to be
more resilient and adaptive to new internal and external
biotic and abiotic conditions.
o Actively and purposely maintain and develop withinand among-stand heterogeneity in ecosystem structure,
composition, and function to recreate the necessary variability in forest conditions and processes that favors
resilience and adaptive capacity. This could mean, in
some situations, bringing in novel species so as to increase the adaptive capacity of forest landscape (sensu
Lindenmayer et al. [94]).
o Evaluate current management practices according to
the list of the eight characteristics used to describe complex adaptive systems as done in Fig. 1. This will provide insights about what needs to be changed in the
current approach.
o Use approaches and models to evaluate as wide a range
of possible biophysical and socioeconomic factors over
time as possible in order to capture the inherent uncertainty of your system. Such approaches and models are
reported more and more in the scientific literature, and
managers should familiarize themselves with those
new tools.
Managing forests incorporating non-linearity and uncertainty has several implications for forest managers. First, forests that have developed heterogeneous structure, function,
and composition rather than being managed to a specific, narrow set of stand structures would tend to be better able to adapt
to changing abiotic and biotic conditions. This adaptability is
especially critical because of the rapid pace of climate change
and species invasions. Second, accepting unpredictability as
an inherent feature of forests decreases the emphasis on managing all forests according to a single set of Bbest^ management practices. It therefore allows for more flexibility from
managers who can accept a range of developments as long as
the whole forest achieves the desirable economic, social, and
ecological objectives. In many cases, this will result in lower
costs, reduced ecological impacts, greater adaptability, and
higher social acceptance. Third, forest management should
be based on the knowledge that non-linear, interrelated causes
and feedback loops that span hierarchical levels of organization and encompass many multiple spatial and temporal scales
are all inherent features of ecosystems. It is this multiplicity of
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factors occurring at various scales that are necessary to allow
forests to recover quickly after a wide range of disturbances,
adapt to climate change, and resist species invasions.
The proposed changes pose deep philosophical and practical challenges to current forest management thinking. It will
not be easy for many managers to abandon the agricultural
view that forests are controllable systems and that efficient
management requires homogenization of stand structures.
Awareness of, and openness to, the work of complexity scientists will hopefully facilitate this shift in thinking. As
discussed by Messier et al. [5••] in their last chapter, complexity science provides a conceptual framework for many of the
modifications and adaptations to forest management (e.g., variable retention, ecosystem management, or close to nature
forestry) that have already been implemented in the recent
decades. It is a valuable template that can guide the further
improvement of these recent forest management approaches
and practices in the future.
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