EXPLORING THE SOCIAL-ECOLOGICAL RESILIENCE
OF FOREST ECOSYSTEM SERVICES

by

Donald G. Morgan

B.Sc. Honours, Carleton University, 1991
B.Sc., Trent University, 1984

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN
NATURAL RESOURCES AND ENVIRONMENTAL STUDIES
(BIOLOGY)

UNIVERSITY OF NORTHERN BRITISH COLUMBIA

January 2011

© Donald G. Morgan, 2011



Library and Archives Bibliothéque et
Canada Archives Canada
Published Heritage Direction du

Branch Patrimoine de I'édition

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-75115-2
Our file Notre référence
ISBN: 978-0-494-75115-2
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L'auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette theése.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.



ABSTRACT
Natural disturbance is predicted to increase in Canadian forests as the climate
continues to change. This will trigger an increased variability, and therefore uncertainty,
in the supply of ecosystem services from forests. | used social-ecological systems
theory to develop a forest management approach that recognizes and incorporates
spatial and temporal dynamics. Social-ecological approaches integrate the role of
people in ecosystems. This approach focuses on the maintenance of social and
ecological resilience to change as the main management objective. | developed a
structured framework that examines a resource system’s social and ecological
dynamics and the supply of provisioning and regulatory ecosystem services. Systems
modelling was used to capture the overall behaviour of forest resources in the
Cranbrook timber supply area and as a foundation for developing scenarios that
identified a range of future ecosystem conditions. | then used spatio-temporal simulation
models to capture a range of future environmental and social conditions, including
climate change. Natural disturbance was implemented to reflect historic variability. The
supply of ecosystem services, under all scenarios, oscillated through time driven by the
interaction of natural disturbance and forest management, making a constant supply
unattainable. A sustainable timber supply is possible if harvest levels are lower than
those currently prevailing; suitable habitat for grizzly bears can be sustained at high or
low levels depending on road densities and access rules. A social-ecological approach
is well suited to understanding drivers of change, sources of uncertainty, and in

managing the supply of ecosystem services from dynamic ecosystems.
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CHAPTER 1

General Introduction



Background

The intent of forest management in British Columbia (BC) is to plan for a consistent
supply of timber while providing for other ecosystem services (Province of BC 2007).
The current mountain pine beetle (Dendroctonus ponderosae; MPB) outbreak and the
anticipated changes in climate (IPCC 2007) undermine the ability of resource
professionals and policy makers to maintain expected levels of services using current
forest management approaches (Carpenter 2003, Folke et al. 2004, Walker and Meyers
2004, Adger et al. 2005, MA 2005, Hobbs et al. 2006, Williamson et al. 2009). This
anticipated shortfall provides the impetus to develop a new approach that integrates

landscape dynamics and ecological resilience into forest management.

Landscape dynamics, the maintenance of ecological values, and timber production all
have social and ecological components. Thus, we require a new approach for forest
planning that captures those two, sometimes competing elements. Social-ecological
systems theory can provide the foundation for such an approach. A social-ecological
system is characterized by resilience, adaptability and transformability (Walker et al.
2004). When managing such a system the goal becomes not only to provide a
sustainable supply of ecosystem services, but also to explicitly account for the social

and ecological dynamics that may beset them.

Social-ecological systems theory views resource management as the integration of
natural and human dynamics and the capacity of the system to respond o change while
maintaining its defining functions and structures (Holling 1973, Gunderson and Holling

2002, Drever et al. 2006). In this context, resilience represents the ability of ecosystems



to maintain their defining features and processes following natural and human
disturbance. Adaptability is the capacity of the ecosystems, species and human actors
in the system to adjust to both ecological and social change. Transformability is the
ability of the system to transform from its current configuration to a different
configuration. The transformation is triggered when the resilience and adaptability to
disturbance is overcome and a new system emerges, organized around a different set

of defining structures, functions and controls (Walker et al. 2004).

In this chapter, | introduce the foundational ideas for developing a social-ecological
systems approach to forest resource planning. This includes an overview of complex
systems theory, and the related concepts of resilience and adaptive cycles. Following
an overview of the conventional resource management paradigm | provide an
introduction to an alternative social-ecological systems-based approach. | end the

chapter with a description of the thesis goal and objectives.

Complex Systems Theory

Until the early 20th century, science viewed the universe as a machine, governed by the
basic laws of determinism, with man as a separate entity on the outside. The theories of
relativity and quantum mechanics were seen as corrections to classical theory. People
moved from being impartial observers, to being part of the description of nature
(Prigogine 1986). At the same time, the second law of thermodynamics was being
reconciled with the disorder of entropy. There were questions of how creative processes
were to be reconciled at higher orders of organization, such as biological evolution. The

second law was valid for a closed system; however, it became evident that there was an



“‘entropy flow” in open non-equilibrium systems, where there was interaction with the
environment (Capra 1996). The entropy of internal systems decreases, as energy is
consumed from an external environment and the entropy of the external environment
increases with the conversion of energy. Over time, this results in the destruction of pre-
existing order, as sub-systems move towards equilibrium. This awareness led to a new
model: one based on the world being complex; that emphasized the duality of

destruction and creativity inherent in natural, “open” systems (Prigogine 1986).

This open systems view was buttressed by contemporary experiments in chemistry and
physics. They concluded that when physical or chemical systems are far from
thermodynamic equilibrium, unexpected structures and patterns emerge. Prigogine
(1986) termed these as “dissipative structures”: when simple chemical reactions acquire
complex, “emergent” behaviour. These observations prompted future studies of
complex systems to integrate a system's history, its elements, relations, evolution, and

overall behaviour.

Complex systems theory has its roots in physics, ecology and Gestalt psychology and a
common theme is the duality of reductionism and holism (Capra 1996). Complex
systems are typically defined as systems the behaviour of which is not fully explained by
an understanding of their parts (Gallagher and Appenzeller 1999). Deconstructing a
system and analysing its constituents destroys the organized relations between the
parts. Typically, a complex system’s parts are coupled in a non-linear way. They are
characterized by feedback loops; they are open, with their boundaries difficult to

determine; they have a history, where past system states influence future states; they



may be nested, with higher levels of organization made up of constituent sub-levels;
and they have emergent properties. Analysis and synthesis describe a system at
different scales. Analysis assumes that a system is a bounded unit that can be
described, whereas, synthesis views not the parts, but their interactions and context

(Ritchey 1996).

Richardson et al. (2001) state that one of the shortcomings of systems theory is that it
tries to be a theory of everything. The result is that it becomes unbounded and open
ended, making it difficult to conduct analysis and to operationalize. Solutions and
methodologies to describe complex systems are themselves emergent. They are
dependent on the frames of reference of the actors involved, and the context of the
problem being investigated. What is developed is not easily transportable to other, even

similar, systems (Richardson et al. 2001).

Complex systems can be better understood through analogy. Hypotheses can be
formulated about the fundamental principles that a system must satisfy in order to
perform. It is not a description of its components, but a description of its actions. The
interactions of a spruce budworm (Choristoneura fumiferana) cycle and moose (Alces
alces) browsing provide an example of a complex system. A spruce (Picea sp.) forest
may be defoliated by spruce budworm, killing the trees. As the forest begins to recover,
trembling aspen (Populus tremuloides) and paper birch (Betula papyrifera) tend to
dominate the forest, representing a different ecological state. Moose selectively browse
the deciduous trees, suppress their growth and regeneration and thereby facilitate the

re-establishment of conifers; this leads to a mature spruce forest again (Ludwig et al.



1978). The spruce and the birch-aspen forest are two alternative ecological regimes.
The forest oscillates between each regime based on the actions and adaptability of
spruce budworm and moose. In contrast to conventional analysis -- that focuses on only
one component of a system -- complex systems theory provides a perspective to

describe and analyse the dynamics of a system.

A social-ecological system is a type of complex system with defining structures and
functions: it is made up of ecological, social and economic domains. Viewing the
ecological processes and human activities -- responsible for future forest condition and
ecosystem services -- as a linked social and ecological system, provides insights into
their complex dynamics. This approach assists in understanding the consequences of
actions and sources of uncertainty (Carpenter et al. 2001, Peterson et al. 2003a). A
complex system can be characterized by a set of state variables that reflect the status
of its elements, or structures of interest, and its processes, or functions (Walker et al.
2004). A complex system has the following properties (after Snowden and Boone 2007,
and Campbell et al. 2009):

. parts (e.g., trees, animals) and processes (e.g., growth, succession,
disturbance, species dispersion), that interact with one another and their
environment over multiple scales of time and space;

. feedbacks that can be amplifying (positive), or dampening (negative);

. non-linearity, where minor changes can produce disproportionally large
unpredictable changes;

. memory, where past system states influence the current and future

configurations of the system (e.g., propagules); and



. a pattern of the global system, that emerges solely from the numerous
interactions among lower level components, without being guided by an
external higher level source.

A description of a social-ecological system not only includes the components and
dynamics within domains, but also their interactions, feedbacks, memory and states. It
is best portrayed by assessing the attributes of resilience, adaptability and

transformability (Walker et al. 2004).

Resilience

Ecological resilience theory emerged from complex systems theory in the early 1970s
(Holling 1973). The concept of resilience incorporated aspects of complex systems
theory including, a systems view of ecosystems, an understanding of the relationships,
as well as the parts of ecosystems, nested levels of organization, and feedbacks
between processes and scales through space and time. In the ecological literature the
concept of resilience has multiple meanings (Drever 2006, Brand and Jax 2007).
However, within the context of social-ecological systems theory, it is considered to be
the ability of a system to maintain its defining structures, functions, identity and
processes (Carpenter et al. 2001). As an example, forest-dependent wildlife have
evolved to exist in a landscape with specific structural and functional characteristics,
and are maintained by natural ecosystem dynamics (Bunnell 1995, Wong et al. 2003).
The system’s resilience would be dependent on the maintenance of those ecosystem
dynamics, and the resulting pattern and age of vegetation. In a human exploited forest,
the resilience of the system includes the capacity of the forested ecosystems to

maintain their defining structures and processes, despite the additional disturbances



prescribed by forest management. Resilience has three defining properties: (1) the
amount of change a system can go through and still retain the same controls, structure
and function, (2) the capacity of the system to self-organize around new controls, and

(3) the degree to which the system can learn and adapt (Carpenter et al. 2001).

In contrast to ecological resilience (Holling 1973, Carpenter et al. 2005), an engineer’s
view of resilience is characterized as being the capacity of a system to return to its
equilibrium state after a perturbation (Peterson 1998), such as a rubber band returning
to its original form after being stretched. This interpretation of resilience is focused on
the state of the system. Alternatively, ecological resilience focuses on the processes of
change and the maintenance of relationships, incorporating natural fluctuations in
ecological expression. Ecosystems can exhibit engineered resilience, being resistant to
change, as well as the flexibility to change typified by ecological resilience. Ecosystems
may exhibit a particular state or ‘ecological regime’ as characterized by a consistent set
of traits (Lewontin 1969); however, there is always some level of variation across space
and time. From a complex systems perspective, a system that tends towards a stable
configuration is characterized as having an “attractor”, and this part of the state space
behaves as a “basin of attraction”. The system could be continually in motion within its
basin of attraction driven by, for example, stand level ecosystem dynamics. These
ecological and engineering views of resilience reflect differences in world views. An
engineer’s resilience is a more classic scientific view and would see the world and its
natural systems in equilibrium, and any departure would be undesirable and temporary
and controllable. An ecological resilience perspective would recognize the relationships,

dynamics and fluctuations of a system as being part of its overall behaviour.



Ecosystems do not remain in one particular state through time, but through succession,
disturbance, and a variety of dynamic landscape processes potentially assume different
states. This concept of “multiple stable states” is central to resilience theory with
ecosystems potentially transitioning between several basins of attraction (Gunderson
2000, Scheffer et al. 2001, Beisner et al. 2003, Walker et al. 2004). Resilience
considers the amount of disturbance or perturbation that a system can withstand before
changing between these alternative stable states (Carpenter et al. 2001). For example,
a wildlife system could be characterized by a dominant ungulate, and the extent, pattern
and structure of old forest. A combination of those conditions would describe the
system’s state at a particular time. Specific human or ecological processes may
maintain a system in a particular state or configuration. For example, a system
dominated by woodland caribou (Rangifer tarandus caribou) may be converted to an
alternative moose state, by either wildfire, timber extraction or road construction, and
then may be maintained by industrial forestry activities for a period of time. Alternately,

the system could convert back to a caribou dominated state.

Adaptive Cycle

A key component of social-ecological systems theory is the concept of the adaptive
cycle (Figure 1-1; Gunderson and Holling 2002). Systems are driven by forces of growth
and reproduction, for example, an increase in forest biomass as trees grow. Similarly,
systems are propelled by novelty such as wildfires that disturb forests and facilitate the
growth of different tree species. An adaptive cycle suggests that systems do not
necessarily tend towards equilibrium, but instead cycle dynamically. Gunderson and

Holling (2002) state that systems go through four stages: growth and exploitation (r),



conservation (K), release or collapse (a), and renewal and reorganization (Q). The first
two stages of growth and conservation are slow and are termed the front loop, and it is
during these first stages where efficiency is maximized. The second two stages, or back

loop, are typically much quicker, as the system reorganizes and provides the foundation
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Figure 1-1. Stylized drawing showing four phases of the adaptive cycle: exploitation or
growth, conservation, release, and reorganization (r, K, a, Q). The arrows between the
phases represent time; longer arrows represent the shorter periods during the
conservation, release, and exploitation phases. The short arrows represent the longer
period between the exploitation and conservation phases. Novelty entering the system
is represented by the break in the loop in the reorganization phase. The loop can exit
during reorganization, if the system undergoes a regime shift. (Gunderson and Holling
2002).

for system novelty to enter the cycle. The adaptive cycle reflects the apparent long-term
stability of a system, as well as the periodic catastrophic upheavals that occur. The

constant renewal and reorganization of a system is a reflection of its resilience through
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its capacity to adapt, change, and yet maintain processes that lead to its renewal

(Gunderson and Holling 2002).

The disturbance ecology of the boreal forest provides an example of the four stages of
an adaptive cycle. Forest growth and succession reflect the front loop of the adaptive
cycle, where biomass accumulates. Here, the system is highly resilient initially and is
capable of absorbing a range of disturbances, both at the stand and landscape scale,
without becoming fundamentally altered. However, as the forest matures and becomes
more highly connected, there is an increase in biomass; it becomes more vulnerable to
being drastically altered by landscape disturbance, although the forest may be able to
rebound from stand-scale disturbance (Drever et al. 2006). Under the back loop -- or
release and reorganization phase -- external forces, such as defoliating insects or
wildfire, overwhelm the organization of the forest. This leads to a loss of mature canopy
cover, and as the forest reorganizes novelty enters the system with different vegetation

and wildlife occupying the landscape (Drever et al. 2006).

Conventional Approach to Forest Management

Modern forest management aims to provide a relatively constant supply of ecosystem
services, as they produce economic benefit, ecosystem health and human well being.
Such ecosystem services include: provisioning (timber, non-timber products, wildlife and
a clean supply of drinking water), cultural and regulatory services (biological
conservation and hydrological balance) (MA 2005). However, conventional approaches
to forest management are challenged with the task of maintaining historic levels of

service (MA 2005, Puettmann et al. 2009). A major contributing factor to this challenge

1"



is the assumption of environmental and economic certainty that underlies current

practices. Little flexibility is provided in management plans to accommodate unforeseen
events, be they catastrophic natural disturbance, or the results of incomplete knowledge
of how forestry activities may impact ecosystems (Hunter 1990, Holling and Meffe 1996,

Utzig and MacDonald 2000, Robinson 2004).

Forest practices have led to a homogenization of forest composition, pattern and
structure, compared with historical conditions that were shaped by natural ecological
processes (McRae et al. 2001). Further, harvesting has become more common than fire
in many Canadian forests (CCFM 2010). The reduction of natural ecosystem processes,
such as fire and regeneration, has led to an increased susceptibility to catastrophic
disturbance, and has contributed to a declining capacity of forests to provide a
consistent supply of ecosystem services (Bergeron et al. 2002, Kuuluvainen 2002,

Drever et al. 2006).

Social-Ecological Systems Approach to Management

Resource management based in social-ecological systems theory has emerged as an
alternative that addresses the challenges faced by the conventional approach in dealing
with social and ecological dynamics (Gunderson and Holling 2002, Walker et al. 2004).
Developing different ways of managing resources is becoming urgent, particularly as
global systems become stressed by factors such as climate change and the disruption
of natural ecological systems due to human activities (MA 2005). A social-ecological
approach integrates people with nature (Berkes and Folke 1998). This approach

recognizes the values ascribed by society to the forested environment, and the physical
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and biological properties of the system that provide those values. Within a social-
ecological approach, the focus is on recognising and maintaining forest composition,

pattern and structure, as well as ecosystem processes.

There are similarities between a social-ecological approach to forest management and
one that uses historic natural disturbance to guide forest management. Both
approaches aim to maintain or restore historic composition, pattern and structural
diversity of forests (Attiwill 1994, Bunnell 1995, Bergeron and Harvey 1997, Angelstam
1998, Seymour et al. 2002, Drever et al. 2006, Klenk et al. 2009). However, a social-
ecological approach is also concerned with the resilience and adaptability of a system to
disturbance. Ecosystem processes and their dynamics determine the temporal
availability, and overall capacity of the system to supply ecosystem services. Further, a
social-ecological approach considers the interplay between local and regional scales
that create social and ecological heterogeneity. This recognition of social and biological
diversity, across space and time, promotes the long-term persistence of ecosystem
services across landscapes (Peterson 2002, Walker et al. 2002, Drever et al. 2006, RA

2007a).

The concepts of resilience and adaptive cycles are used in the social-ecological
systems approach to interpret the sustainability of ecosystem services. Through this
approach, services can be better aligned with dynamic ecosystem processes, and still
be maintained across large areas and through time. A social-ecological system links the
social and ecological dimensions of ecosystem services. In this context, the resilience of

the social-ecological system becomes the capacity of forested ecosystems to maintain
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their defining structures and processes, despite forest harvesting activities. The
resilience of a social-ecological system is also related to the ability of people to adapt to
new ecological conditions and still maintain their livelihoods. In a social-ecological
approach there is more attention to flexibility, both biologically, through the
encouragement of diversity to better enable forest renewal and reorganization after
disturbance, and socially, so that expectations of what level of services should be
available are more aligned with the local ecosystem dynamics. Together, these reflect
the adaptability of the social-ecological system. Transformation of the system is
embodied in the understanding of longer-term ecosystem dynamics, accepting that what
was present in the past is not necessarily going to be in the future, such as forests

converting to grasslands under climate change.

Implementing a Social-Ecological Approach to Forest Management

A social-ecological perspective has been applied to the management of other resource
systems, including a lake system in Wisconsin, U.S.A. (Peterson et al. 2003b),
rangeland in Australia (Walker et al. 2002), and forests in Florida, U.S.A. (Peterson
2002). In these examples of “resilience management”, there is a focus on describing
ecosystems, their dynamics at relevant scales, their dependent social systems, and how
human action and natural resource use interact. Scenario modelling (Peterson et al.
2003a) is used to explore a range of plausible futures to assist in understanding the
relationships between the system’s components and the implications of a particular
management action, or inaction, relative to social-ecological outcomes. Through this
process, the adaptability of the social-ecological system emerges as the people

involved in a social-ecological assessment identify the vulnerabilities of the system to
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various human or natural surprises and prescribe interventions to encourage system

states more favourable to the continued supply of ecosystem services.

Thesis Objectives

The goal of my thesis research is to develop and apply methods for evaluating social-
ecological systems. | will focus on the supply of ecosystem services from dynamic
forested resource systems and address the following objectives:

1) Develop a framework for describing dynamic forested resource systems as
social-ecological systems. The framework will include a description of a
system’s resilience to natural and human disturbance events, and its
adaptability to ecological and social change.

2) Define a set of scenarios that describe a range of possible future social and
ecological conditions for a resource system that will serve as a case study.

3) Implement a set of simulation experiments to model the social and ecological
processes of a resource system.

4)  Quantify and compare the ecosystem services resulting from each defined
scenario.

The Cranbrook timber supply area in southeastern BC will be used as the land base for
demonstrating the framework and scenario analysis. Across that area, timber supply
and coarse- and fine-filter biodiversity will be assessed. The response variable for
timber supply will be the volume of wood available for harvest through time, and
growing stock. | will use the area of old forest by ecosystem grouping and the area of
natal habitat for grizzly bear (Ursus arctos) as an index of coarse- and fine-filter

biodiversity, respectively.
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Organization of Thesis

The thesis is organized into four chapters. This chapter introduced the objectives of the
thesis, and provides an overview of the foundational concepts and theoretical context
for developing a social-ecological systems framework to describe forest management.
Chapter two addresses the first and second thesis objectives, where 1 develop a
framework and accompanying scenarios for describing forest ecosystems and
management as a social-ecological system. In the third chapter | pursue the third and
fourth objectives, through an analysis and assessment of a set of scenarios that
embody the main forces and uncertainties of ecological and social change in the
Cranbrook study area. In the final chapter | synthesize the findings of the research and
discuss the utility of the approach for evaluating a social-ecological system, its
resilience to natural and human disturbance, and the uncertainty associated with the

supply of ecosystem services.
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CHAPTER 2

Scenario composition: considering natural resource management as a social-

ecological system
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Introduction

There has been a recent increase in extreme natural disturbance events: flooding in
Pakistan (Khan et al. 2010); bleaching of coral reefs in Australia (Hoegh-Guldberg
1999); and insect outbreaks in western Canada (Eng et al. 2005, 2006, Safranyik and
Wilson 2006). These disturbance events threaten agriculture, marine and forest
resources, as well as put human lives and infrastructure at risk (Carpenter 2003, Walker
and Meyers 2004, Adger et al. 2005, Folke et al. 2004, MA 2005, Hobbs et al. 2006,
Williamson et al. 2009). Large-scale disturbance events are expected to increase as the
climate continues to change (Emanuel 2005, Hoegh-Guldberg et al. 2007, IPCC 2007,
Williamson et al. 2009). Conventional management paradigms are unprepared to deal
with the impacts of large-scale catastrophes relative to the provisioning of ecosystem
services (Folke et al. 2004). Even before the onset of recent extensive natural
disturbance events, there were questions regarding the ecological sustainability of
conventional approaches to management (MA 2005), particularly how suitable they
were to managing dynamic ecosystems (Gunderson and Holling 2002, Drever et al.

2006, Lindenmayer et al. 2008, Puettmann et al. 2009).

Conventional approaches to resource management implement strategies intended to
maximize the return of specific commodities, while striving to minimize impacts on non-
commodity ecosystem services (Holling and Meffe 1996, Scheffer et al. 2001, Ludwig et
al. 2005). There is an assumption of certainty underlying current resource management.
The premise is that any future disturbance to a resource is controllable, and ecosystems

can be manipulated to maintain a consistent supply of commaodities (Holling and Meffe
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1996). Based on this assumption, management practices tend to homogenize the
spatial arrangement of ecosystems and their dynamics to maximize the extraction of
resources. In pursuit of production efficiencies, this course of action ends in the decline
of functional, compositional and structural diversity, compromising the capacity of
ecosystems to recover from perturbation (Chapin et al. 1996, Pastor et al. 1998, Folke

et al. 2004).

Resource management plans typically forecast a single sequence of events and do not
evaluate a range of possible futures (Holling and Meffe 1996, Peterson et al. 2003). As
they are driven by economic and social pressure to provide as much immediate benefit
as possible, these plans discount the future and the disruptions caused by natural
disturbance (Holling and Meffe 1996). Resource management regimes have also
become socially entrenched, and are supported by institutional bodies and regulations

that are largely maladaptive (Gunderson 1999, Westley 2002).

Social-ecological systems theory provides a foundation to develop an alternative
approach to manage resources. A social-ecological systems perspective, based in
systems theory (Forrester 1961, Gallagher and Appenzeller 1999, Meadows 2008),
views natural resources within a larger social and ecological context; it describes people
and the environment as a linked “resource system” (Walker et al. 2004, RA 2007).
Social-ecological resource planning accepts and anticipates future natural disturbance.
In an effort to ensure a long-term supply of ecosystem services, interventions are
prescribed that increase system resilience and adaptability (Walker et al. 2002,

Peterson et al. 2003, Walker et al. 2004). Therefore, a social-ecological framework is
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well suited to manage for an unpredictable future (Gunderson and Holling 2002, Walker

et al. 2002, Berkes et al. 2003, Walker et al. 2004, Folke et al. 2004, RA 2007).

Scenario planning has emerged as an effective technique to operationalize social-
ecological systems theory (Peterson et al. 2003, MA 2005, Carpenter et al. 2006). Using
this technique, a range of scenarios is composed that consider the breadth of possible
social and ecological change. Any single scenario is not a prediction; however, it
illustrates how specific events may influence the future. Scenario planning exercises are
appropriate when developing management strategies for dynamic ecosystems with
uncertain future trajectories (Gunderson and Holling 2002, Peterson et al. 2003, Walker

et al. 2002, Carpenter et. al. 2006, Campbell et al. 2009).

There are two main objectives of this chapter. The first is to develop a framework for
describing dynamic forested resource systems as social-ecological systems. The
approach is generic and applicable to a range of resource management contexts;
however, for brevity this paper will focus on the ecology and management of boreal and
montane forests. The second objective is to define a set of scenarios that describe a
range of possible future social and ecological conditions of a resource system that will

serve as a case study.

The chapter is divided into four sections. The first section outlines the rationale for
developing a social-ecological framework for describing resource systems. The second
part provides background on social-ecological system theory and its application to the
management of forests. The third section introduces the social-ecological framework for

describing resource systems. Based on the social-ecological framework, the methods
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for defining a set of scenarios that capture a range of social and ecological drivers of
change are also presented. The fourth part of the chapter discusses a forest
management unit in southeastern BC that is undergoing an extreme MPB outbreak
event, as an example of the social-ecological approach. | conclude with a discussion of

the utility of the social-ecological framework and the scenario planning approach.

1. Forest Dynamics and Management

1.1 Dynamics

The capacity of a forest to withstand a large-scale disturbance event and effectively
recover to its pre-disturbance state is strengthened by the functional redundancy and
response diversity of its ecosystems (Peterson et al. 1998, Bergeron et al. 2002, Diaz et
al. 2003, Elmqvist et al. 2003, Drever et al. 2006). Ecosystems have a range of species
that fill the same role, such as burrowers and nitrogen fixers (Brown and Heske 1990,
Marcot et al. 2002). The loss of any one species is not considered to have an
overwhelming impact on the ecosystem due to functional redundancy (Folke et al.
2004). For example, in the Columbia Basin of BC, where agriculture has replaced native
grasslands, American badgers (Taxidea taxus), burrowing owls (Athene cunicularia)
and two species of ground squirrels (Urocitellus columbianus, U. washingtoni) have
been extirpated and the ecological role of burrowers has been replaced by different
species of gophers (Geomyidae), mice (Mus musculus) and voles (Microtus californicus,
M. canicaudus) (Marcot et al. 2002). However, even though species may fill the same
functional role, they undoubtedly respond to environmental change differently. The
interaction of these various responses across scales provides redundancy thereby

increasing the probability for functional roles persisting post-disturbance or as a
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landscape’s climate shifts. This variability is termed response diversity (EImqvist et al.
2003, Campbell et al. 2009). Further, management that encourages landscape
complexity -- multi-scale composition, pattern and structural diversity -- can help buffer
ecosystems against the spread of disturbance (Turner et al. 1998, Puettmann et al.

2009).

In most conifer forests, a large portion of ecological complexity is the product of the
forest’s natural disturbance regime -- the rate, extent, severity of disturbance, and the
post-disturbance biological legacies (Pickett and White 1985, Puettmann et al. 2009).
For any particular disturbance regime, these characteristics are variable, leading to the
diversity and spatial arrangement of habitats seen across a landscape (Burton et al.
2003, Turner et al. 2003). The main natural disturbance agents of the boreal forest are
fire, insects and windstorms (Suffling and Perera 2004 ), but other events, such as tree
diseases, are being increasingly recognized as important drivers of landscape
composition and heterogeneity (Bergeron 1998). Natural disturbance regimes vary from
frequent small-scale low-intensity, to infrequent large-scale high-intensity events that
release and reallocate ecosystem resources, resulting in dramatic changes in
landscape composition and structure (Shiel and Burslem 2003, Lavigne and Gunnell

2006).

The mechanisms that influence various disturbance agents differ. For example, a
landscape’s fire regime is a function of weather conditions, ignition agents, fuel
availability, and fire suppression (Schoennagel et al. 2004). Fire, driven by weather,

transforms vegetation and forest community structure. Shifts in weather will influence
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post-disturbance vegetation establishment, thereby altering community structure (Paine
et al. 1998, Jasinski and Payette 2005, Mclntire et al. 2005, Johnstone and Chapin
2006). On the other hand, the mountain pine beetle (Dendroctonus ponderosae; MPB),
currently impacting large areas of the North American cordillera (Eng et al. 2005, 2006,
Safranyik and Wilson 2006), has a disturbance regime that is a function of the
availability of host trees, primarily mature lodgepole pine (Pinus contorta), and of

weather conditions; mild winters facilitate brood survival (Taylor and Carroll 2004).

There is geographic variation in the frequency and extent of disturbance across the
forested regions of Canada. For example, the Montane Cordillera ecozone, the
mountainous area of western North America, is highly variable, with a fire cycle ranging
from 30 to 300 years or more (Wong et al. 2003). East of the Montane Cordillera, the
disturbance rate varies from 50 to 100 years in the west, to 100 to 300 years in Ontario
and Quebec (Bergeron et al. 2001). In eastern Labrador the fire return interval is much

longer, at 500 years (Foster 1983).

In addition to being variable in space, there is extensive temporal variability in the
disturbance regimes of the boreal forest (Johnson et al. 1998, Bergeron et al. 2001,
Daniels et al. 2007, Krawchuck et al. 2009, Meyn et al. 2009). The concept of the “range
of natural variability” (RONV) has been promoted as a tool to more fully characterize
disturbance regimes (Cissel et al. 1999, Landres et al. 1999, Haeussler and Kneeshaw
2003). By using the RONV, the focus shifts toward understanding the full dynamics of
the system, not simply the central tendency of some attribute (Haeussler and Kneeshaw

2003). However, there remain two core challenges to this approach when applied to
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forested systems. First, there is no consensus on the time period for describing regional
stability of disturbance regimes in unlogged forests. Prior to European contact, a
traditional system of land use practices established by indigenous peoples probably
played a significant role in determining landscape condition (Suffling and Perera 2004).
This system was supplanted by an industrial system, where the influence of humans
more dramatically altered the natural disturbance regime (Suffling and Perera 2004).
The second challenge is that RONV does not account for disturbance events that are
subject to cyclical forces that modify the characteristics of a regime (Hunter 1988, Weir
et al. 2000). For example, fire frequency in western North America is influenced by the
Pacific Decadal Oscillation (PDO) and EI Nifio/La Nifia ocean temperature oscillations.
This causes the regional disturbance regime to temporally vary in frequency, extent and
severity, and at times trigger large regional fires (Turner et al. 1998, Daniels et al. 2007,
Morgan et al. 2008). This flux throughout the Holocene has led some researchers to
conclude that, for any landscape in the boreal forest, there is no single characteristic

disturbance regime (Bergeron et al. 1998).

Large episodic natural disturbance events play a critical role in forest complexity.
Through the resetting of successional cycles, these events contribute to the spatial and
compositional diversity of forests (Turner et al. 1998). Further, they can provide a
resource pulse (Holt 2008) that can, for a period of time, increase the abundance of
certain vegetation communities or wildlife food sources. For example, grizzly bear
(Ursus arctos) populations in southeastern BC increased with an expanded availability
of huckleberries (Vaccinium spp.): the product of large historic wildfires (McLellan and

Hovey 1995).
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Climate change is already altering disturbance regimes, and it is anticipated to have an
even greater influence on the future dynamics of the boreal and Cordilleran forest
(Hobbs et al. 2006, Williamson et al. 2009). Current influences include large outbreaks
of MPB (Taylor and Carroll 2004, Eng et al. 2005, 2006, Safranyik and Wilson 2006)
and rapid increases of Dothistroma needle blight (Mycosphaerella pini) (Woods et al.
2006). A number of studies have demonstrated that climate change will influence the
frequency and extent of wildfire, with increases of up to 100% in expected annual area
burned (Wotton and Flannigan 1993, Stocks et al. 1998, Flannigan et al. 2005, Li et al.
2000, Nitschke and Innes 2008, Krawchuk et al. 2009). These studies conclude that the
chance of fire will increase, due to climate change-driven increases in fire season length
and fire weather severity. They also suggest that fires will be more volatile and difficult
to control, as they shift from a mean behavioural regime of surface fires with torching to
one more frequently characterized by crown fires. Further, due to the longer fire season
and drier conditions in some forests, these larger more frequent and severe fires will
undermine the capacity of forest managers to conserve biodiversity, protect the habitat
of species at risk, and ensure a sustainable supply of timber for harvest. Understanding
how fire season length and drought incidence will be affected by climate change gives

insights into how fire regimes may shift spatially.

1.2 Management

A fully regulated or so-called “normal” forest has been the underlying objective for
traditional forest management, where forests are managed to be homogenous stands
with a uniform age class structure (Puettmann et al. 2009). Managed forests are

assumed to be at equilibrium: where extreme perturbation is uncommon and
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undesirable; where risk and uncertainty, related to disturbance events, is minimal
(Gunderson 2000). This premise of a perfectly engineered and controlled forest
continues to influence modern forestry practices, although biodiversity, habitat, and
areas with aesthetic and recreation value are included as constraints to timber

harvesting (Perry 1998, Bourgeois 2008, Puettmann et al. 2009).

Under conventional forest management, natural disturbance regimes are altered,
primarily through the suppression of fires, in an effort to increase the supply of mature
trees for harvest and to meet conservation objectives. So prevalent is this approach,
that the area disturbed by harvesting has exceeded that of fire in some jurisdictions
(Figure 2-1: CCFM 2010). As well, under forest management there is a shift in the
frequency of disturbance, from a 50 - 500 year return interval for fire, to a 40 - 100 year
return interval for timber harvesting (McRae et al. 2001). By minimizing natural
ecosystem processes, such as fire and regeneration, there has been an increased
susceptibility to catastrophic disturbance (Bergeron et al. 2002, Kuuluvainen 2002,
Drever et al. 2006). For example, land use changes and direct fire exclusion increases
fuels, and decreases the gap in structure between tree crown and forest floor, and as a
result, increases the risk of high-severity fires in mixed-severity landscapes (Arno et al.
2000). Large infrequent events are a dominant component of the disturbance regime
(Stocks et al. 2002), and are important generators of diversity (Burton et al. 2008).
However, Ryan (2000) suggests that though fires may have become less frequent, they
are now more severe, due to the accumulation of dead fuel and increased density of the
understory, overwhelming the capacity of the forest to recover. Further, in the absence

of fire, large areas of forest have become older and more susceptible to insect attacks,
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such as, the current MPB attack in BC (Taylor and Carrol 2004, Eng et al. 2005, 2006,

Safranyik and Wilson 2006).
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Figure 2-1. Area disturbed by fire and harvesting in British Columbia between 1975 and
2008 (CCFM 2010).

The spatial extent, frequency, temporal variability and legacies of disturbance all shift
when forests are extensively managed. The result is a homogenization of the structure,
pattern and composition of forests (Pastor et al. 1998, Buddle et al. 2006, Bergeron
2001, McRae et al. 2001, Kuuluvainen 2002, Lindenmayer and McCarthy 2002).

Wildfires in the boreal forest create a range of patch sizes, varying from many small, to
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a few very large openings. Further, there are multiple pathways that a forest could take
when recovering from a disturbance, which contributes to forest complexity (Turner et
al. 1998, Lecomte et al. 2006). In contrast, forest management typically harvests
uniformly sized areas, does not produce the periodic extensive openings that remain
after large fires, tends to replant with monocultures, and leaves a smaller range of
species and far less biomass on the site relative to post-fire [egacies (Angelstam 1998,
Elmqvist et al. 2003, Drever et al. 2006, Puettmann et al. 2009). Overall, this spatial and
temporal homogenization has been implicated in the loss of forest function, response
diversity, productivity and the abundance of some wildlife species (Peterson et al. 1998,

Elmquvist et al. 2003, Drever et al. 2006, Campbell et al. 2009).

Emulating natural disturbance, where past natural disturbance is used as a template for
forest management, has been suggested as one solution to address the spatial
homogenization of forests (Hunter 1993, Attiwill 1994, Bunnell 1995, Bergeron and
Harvey 1997, Angelstam 1998, Seymour et al. 2002, Drever et al. 2006). Under a
natural disturbance based approach to management, the frequency, size, shapes and
residual structure of natural disturbance events are mimicked to maintain the structure
and patterns on the landscape that are consistent with historic RONV (Hunter 1993,
Attiwill 1994, Kneeshaw et al. 2000, McRae et al. 2001, Bergeron et al. 2002, Haeussler

and Kneeshaw 2003, Drever et al. 2006).

There are, however, several issues that compromise the implementation of natural
disturbance based forestry management. For example, it is difficult to emulate large

complex processes, such as natural disturbances (James and Norton 2002), where fire
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frequency and size are extremely variable within a landscape (Gill and McCarthy 1998).
As well, there is little agreement on what would constitute a historical disturbance
regime (Suffling and Perera 2004). Interpreting past disturbance is confounded by
recent disturbance erasing evidence of former events (Morgan 1994). Further,
emulating large fires may be difficult to accept by society. Overall, a natural disturbance
based approach would result in a loss of timber supply (Binkley 1997). In response to
these criticisms, the “triad” approach to forest management has been proposed (Hunter
1990, Seymour and Hunter 1992, Messier and Kneeshaw 1999). Essentially, it zones
the forest into areas of intensive forestry, ecological reserves, and areas designated for
multiple use; the matrix of the triad is managed according to natural disturbance based
principles (Lindenmyer et al. 2006). However, with neither of these approaches
extensively tested, there remain questions as to their efficacy to produce the complexity

generated by natural processes (Buddle et al. 2006).

Along with the normal forest method, there are two long-term temporal issues that
natural disturbance based and triad approaches do not address effectively. The first is
the shifts in landscape processes historically observed and anticipated with climate
change that undermine the ability for managers to infer future disturbance regimes
(Hunter 1988, Bergeron et al. 1998, Emanuel 2005, Williamson et al. 2009). In many
forest management regimes, the periodicity of disturbance has been truncated by using
a single reconstruction of disturbance history as the basis for estimating timber losses
from natural disturbance. It is common for potential losses to the forest, due to fire,
insects or pathogens, to be based on the last 50 years of forest inventory records

(BCMFR 2007). Limiting forest management to recent time periods ignores longer term
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dynamics driven by processes such as ocean-atmospheric oscillations, even though the
signature of the PDO is evident in dendrochronological records of tree ring scars
caused by fire and insect outbreaks (Bergeron et al. 1999, Weir et al. 2000, Daniels et
al. 2007, Morgan et al. 2008). Using recent time periods serves the assumption that the
recent past is the most suitable predictor of the future. In response to the limitations of
using a short time frame for assigning management rate and extent of harvest, there
has been greater effort to reconstruct longer term disturbance regime dynamics
(Daniels et al. 2007). Despite these efforts, forest management plans predominantly
prescribe a relatively consistent range of fire size and frequency to inform rates of cut
and size of harvesting units. Assuming that an area’s disturbance history can be
described with a single prescription is consistent with the expectation that a managed

forest should be homogenous and is at equilibrium, despite the research to the contrary.

At the stand scale, the equilibrium assumption made by forest managers is evident in
estimates of timber yield. The volume of timber that is harvested in the short term is
dependent on the long-term availability of trees for future harvest. However, it is
assumed that replanted trees are to grow in a predictable manner, with only as much
mortality or disturbance-based losses as prescribed by the recent disturbance history
(Puettmann et al. 2009). As a result, forest management can end up prescribing rates of
harvest that are based on only one temporal disturbance and growth pattern from recent
history, instead of incorporating the temporal dynamics and variability that are evident in

the dendrochronological record.
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The second temporal issue that undermines the normal and natural disturbance based
planning approaches is the incidence and impact of large infrequent disturbances.
Current management, in whatever form, focuses on one prescriptive future as the basis
for rate, extent and pattern of harvesting. Typically, there is no flexibility to integrate
large episodic events driven by climate oscillations that are an important component of
forest diversity (Hunter et al. 1988, Turner et al. 1998). Further, if systems with large
frequent disturbances, such as fire, are also subject to forest harvesting, there is the
danger that they will be subjected to compounded perturbations, with the rate of
disturbance being faster than the rate of recovery (Paine et al. 1998). Salvage activities
can also compromise medium- and long-term timber supply, and thus the sustainability
goals of forest management plans (Spittlehouse and Stewart 2003, Coates et al. 2006,

Lindenmayer et al. 2008).

In addition to ecological variability leading to uncertainty in the future supply of
ecosystem services, there is shifting public interest in what the forest should and can
provide. Historically, timber for harvest was adequate; now there are social expectations
of forests for recreation, wildlife and old forest preservation (CCFM 2003) that
undermine long-term expectations regarding how much of the forest can be dedicated
to timber extraction. Meeting sacial interests requires innovative compromises to ensure
a continued unfettered access to forest for harvest (Price et al. 2009, Canadian Boreal
Forest Agreement 2010). Further, there is growing interest in non-timber products, and
in preserving forests as carbon stores, a climate change mitigation strategy (Millar et al.

2007).
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1.3 Management Systems

Optimal models of resource use, applied by forest managers to support decision
making, depend on certainty and consistency of the future supply of a resource (Holling
and Meffe 1996, Scheffer et al. 2000, Ludwig et al. 2005, Morgan et al. 2007). Under an
optimal approach, the real system is represented by a predictive model; however, if the
system behaviour deviates too much from the model representation, the predictions fail
(Walker et al. 2002). Operationally, management related activities are designed and
implemented around the optimal solution, and an expectation is established of a
consistent timber flow to support a labour force and processing facility. Ecological
systems have become dominated by an engineering paradigm, and managed as a
system with narrow operating objectives, such as annual allowable cut. The optimal
strategy of forest management may be effective for highly managed or controlled
systems, where external sources of variability can be controlled; however, this approach
has been found to be flawed, due to the challenge of trying to control poorly understood
complex dynamic systems (Holling and Meffe 1996, Scheffer et al. 2000, Ludwig et al.

2005).

To administer ecological systems there has been a tendency towards a “command and
control” style of management. This consolidation of power and capacity into fewer more
centralized organizations erodes the flexibility of local managers to adapt to location-
specific and novel conditions (Holling and Meffe 1996, Bodin and Norberg 2005). With
more hierarchical management systems it is a challenge for managers to modify their
activities in response to unique socio-economic circumstances and extreme events.

Large infrequent disturbances stress agencies responsible for forest management and
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can lead to errors that have impacts on forest function (Westley 2002, Foster and Orwig
2006, Lindenmayer and Noss 2006). Change in management style only seems to occur
when a resource manager is faced with an ecosystem crisis (Gunderson 1999, Westley
2002). In response, adaptive management, a strategy to experiment, gain knowledge
and then develop appropriate strategies in response (Walters 1986), is promoted as a

method for improving the flexibility and effectiveness of forest management.

Analysis of large-scale disturbances, such as the Mount St. Helens volcanic eruption of
1980 (Franklin and MacMahon 2000) and the Yellowstone National Park forest fires of
1988 (Turner et al. 2003), provides insights that can help managers prepare for future
large-scale events. Many researchers now are advocating for a revolution in resource
management that moves away from a centralized, reactionary paradigm to a more
adaptive, autonomous, and proactive approach (Holling 1986, Gunderson and Holling
2002, Turner et al. 2003, Walker et al. 2004). This type of management is more
compatible with dynamic ecosystems and promotes communication within organizations

allowing for a more efficient response to change.

2. Resource Management as a Social-Ecological System

Ecosystem dynamics are recognized as a central component of management under a
social-ecological perspective. Strategies are developed that incorporate the system’s
variability and uncertainty, and provide a range of options on managing for the future
(Carpenter et. al. 2001, Gunderson and Holling 2002, Walker et al. 2004, RA 2007,
Campbell et al. 2009). The approach recognizes the connection between people and

their interest in ecosystem services, and the dynamic and complex environment that
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provides them. Social-ecological systems are characterized by their resilience,

adaptability and transformability (Walker et al. 2004).

2.1 Resilience

Resilience has three defining properties: (1) the amount of change a system can go
through and still retain the same controls, structure and function; (2) the capacity of the
system to self-organize around new controls; and (3) the degree to which the system
can learn and adapt (Carpenter et al. 2001). The resilience of a managed forest is the
capacity of ecosystems to maintain their defining structures and processes, despite the
additional disturbances prescribed by forest management, and to recover to a previous
condition if disturbed (Carpenter et al. 2001). Managing for resilience involves
understanding how disturbance forces interact with the forest, and managing the
condition of the forest so that it can better withstand change and continue to provide

ecosystem services.

A resilient forest is not necessarily one that is stagnant in one particular state, but in a
cycle of disturbance, renewal and growth. The metaphor of “adaptive cycles” is used to
describe the phases of such a cycling system: growth, conservation, release and
reorganization (Figure 1-1; Gunderson and Holling 2002). Consider a forested
landscape as it cycles through the four phases. As a forest becomes established there
is a rapid proliferation in the number of seedlings and an accumulation of biomass -- the
growth phase. Once at stand maturity, the system is maintained until the accumulated
biomass, or capital locked up in old trees, and the system’s carrying capacity is reached

-- the conservation stage. A disturbance event, such as a fire, causes the system to free
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up the stored capital in the system -- the release phase. From this state of chaos early
successional species compete for dominance -- the reorganization phase. The
resilience of the system to disruption is strongest during the reorganization or growth
phase, where the system is more capable of recovery to its previous condition. The
system is least flexible and most vulnerable during the conservation phase. It takes a
significantly longer time to regenerate forest during this phase, therefore, the resilience

of the system is weakest (Gunderson and Holling 2002).

The adaptive cycle can be considered at multiple scales: forest stand to landscape, to
the regional scale consisting of mulitiple landscapes (Holling 1992, Gunderson and
Holling 2002). The hierarchical model of ecosystem dynamics is termed a panarchy.
Fast disturbance processes at smaller scales generate spatial diversity in ecological
structure that provide a degree of buffering against an extreme future disturbance event;
for example, the variability in stand response to insect and disease, limiting their spread
at larger landscape or regional scales (Gunderson and Holling 2002). Larger scale
slower processes create a cross-scale feedback. These conserve or destroy biological
legacies such as seed banks or species migration, that determine how ecosystems
reorganize after disturbance (Campbell et al. 2009). As a result, resilience of a forest is
grounded in ecological processes that are localized and fast, as well as in processes
that are slow and occur at larger scales (Carpenter and Levitt 1991, Levin 1992,

Gunderson and Holling 2002).

Managing for resilience entails a number of activities, which could include (after

Campbell et al. 2009):
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¢ introducing fire to ecosystems where it has been excluded to re-establish natural
processes;

e managing for a diversity of stand ages and compositions to reduce exposure to
future disease and insect outbreaks (Woods et al. 2005, Campbell et al. 2008);

e varying the size and shape of forest cut blocks and leave areas to buffer against
windthrow disturbance (Kimmins 2004);

e varying the mix of species when replanting to limit homogenous stands that could
be vulnerable to future disturbance; and

+ planting genotypes that are more resistant to pests, disease or are more suitable

for an emerging climate (Millar et al. 2007, O’Neil et al. 2008).

In summary, maintaining resilience is achieved by prescribing management strategies
that either support the system in a desired condition, or reduce the resilience of a
system that is in an undesirable configuration, in an effort to encourage a state that
provides a preferred suite of ecological services (Walker et al. 2004, Bennet et al. 2005,

Carpenter et al. 2005, Cumming et al. 2005, RA 2007).

2.2 Adaptability

The adaptability of social-ecological systems is dependant on how well the system
responds in both the social and egological domain. An example of the latter is the
capacity of the system to adapt to the change in forest composition as a response to a
disturbance event, such as spruce recruitment and release following pine mortality from

MPB (Coates et al. 2006). From a social perspective, adaptive capacity could refer to
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the ability of the forest industry to adjust its milling capacity to process a far greater

proportion of beetle-killed timber (Byrne et al. 2006).

Anticipating uncertainty and adapting to change is an integral part of managing a social-
ecological system (Gunderson and Holling 2002). Social adaptability is related to the
flexibility of local management and the business networks, as well as the social assets
such as education and skills of the workforce and availability of technology (Holling and
Meffe 1996, Carpenter et al. 2001, Bodin and Norberg 2005, McAfee et al. 2010).
Communities may change how they use forest products -- for example, switching from
solid timber products to those intended to serve as bio-fuel (BCMFR 2007) -- or design
flexible zoning strategies for industry and conservation (Rayfield et al. 2008). Further, it
includes increasing the dialogue with interest groups to debate the appropriate level of
risk to take towards resource extraction, and how these resources should be managed.
Through interest group collaboration, adaptability can be enhanced by conducting pre-
disturbance planning that identifies procedures and strategies in order to be prepared
for a large-scale disturbance event (Lindenmayer et al. 2008). Other adaptation
planning measures might include: increasing the representation of ecosystems in areas
reserved from harvest; identifying and conserving areas that could be refugia from the
effects of climate change (Rose and Burton 2009); or protecting biologically important

landscape features (Pojar 2010).

2.3 Transformability
Resilience and adaptability are features of the same regime, whereas transformability is

the process of a different regime becoming established. Specifically, transformability is
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the ability of a system to organize around a new set of defining structures, functions and
controls (Walker et al. 2004). In the social domain, transformability is the capacity of the
people, within a social-ecological system, to create a new system when the current
system becomes unworkable (Walker et al. 2004). In an ecological system,
transformability occurs when the reinforcing processes that maintain a system are
overcome by slowly changing system dynamics, or by an acute disturbance. The
system shifts and an alternative regime emerges (Gunderson 2000, Scheffer et al.
2001, Beisner et al. 2003, Walker et al. 2004). For example, an established landscape
may alternate between an open forest and grassland, where established grasslands are
maintained by the reinforcing processes of fire and herbivory (Starfield et al. 1993,
Cumming et al. 1997). Alternatively, the open forest state may persist because shading

limits grasses, which in turn limit the spread of fire (Walker 1989, Dublin et al. 1990).

During transformation the social and ecological domains interact. Commercial forestry,
natural disturbance and the expansion of human settlement could alter the configuration
and composition of the landscape by changing the use of the land, through conversion
or degradation of ecosystems and habitat (MA 2005). These changes may be benign
initially, but when a critical threshold is reached their cumulative impact may cause the
system to reorganize into a different configuration; a landscape switches from being
dominated by natural processes, to one maintained by extensive human management
(Scheffer et al. 2001). A landscape may still be forested, but the pattern and structure of
the forest has changed through silvicultural practices (Puettmann et al. 2009). The limit
of a system’s alternative states can be determined based on the historic fluctuation of its

state variables, driven, for example, by the rates and extent of an area’s disturbance
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regime. It is also necessary to consider the influence of past human activity on the

landscape, such as the historic extent of grazing or settlement patterns.

Finally, transformation concepts are particularly relevant to forest management and can
be incorporated into management plans. For example, in an area with a rapidly
changing climate, accounting for transformation could mean relocating species or
developing strategies that facilitate species migration such as north-south corridors

(Millar et al. 2007, Pojar 2010).

2.4 Summary of Conventional vs. Social-Ecological Approaches to Forest Management
The central limitations of conventional approaches to forest management are the loss of
complexity necessary to buffer forests against large-scale disturbance, and the lack of
adaptation in dealing with shifting disturbance regimes. Through land conversion, fire
suppression and forest harvesting, humans have altered disturbance regimes. The
result is a decrease in the natural diversity, which has led to a spatial and temporal
homogenization of forest pattern, composition and structure. Although large infrequent
events play a role in a forest’s disturbance regime, with the forest losing diversity there
is the possibility that disturbance becomes more common and extreme (Bergeron et al.

2002, Kluuvuainen et al. 2002, Drever et al. 2006).

Optimization strategies lead to a loss of resilience due to the focus on one commodity
and the blanket application of the same management regime across the landscape
(Bodin and Norgerg 2005). The system becomes brittle, with no capacity to absorb
unknowns because of the lack of variation and options (Gunderson 2000). A resilience

based approach to forest management, one that considers adaptability and
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transformability, addresses these shortcomings by implementing alternative stand and
landscape stewardship practices. These practices are designed to enhance the
functional redundancy and response diversity of ecosystem processes, vegetation
communities and wildlife, as a means of buffering against large-scale episodic
disturbance, and to aid in post-disturbance recovery and reorganization (Campbell et al.
2009). Rather than using forecasting to decide on an optimal management strategy, a
resilience based management approach would focus on the resilience of desirable
system attributes, and use scenario planning techniques to consider a wide range of

possible futures (Bennett et al. 2005).

Due to the complexity of natural processes, it would be impossible to perfectly emulate
a natural disturbance regime; however, a social-ecological approach could implement a
regime that would be adaptable to future regime shifts (Lindenmayer et al. 2008). By
putting more emphasis on infrequent large-scale disturbance events, those potential
system states at the boundary of possibility, the strategy anticipates the inevitable
surprises and is more flexible in dealing with uncertainty. Table 2-1 summarizes the
differences between conventional and a social-ecological approach to forest

management.

An additional criticism of current management is the social dependency that develops,
with management regimes and objectives becoming entrenched and centralized,
limiting flexibility to deal with ecological change (Holling and Meffe 1996). Planning
tends to focus on maximizing the supply of commodity services and optimizes for one

preferred future, instead of managing for system diversity to increase ecological
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Table 2-1. Comparison of conventional and social-ecologically based approaches to
forest management.

Conventional Social-Ecological
[Resilience Goal Long range sustainable yield |[ncreasing functional and
response diversity
Structure Uniform age structure, Age structure consistent with
harvest at culmination age  [disturbance regime, variable
harvest rotation age
Pattern Uniform blocks with some  [Variable, consistent with
variation consistent with dendrochronological record,
single historic snapshot anticipate climate change
influences
Composition Replant monoculture Variable within and across
areas replanted
Ecological process  |Fire suppression Targeted fire suppression,
increase in prescribed
burning
\Adaptability Goal Optimal harvest Bet-hedging: anticipate future
unknowns
Key features Limited conservation priority [High conservation priority
Redundancy Single ecological Multiple ecological
representation, low uniform [representation, variable levels
post-harvest retention of retention
Connectivity Limited Multiple connections across
scales
Disturbance Impacts avcraged and Focus on variation and
assumed on an annual basis |anticipate periodic large-scale
salvage
Transformability [Goal Managed landscape for no  [Manage transition among
change states
Planning for change |Assume stable future, plan  |Linked human-ecological
for single resource system and cumulative
effects of human activities,
plan for multiple possible
futures
Extreme events IAssume consistent supply, if |Protocols for response to
extreme event occurs then  [periodic large-scale events
rcdo plans
Relocation Tree seed planting zones Facilitated migration of range
shifted when necessary of plants and animals when
required
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response to large-scale change. Given the inevitability of extreme disturbance, planning
for landscape dynamics is an important adaptation strategy for ensuring a future supply
of ecosystem services. Social-ecologically based planning would manage for dynamics,

including an array of possible post-disturbance successional pathways.

Under a social-ecologically based management approach, post-harvest retention of
trees would be variable and stands would be harvested at a range of ages, thereby
varying rotation length across the forest (Bergeron et al. 1999, Burton et al. 1999,
Seymour and Hunter 1999). These strategies would be aimed at maximizing diversity
and ecological complexity across scales. Resilience of the forest to catastrophic

disturbance is encouraged by managing for the suite of adaptive cycle phases.

3. A social-ecological systems approach to resource management

A general framework is required to implement the social-ecologically based
management approach. The framework presented describes the components and
relationships of a social-ecological system, issues of concern, and the social and
ecological drivers of change (Cumming et al. 2005, Bennett et al. 2005, RA 2007). A set
of possible futures, based on social and ecological variability and uncertainty, are then
constructed to capture the behaviour of the social-ecological system and the

mechanisms of change (Peterson et al. 2003).

The social-ecological approach to resource management is broken down into three
main steps. The first step identifies the issue of concern, describes the current state of
the system, its history and cross-scale interactions. The second step captures the

overall behaviour of the system, including fast and slow drivers of change. Also noted in
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the second step are the critical thresholds between different system states, including the
mechanisms that could lead the system to switch to either a different social-ecological
state or into a different phase of its adaptive cycle. Scenario composition is the final
step. Scenarios of possible future system configuration are used as a planning
technique to capture information as part of a pre-disturbance strategy for dealing with

extreme evenfs.

3.1 Current Condition

The first step in developing the framework is to identify the issue of concern and the
current conditions. The description includes the social-ecological system’s ecosystems,
ecological processes, dominant economic acfivities, the community vision of land use
(i.e., plans) and governing institutions (RA 2007). Social-ecological systems can be the
accumulation of numerous interactions among lower level processes. The resulting
expression of the system emerges as a product of these interactions, and although its
overall behaviour can be described, this description does not reveal the lower-level
source phenomena. Further, many social-ecological systems are open to external
influences, many of which are unknown. To effectively describe a social-ecological
system, a sufficient level of detail must be applied to limit the parts, processes and
scales that are under consideration. By defining the specific question being assessed
and the spatio-temporal bounds of the system, a workable approach can be realized.
For example, there may be adequate habitat for wildlife or area available for timber
extraction presently, but there must be a sufficient supply through time given possible
fluctuations. The time signature of these dynamics defines the temporal bounds of the

focal system.
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System interactions cross scales and form part of a description of current social
conditions or forest composition and structure. For example, the age and species
composition of a forest are a product of stand-level processes such as growth,
succession and tree mortality. A forest is also influenced by larger-scale processes
such as drought cycles or regional forest policy dictating allowable annual cuts.
Socially, the human actors in a system can be split by scale into those that are primarily
internal to the area, the local communities, and those that are primarily external,

including corporate shareholders or government decision makers.

Social-ecological systems change through time. Documenting historic social, economic
or ecological events helps to build understanding of the mechanisms that led to the
current expression of the system and its variability. Finally, in the early stages of the
project, it is important to initiate collaboration: early involvement of interest groups and
decision makers increases the adoption of results from the assessment (Peterson et al.

2003, Fabricius et al. 2007, Berghofer et al. 2008).

3.2 Future conditions

When identifying future conditions, planning teams must recognize the overall behaviour
of the system as well as the system’s disturbance regime based on its past dynamics
and how those dynamics could shift in the future. The goal is to gain an understanding
of the controlling forces that have shaped the system and how they may interact,
change and be influenced by other social and ecological events in the future. This

requires a list of the main social and ecological drivers of the system and a description
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of the different ways in which they could interact in the future. Developing this list

requires that one recognize and document the forces of change and cycles of change.

Forces of Change

The forces, or drivers, that act on the system can be categorized by the speed with
which they act, their origin and whether or not they are the product of ecological
processes or from human action. By analysing a system’s historic behaviour, eliciting
expert opinion or published accounts of similar systems, the forces that have been
responsible for past change can be recorded (Nakicenovic and Swart 2000, MA 2005,
IPCC 2007). The forces can be interpreted as stressing the system, either by moving it
away from some idealized condition, or creating the conditions for a discrete event that
will result in a loss of system integrity. The forces can have positive or negative
(destabilizing or stabilizing) feedbacks. A phenomenon that involves a positive feedback
is a nuclear chain reaction: once initiated it becomes self-reinforcing. A negative
feedback dampens the oscillations of a system, such as lynx predation moderating the

size of a snowshoe hare population.

Social-ecological systems typically have slow and fast drivers that shape the system
through time (Carpenter and Levitt 1991, Levin 1991, Holling 1992). Slow drivers can be
predictable, like the ecological drivers of soil development, or forest growth and
succession. Alternatively, slow drivers like climate change may result in a great deal of
uncertainty over time. Slow social drivers include population growth, land conversion,
settlement expansion, or a developing road network. Fast drivers are usually a shock or

disturbance event and the outcome is predictable, but often dramatic; examples of fast
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ecological drivers include a fire or insect outbreak. Fast social drivers may be flooding
from the construction of a dam, or forest harvesting. Listing drivers, their social or
ecological basis and whether they are fast or slow, is the first step in understanding an

area’s forces of change.

Resource management interventions also have the potential to act as slow drivers
leading to unanticipated events, such as historic fire suppression contributing to fuel
loading and an increase in wild fire severity (Arno et al. 2000). Other social drivers may
be a change in technology that shifts which species of tree can be harvested, or a slow
improvement in education or the composition of the local economy leading to a different
set of social choices about how to manage the environment. The slow and fast system
drivers do not act independently, but interact. For example, spruce budworm
(Choristoneura fumiferana) populations are controlled by predators and the density of
balsam fir (Abies balsamea). As the size and density of the trees increases, -- a slow
driver -- the ability of birds to control budworms declines, and an outbreak (a fast driver)

can be triggered (Holling 1973, Ludwig et al. 1978, Holling 1988).

Finally, when considering forces, it is important to acknowledge that there are
interactions with phenomena outside of the focal system. Here, external forces act on
the system, changing the behaviour of specific drivers. An example of such a
phenomenon is the PDO-driven drought cycle, leading to large regional fires destroying

open forest and resulting in expanded grasslands (Morgan et al. 2008).
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Cycles of Change

The concepts of alternative states and adaptive cycles are useful for understanding and
organizing the drivers, feedbacks, and cross-scale interactions of the system and
provide insights into the position of the system within these cycles of change. Through
an interpretation of slow controlling variables, the location of the social-ecological
system relative to its current state or adaptive cycle can be deduced. The system could,
for example, be close to a threshold that could signal an imminent shift. The position of
the system would inform management to either implement strategies to encourage or
discourage change, or that a transformation to a new phase or state is required. The
slow variables that are directing the system towards a threshold provide a surrogate of
system resilience (Carpenter et al. 2005). As an example, a threshold in a forest may be
the extent of old pine that is susceptible to MPB, which may signal further outbreaks,
and prompt management to focus on harvesting old susceptible pine in an effort to
temper future outbreaks and the resulting loss of timber (Taylor and Carroll 2004).
Alternatively, a system may not be cycling. It may have once cycled, but is now being

held in a particular configuration through human management.

A description of the phases of the systems above and below the focal system helps
identify the possibility of cross-scale interaction. For example, a forest composed of
predominantly old pine stands may be susceptible to an epidemic landscape-scale
outbreak when local stand-level MPB outbreaks start to spread, coalescing to a larger-
scale event. Managing forests so that not all stands are at the same stage of the
adaptive cycle enhances resilience to larger-scale events (Gunderson and Holling

2002).
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3.3 Scenario composition

When planning for a supply of ecosystem services, any characterization of the future is
subject to uncertainties in the behaviour of the actors and the unknowns of the system
dynamics (Peterson et al. 2003, Cumming et al. 2005). To address this issue, scenario
planning has emerged as a technique to examine the uncertainties and resilience of
resource systems (Peterson et al. 2003, MA 2005, Carpenter et al. 2006, Mahmoud et
al. 2009). Scenario planning was originally developed for strategic planning and war
games after the Second World War (Kahn and Wiener 1967). It is now used extensively
for business decision making, assessing the impacts of climate change, and as the
basis for environmental risk assessment (Ogilvy and Schwartz 2004, IPCC 2000, EEA

2009).

The application of scenarios for the investigation of social-ecological systems integrates
across environmental, economic and social dimensions, where a scenario describes a
possible situation as “a structured account of a possible future” (Peterson et al. 2003).
Predictions and forecasts are used in optimal decision making, so some benefit is
maximized according to an expected probability distribution. However, because of the
complex make up, dynamics and the extent of uncertainty associated with ecosystems,
approaches attempting to optimize resource supply are considered inappropriate
(Peterson et al. 2003, MA 2005). Further, ecological predictions that include the role of
humans become confounded by people changing their behaviour when presented with

new information (Morgan et al. 2007).
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Scenarios are grounded in the past and based on a logical progression of events. The
anticipated strength and direction of future social and ecological forces, including the
consideration of uncertainty, serve as the basis for delineating a range of scenarios for
consideration. A set of scenarios is structured specifically to: lend insight into system
drivers; to explore uncertainties of the system behaviour; and to identify the
repercussions of current resource management decisions and knowledge gaps.
Scenarios are not designed to support one specific future, but instead assist in the
development of management policies, that will increase the chance of achieving a

socially desirable future condition (Peterson et al. 2003).

The social-ecological system’s current and future forces and cycles of change provide
the basis for constructing the scenarios. Because the future is uncertain, an infinite
number of scenarios could be constructed (Carpenter et al. 2006). However, having a
limited number of scenarios has the advantage of being easy to understand and

communicate (Peterson et al. 2003, Ogilvy and Schwartz 2004, MA 2005).

Some system trends may show up in all of the scenarios, while others may be specific
to one particular scenario. A “systems perspective” is used to deepen the scenario
description by identifying interacting forces and trends that form a consistent pattern of
events. A narrative for each scenario provides a story line with a beginning, middle and
end, and can be populated with illustrative characters to personalize the plots (Olgivy
and Schwartz 2004). For convenience, scenarios are given descriptive names, have a
unique identity that is the result of a particular pattern of events, and reflect specific

ecological forces and human management decisions.
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4. Social-ecological system description and scenario composition example

| present an example of the general framework designed to implement a social-
ecological approach to resource management. The case study illustrates the broader
social-ecological concepts and how they can be practically applied, including the
components and relationships of the social-ecological system, fast and slow drivers of
change, and feedbacks. The example concludes with the composition of a set of future
scenarios, based on the study area’s social and ecological variability and uncertainty,
designed to reflect the behaviour of the social-ecological system and the mechanisms of

change.

The study area is located in southeastern BC, and encompasses 1.24 million hectares
within the Cranbrook Timber Supply Area (TSA) (Figure 2-2). The area has been
experiencing an unprecedented MPB outbreak (Safranyik and Wilson 2006) and
provides a good example of a social-ecological system in transition from a historic
configuration to some future arrangement. There are concerns about the continued
supply of ecosystem services, primarily old forest ecosystems (coarse-filter
biodiversity), timber for harvest and grizzly bear natal areas (fine-filter biodiversity). Old
forest is being lost to MPB outbreaks, impacting the area’s supply of timber and old-

growth forests.
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Figure 2-2. Location of the Cranbrook Timber Supply Area (TSA) in southeastern BC,
Canada (Robinson 2004).

4.1 Current Conditions

The Cranbrook TSA is dominated by the Rocky Mountain Trench, with steep mountains
on either side. The area is ecologically varied, but the forest is dominated by lodgepole
pine; it also has a regionally significant grizzly bear population (Robinson 2004). Over
the last century the disturbance regime across the Cranbrook TSA has shifted from fire
to being dominated by forest harvesting. This transition has been partially supported by
an effective fire suppression program (Daniels et al. 2007). An extensive road network
has developed in the area to support forest harvesting. The economy is dominated by
the public sector, tourism, mining, agriculture and forestry. Timber harvesting is
extensive with an annual cut of 941,000 cubic meters (Robinson 2004). Beginning in

1976, a MPB outbreak emerged in the eastern part of the TSA. This outbreak peaked in
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1980 and subsided by 1984. An area of approximately 150,000 hectares was affected

(Young 1988). MPB became epidemic again in the late 1990s and continues today.

Direction for forest management in the Cranbrook study area is provided by a set of
government and forest company management plans. These set out the various rules
and regulations that are followed to meet a range of industrial, recreation and
conservation interests. The economic focus is on timber for harvest. The social interest
is roads and their implication for back country access and, by association, grizzly
bear/human conflict. Ecologically, forest structure, pattern and composition are the main
concern. The key relationships are between landscape dynamics (MPB and fire), forest

management (fire suppression, roads and harvesting), wildlife habitat and old forest.

There has been an increase in timber harvesting and salvage activity in response to the
MPB, and the number of roads and amount of traffic has increased. Consequently, this
has led to an increase in negative grizzly bear encounters with humans (Nielson et al.
2004). As bear mortality is positively correlated with human encounters (Herrero 1985,
Mattson 1990, Nielsen et al. 2004), wildlife managers have advocated that a beneficial
strategy for grizzly bear conservation is to have large areas that are “secure” from
human encounters (Interagency Grizzly Bear Committee 1998). These security zones
are defined as areas that have adequate habitat with a minimum of human use. Their
minimum size is considered to be the amount of area necessary to meet daily average

foraging requirements of a female adult bear (Gibeau et al. 2001).
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4.2 Future Conditions

The future conditions of the Cranbrook study area are shaped by the drivers of change,
the speed with which they act, and their feedbacks. To understand how the system may
change in the future, | identified the social and ecological forces acting on the region. As
well, | used the concepts of the adaptive cycle and the potential for state transitions as a

basis to place the forces of change in a larger system dynamics context.

Forces of Change

The Cranbrook TSA has shifted from a historic regime dominated by fire to one
controlled by forest management activities and an increase in MPB activity. However,
future MPB outbreaks will likely be limited by a declining availability of old pine. Fire,
however, could become more prominent on the landscape with climate change. This will
further reduce the amount of old pine, and thus lower the risk of future MPB outbreaks.
In an effort to maintain the historic flow of timber, forest managers could respond to
these disturbance events aggressively through vigorous salvage operations and
massive investment in stand tending to encourage re-establishment of impacted stands
(Millar et al. 2007). Alternatively, the role of forestry may be eclipsed by other values
that are more conservation oriented. A more passive approach to forest management

could lead to increases in old pine and risk of further MPB outbreaks.

The slow ecological drivers of interest in the Cranbrook study area are forest growth
(particularly aging pine) and a slowly changing climate, which increases likelihood of
drought, warmer winters, and area burned by wild fire. Fast ecological drivers include

MPB outbreaks and fire. Human drivers of the system include forest management
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activities: rate of harvest and salvage policies (as slow drivers), and road construction, a

fast driver.

There are a number of drivers that have positive or negative feedbacks in the
Cranbrook. For example, MPB is a negative feedback: as MPB kills old pine the
chances for further attack become diminished. Forest harvesting is a positive feedback:
once harvesting activity becomes established, processing facilities and employees
develop an expectation of a continued supply of timber. Similarly, there would be inertia
to any change in fire suppression policy because of the risk to the standing crop of trees
and infrastructure. Human visitation is also amplifying: once an area is developed there
is incentive to use the roads for stand tending, salvage, recreation, etc. Now that the
low-elevation areas of the Cranbrook TSA are populated, a positive feedback reinforces
the increased need for land that supports recreation, tourism, grazing and agriculture.
Hence, future change may include the harvest of non-timber forest products, eco-
tourism, and increased value of standing trees for carbon storage. Table 2-2 lists the
main forces for the Cranbrook study area, outlining the key system drivers and stressors

that are relevant to timber supply, and to coarse- and fine-filter biodiversity.
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Table 2-2. Key ecological and social drivers and stressors in the Cranbrook study area
that can direct alternative social-ecological states of the system.

Drivers § | 1SPeedl [FeedbacKll) .. :

Foresf growth SIOW Pbéiti\@ Continuous forest rowth and suc; ession

and succession

Timber Fast Positive  [Forest harvesting rate and extent set by forest

harvesting managers

Fire suppression{Slow Positive  |Dampening of areal extent of fire

Roads Fast Positive  |Road building and use associated with industrial and
recreational activity

Fire Fast Positive  |Landscape-scale fire that affects long-term landscape
composition and structure

MPB outbreak [Fast Negative |Current 25-year outbreak killing of mature pine and
longer term MPB dynamics

MPB sanitation [Slow Negative [Focusing harvest on pine stands susceptible to MPB

harvesting

Salvage Fast Negative |Level of aggression of salvage harvesting

harvesting

Maintenance of [Slow Positive if |Enhancing or relaxing of landscape scale biodiversity

landscape scale enhanced, [objectives, such as increasing or decreasing harvest

biodiversity Negative ifjrotation length or additional non-harvest areas

relaxed

| andscape Slow Positive  |Limiting access to parts of the landscape to protect

access wildlife from negative human encounters

Climate Slow Oscillates |Climate-driven oscillations in disturbance frequency

variability and extent

Climate change [Slow Positive  [Shifts in rate and extent of disturbance
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Cycles of Change

The adaptive cycle assumes that a system will continually renew itself and re-express
past cycle phases. However, it is possible that the Cranbrook study area could
transform, through a large shock or by slowly changing system drivers, into a new state
that is maintained by a different set of drivers. Some transition has been observed
ecologically over the past century when large fires triggered an expansion of grassland.
This new grassland state is maintained by reinforcing processes. Despite large fires
being more recently suppressed, grasslands have persisted through fire and cattle
grazing (Lefebvre 1995, Daniels et al. 2007). Under climate change it is possible that
more of the Cranbrook TSA could convert to grassland as its climate becomes less

favourable to forest (Hamman and Wang 2005).

Fire suppression has been effective over the past 50 years and has altered the
Cranbrook TSA'’s landscape dynamics. Salvage logging and MPB sanitation harvesting
have been the focus of harvesting activities over large areas in the Cranbrook study
area (Tembec 2005) Continuing these practices into the future will likely dampen the
impact of MPB. The Rocky Mountain Trench has become more human dominated, with
settlements, roads, golf courses, etc. This highly managed area is now in a different

state that is maintained by intensive human management.

I summarized the dynamic behaviour of the Cranbrook TSA in a systems model (Figure
2-3). This model provides a visual summary of the interactions between the system
elements and the forces that may influence different states of the forest. The system

model shows two characteristic states: on the left is the fire-dominated state, defined by
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a negative exponential forest age structure, the expected age structure of natural
forests (Van Wagner 1978), and on the right is the more MPB- and management-
dominated state with an age structure that tends towards a uniform distribution (Figure
2-3) (Fall et al. 2004, Puettmann et al. 2009). Forest management mediates between
these two conditions. As shown in the diagram, both fire and MPB decrease forest age,
and forest management increases pine susceptible to MPB through fire suppression.
Salvage harvesting links MPB and fire to forest management. The large positive and
negative signs indicate feedback loops, whereas the small signs show the smaller scale
relationships of the system. Roads are included due to their importance to grizzly bears.
The system model identifies the key drivers, defines alternative states of the system,
and helps to develop contrasting scenarios. Further, the model helps guide the
development of more detailed simulation models, by focusing on the important elements

of the system, feedbacks and drivers of change.
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Figure 2-3. Cranbrook study area systems model showing two alternative states of the
system. On the left is a natural stand age structure (negative exponential) generated by
historic landscape dynamics. The right tends to a normalized age structure (uniform age
structure) that results from forest management. Forest management mediates the
relationship between these two opposing states. The large + and — symbols indicate
positive and negative feedbacks of the various states, and the smaller signs indicate if
the process in the arrow is increasing or decreasing: — implies uncontrolled fire is due to
an increase in fire suppression/control efforts, while + denotes the burning of young
stands converting random aged stands to young stands, creating a more negative
exponential age structure. MPB converts older stands to young stands but also
generates a more regulated age structure.

4.3 Scenario composition

The Cranbrook study area’s ecosystem services are threatened by the current MPB
outbreak and future large-scale natural disturbance events. The main social and
ecological forces are identified for scenarios, with each placed on a separate axis
resulting in a 2 by 2 matrix. Four scenarios are generated and they are represented as
quadrants in the matrix (Figure 2-4). The scenarios capture the different possible
trajectories the Cranbrook TSA could take based on the system’s historical and current

conditions, the fast and slow drivers of the system, and the positive and negative

feedbacks. The four resulting scenarios are qualitatively different and internally
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consistent. The combination of social and ecological forces creates the rationale for and

characterizes each scenario.

moderate disturbance
similar to current rates

A

>

Forestry First Forest Commons

jea1bojoo]

Aggressive « Management |Approach . Passive

Climate Crusade Climate Pilgrimage

aoueqIn}siq

A

severe disturbance
worst case climate change

Figure 2-4. Cranbrook case study scenario matrix. The main social driver is
management approach ranging from aggressive to passive. The ecological axis is
defined by disturbance rates similar to current rates and severe climate change driven
disturbance. The four quadrants define the scenarios: Forestry First -- aggressive
harvest with moderate disturbance; Climate Crusade -- aggressive harvest with severe
disturbance; Forest Commons -- passive forest management with moderate
disturbance; and Climate Pilgrimage -- passive forest management with extreme
disturbance.

Due to the uncertainty associated with how disturbance regimes may shift under climate
change, the effect of climate on disturbance processes was identified as the main
ecological axis. The ecological axis ranged from disturbance rates similar to those
currently observed up to worst case increases in disturbance resulting from climate

change. Socially, forest management was determined to have the largest impact on
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how the system may change. As a result, the social axis was summarized as “approach
to forest management” and ranges from aggressive management to a more passive

approach to management.

Under the aggressive approach, forest products are put ahead of other services and
environmental objectives, such as preserving old forest, and access constraints do not
constrain harvesting activities. Further, the aggressive management assumes that
future forest condition can be controlled and any disturbance can be managed through
aggressive salvage and sanitation harvest. In contrast, passive harvest attempts to
restore ecological processes by limiting access to humans, constraining the total area of
forest management and not suppressing fires — more of a “letting nature take its course”

strategy.

Using Social-Ecological Resilience to Improve Resource Management

Humans have always used ecosystems to meet their needs. Natural dynamics can only
be subjugated so much before there is a backlash: either a slow loss of environmental
integrity, or an extreme disturbance event that changes the system to a form that no
longer provides the same level of ecosystem service (Scheffer et al. 2001, Gunderson
and Holling 2002, Carpenter 2003, Folke et al. 2004, Walker and Meyer 2004, MA 2005,
Drever et al. 2006). Finding the right balance between exploiting and maintaining
natural processes is a challenge society must face, especially with the uncertainty

introduced by a relatively rapidly changing climate.

Current management approaches were developed during a time when forests were

predominantly in the growth and conservation phases of the adaptive cycle. With recent
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extensive disturbance events, such as MPB, the forests of BC are in a release and
reorganization phase (Burton 2010). The challenge is to shift management practices
from managing for a stable accumulation of biomass to one that more prominently

considers landscape disturbance and ecosystem reorganization.

The methods and ideas | present are not intended as a complete solution, but only as a
contribution to a new management and planning paradigm that better describes
dynamic social-ecological systems. Through these descriptions and system exploration
tools, management strategies can be drafted that are more cognizant of resilience and
ecological adaptation to system dynamics. Through the application of these processes,
social adaptive capacity can be fostered to help people respond and manage social and

ecological change.

None of the four scenarios | developed constitute a prediction of future conditions in the
Cranbrook study area. Instead, the future could be a combination of elements from
each, or the system could oscillate between the different system boundaries described
by the various quadrants. | believe that these scenarios bound what might occur in the
future and help to inform the future implications of current decisions on ecosystem
services; for the Cranbrook TSA this would include timber available for harvest, coarse-

filter biodiversity and grizzly bear habitat.

For the Cranbrook study area, resilience to future MPB events is enhanced through
forest management activities, in which the older pine is harvested or salvaged and
future stands are harvested at a younger, less susceptible age. MPB risk would

continue in parts of the landscape that are reserved from harvest, but could be partially
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mitigated through prescribed burning to increase structural complexity. This strategy
would need to be weighed against the loss of some old forest, but could be conducted
such that there remains adequate representation across different ecosystem types. Risk
of severe fire would remain, and even increase, with climate change perhaps triggering
a transformation in some parts of the landscape to grassland. However, an option of
harvesting disturbed forests for biomass, and expansion of rangelands could also be
considered. Adaptation for the Cranbrook TSA could be enhanced through pre-
disturbance planning and the implementation of adaptive management. Managing
access would be an important component of adaptation to ensure a viable number of

grizzly bear natal areas remain.

Approaches to managing for resilience have been promoted for a number of resource
systems. Walker et al. (2002) suggested an alternative social-ecological approach to the
management of Australian rangelands that used the maintenance of grassland
resilience as a central principle. In the Northern Highlands Lake District of Wisconsin,
Peterson et al. (2003) applied an ecological assessment framework, based on the
Millennium Ecosystem Assessment (MA 2005), to determine the coupled social and
ecological elements. The assessment framework was used to develop alternative
management scenarios that were modelled and evaluated. In South Africa’s Kruger
National Park an approach based on monitoring “thresholds of potential concern” was
used as an adaptive management strategy. When an environmental indicator was
reached, action was taken to ameliorate the cause or to adjust the indicator to a more
realistic level (Parr and Anderson 2006). In these projects, resilience was not directly

measured, but inferred through an identification of the system's state or its identify —
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namely the key components of the system, their relationships and their persistence in

space and time (Cumming et al. 2005).

In general, strategies to enhance resilience may entail foregoing extensive
interventions, so that the system can go through a process of renewal in order to
achieve a more stable long-term state, particularly when the investment required to
maintain a system in a desired state becomes overwhelming (Millar et al. 2007). This
may demand managing a varied portfolio of resource systems across adaptive cycle
phases; while some are predominantly producing commodities, others are less
commodity oriented providing other services, such as wildlife habitat. Finally, some
systems may be in renewal and left to re-organize with the expectation that at some
future time they will provide higher levels of ecosystem services to communities. This
proposed approach would be similar to triad land zoning, but would operate at a scale
specific to the natural disturbance processes and modify zone boundaries depending on

how future events unfold.

The scenario approach described here is similar to other projects interested in exploring
the resilience of social-ecological systems (Peterson et al. 2003, MA 2005, Carpenter et
al. 2006). This approach to scenario planning is designed to inform policies that
enhance social-ecological resilience, while other scenario techniques have altogether
different purposes, such as identifying the most cost-effective or efficient conservation
endpoint (Lindborg et al. 2009, Koh and Ghazoul 2010). Many different scenario
projects use an axis approach to identify the major forces and uncertainties (EEA 2009).

However, it is novel to separate the social and ecological forces onto two different axes
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to reflect the social-ecological system. In general, a criticism of the axis approach is that
separating and reducing the main forces into two dimensions limits the utility of the
approach to deal with surprise (EEA 2009), where introducing wild cards — high-impact
ecological or social surprises -- into the scenarios helps to broaden the discussion of
unanticipated change that could occur (Mahmoud et al. 2009). This criticism is not
relevant in the resilience context, where the scenarios are specifically focused on
bounding system dynamics and sources of ecological surprise. Resilience-based
scenario approaches are most useful when they explore the logical outcomes of the
policy and disturbance assumptions surrounding resource systems and the provisioning

of ecosystem services (Carpenter et al. 2006).

The inclusion of both qualitative and quantitative approaches for examining the future
supply and uncertainty of ecosystem services has been shown to be a balanced
approach to planning for the future (MA 2005). What | have presented here provides a
first step in developing structured methods for designing a more detailed quantitative
analysis of system forces and uncertainties. Quantitative analysis allows for a deeper
investigation of system dynamics and resilience to large-scale events. A quantitative
implementation of the scenarios would entail a full description of the assumptions
underpinning each scenario. Simulation models would then be constructed to capture
the major forces of the system: for example, forest growth, timber harvesting, roads, fire

and MPB for the case study presented.

Several challenges exist in applying a social-ecological systems approach to resource

management. Many of the system elements are poorly understood and lack a sufficient
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level of detail to fully describe. Further, there may be unknown relationships and drivers.
The Cranbrook study area has only been observed in detail over the past 60 years, and
there may be many dynamics that have not been recorded or expressed either directly
or in the paleoecological record. A social-ecological approach shares some of the same
logistical challenges facing the implementation of adaptive management. Under both
approaches there would be resource manager and interest group discomfort with the
level of future uncertainty that must be considered. As well, the application of
entrenched “best practices” used in conventional management is inappropriate for
dynamic systems. The financial and time commitment required for long-term research
and monitoring of ecosystems would be difficult for jurisdictions to accept (Simberloff

1998, Stankey et al. 2003, Lindenmayer et al. 2008).

| presented a rationale for developing a social-ecological framework to describe the
dynamics of complex resource ecosystems, one that captures the social and ecological
drivers of change. Realizing this approach in practice would require a paradigm shift
within management institutions that acknowledges the vital importance of considering a
range of possible futures. The primary objective of management would be to redefine
practice directives to ensure a resilient ecosystem is established, before considering the

level of ecosystem services that it can provide.

References

Adger, W. N., T. P. Hughes, C. Folke, S. R., and J. R. Carpenter. 2005. Social—
ecological resilience to coastal disasters. Science 309: 1036-1039.

Aro, S. F., D. J. Parsons, and R. E. Keane. 2000. Mixed-severity fire regimes in the
northern Rocky Mountains: consequences of fire exclusion and options for the
future. Pp. 225-232. In D. N. Cole, S. F. McCool, W. T. Borrie, and J. OLoughlin
(Eds.). 2000. Wilderness science in a time of change conference-Volume 5:

69



Wilderness ecosystems, threats, and management; 1999 May 23-27; Missoula,
MT. Proceedings RMRS-P-15-VOL-5. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Rocky Mountain Research Station.

Attiwill, P. M. 1994. The disturbance of forest ecosystems: the ecological basis for
conservative management. Forest Ecology and Management 63: 247-300.

Angelstam, P. K. 1998. Maintaining and restoring biodiversity in European boreal
forests by developing natural disturbances regimes. Journal of Vegetation Science
9: 593-602.

Beisner, B., D. T. Haydon, and K. Cuddington. 2003. Alternative stable states in
ecology. Frontiers in Ecology and the Environment 1: 376-382.

Bennett, E. M., G. S. Cumming, and G. D. Peterson. 2005. A systems model approach
to determining resilience surrogates for case studies. Ecosystems 8: 945-957.

Berkes, F. J., J. Colding, and C. Folke. 2003. Navigating social-ecological systems:
building resilience for complexity and change. Cambridge University Press,
Cambridge, U.K.

Bergeron, Y., and B. Harvey. 1997. Basing silviculture on natural ecosystem dynamics:
an approach applied to the southern boreal mixedwood forest of Quebec. Forest
Ecology and Management 92: 235-242.

Bergeron, Y., P. J. H. Richard, C. Carcaillet, S. Gauthier, M. Flannigan, and Y. T.
Prairie. 1998. Variability in fire frequency and forest composition in Canada's
southeastern boreal forest: a challenge for sustainable forest management.
Conservation Ecology. [online] URL: http://www.consecol.org/vol2/iss2/art6/

Bergeron, Y., B. Harvey, A. Leduc, and S. Gauthier. 1999. Forest management
guidelines based on natural disturbance dynamics: Stand- and forest-level
considerations. Forestry Chronicle 75: 49-54.

Bergeron, Y., S. Gauthier, V. Kafka, P. Lefort, and D. Lesieur. 2001. Natural fire
frequency for the eastern Canadian boreal forest: consequences for sustainable
forestry. Canadian Journal of Forest Research 31: 384-391.

Bergeron, Y., S. Gauthier, V. Kafka, P. Lefort, and D. Lesieur. 2002. Natural fire regime:
a guide for sustainable management of the Canadian boreal forest. Silva Fennica
36: 81-95.

Bergerud, A. T. 1974. Decline of Caribou in North America following settlement. Journal
of Wildlife Management 38: 757-770.

Berghofer, A., H. Wittmera, and F. Rauschmayer. 2008. Stakeholder participation in
ecosystem-based approaches to fisheries management: a synthesis from
European research projects. Marine Policy 32: 243-253.

70


http://www.consecol.org/vol2/iss2/art6/

Binkley, C. S. 1997. Preserving nature through intensive plantation forestry: the case for
forestland allocation with illustrations from British Columbia. The Forestry
Chronicle 73: 553-559.

Bodin, O., and J. Norberg. 2005. Information Network Topologies for Enhanced Local
Adaptive Management. Environmental Management 35: 175-193.

Bourgeois, W. 2008. Ecosystem-based management: its application to forest
management in British Columbia. BC Journal of Ecosystems and Management 9:
1-11.

British Columbia Ministry of Forests and Range (BCMFR). 2007. Forests for tomorrow:
Responding to Catastrophic Wildfires and the Mountain Pine Beetle Epidemic.
British Columbia Ministry of Forests and Range, Victoria, British Columbia,
Available on-line at http://www.forestsfortomorrow.com/fft/ [accessed 24
September 2010].

Brown, J. H., and E. J. Heske. 1990. Control of desert-grassland by a keystone rodent
guild. Science 250:1705-1707.

Buddle, C. M., D. W. Langor, G. R. Pohl, and J. R. Spence. 2006. Arthropod responses
to harvesting and wildfire: Implications for emulation of natural disturbance in
forest management. Biological Conservation 128: 346-357.

Bunnell, F. L. 1995. Forest-dwelling vertebrate faunas and natural fire regimes in British
Columbia: patterns and implications for conservation. Conservation Biology 9:
636-644.

Burton, P.J. 2010. Striving for sustainability and resilience in the face of unprecedented
change: the case of the mountain pine beetle outbreak in British Columbia.
Sustainability 2: 2403-2423.

Burton, P. J., D. D. Kneeshaw, and K. D. Coates. 1999. Managing forest harvesting to
maintain old growth boreal and sub-boreal forests. Forestry Chronicle 75: 623-629.

Burton, P. J., C. Messier, G. F. Weetman, E. E. Prepas, W. L. Adamowicz, and R.
Tittler. 2003. The current state of boreal forestry and the drive for change. Pp. 1-
40. In P. J. Burton, C. Messier, D. W. Smith, and. W. L. Adamowicz (Eds.).
Towards Sustainable Management of the Boreal Forest. NRC Research Press,
Ottawa, Ontario, Canada.

Burton, P. J., C. Messier, W. L. Adamowicz, and T. Kuuluvainen. 2006. Sustainable
management of Canada’s boreal forests: Progress and prospects. EcoScience 13:
234-248.

Burton, P.J., M.-A. Parisien, J.A. Hicke, R.J. Hall, and J.T. Freeburn. 2008. Large fires
as agents of ecological diversity in the North American boreal forest. International
Journal of Wildland Fire 17:754-767.

71


http://www.forestsfortomorrow.com/fft/

Byrne, T., C. Stonestreet, and B. Peter. 2006. Characteristics and Utilization of Post-
Mountain Pine Beetle Wood in Solid Wood Products. Pp. 233-254. In L. Safranyik
and B. Wilson, editors. The Mountain Pine Beetle A Synthesis of Biology,
Management, and Impacts on Lodgepole Pine. National Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Victoria, B.C.

Campbell, E., D. MacLean, and Y. Bergeron. 2008. The severity of budworm caused
growth reductions is affected by the hardwood content of boreal forest landscapes.
Forest Science 54:1-11.

Campbell, E.M., S.C. Saunders, K.D. Coates, D.V. Meidinger, A. MacKinnon, G.A.
O'Neill, D.J. MacKillop, S.C. DeLong, and D.G. Morgan. 2009. Ecological
resilience and complexity: a theoretical framework for understanding and
managing British Columbia’s forest ecosystems in a changing climate. BC Ministry
of Forests and Range, Forest Science Program, Victoria, BC Tech. Rep. 055.
www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr055.htm

Canadian Boreal Forest Agreement. 2010. Canadian Boreal Forest Agreement: An
Historic Agreement Signifying a New Era of Joint Leadership in the Boreal Forest.
65pp. [online] URL: http://www.canadianborealforestagreement.com/media-
kit/Boreal-Agreement-Full.pdf

Canadian Council of Forest Ministers (CCFM). 2003. Defning sustainable forest
management in Canada: criteria and indicators. [online] URL:
www.ccfm.org/ci/CI2003_tech_sup_1.pdf

Canadian Council of Forest Ministers (CCFM). 2010. National Forestry Database.
Canadian Forest Service, Natural Resources Canada, Ottawa, Canada. [online]
URL: http://nfdp.ccfm.org/

Carpenter, S. R., and P. Levitt. 1991. Temporal variation in a paleolimnological record
arising from a trophic cascade. Ecology 7: 277-285.

Carpenter, S., B. Walker, J. Anderies, and N. Abel. 2001. From metaphor to
measurement: resilience of what to what? Ecosystems 4: 765-781.

Carpenter, S. R. 2003. Regime shifts in lake ecosystems: pattern and variation, Volume
15, in Excellence in Ecology Series. Ecology Institute, Oldendorf/Luhe, Germany.

Carpenter, S., F. Westley, and M. G. Turner. 2005. Surrogates for resilience of social-
ecological systems. Ecosystems 8: 941-944.

Carpenter, S., E. M. Bennett, and G. D. Peterson. 2006. Scenarios for ecosystem
services: An overview. Ecology and Society 11: 29. [online] URL:
http://www.ecologyandsociety.org/vol11/iss1/art29/.

Chapin F. S., M.S. Torn, and M. Tateno (1996) Principles of ecosystem sustainability.
American Naturalist: 1016-1037.

72


http://www.for.gov.bc.ca/hfd/pubs/Docs/Tr/Tr055.htm
http://www.canadianborealforestagreement.com/mediakit/Boreal-Agreement-Full.pdf
http://www.canadianborealforestagreement.com/mediakit/Boreal-Agreement-Full.pdf
http://www.ccfm.org/ci/CI2003_tech_sup_1.pdf
http://nfdp.ccfm.org/
http://www.ecologyandsociety.org/vol11/iss1/art29/

Cissel, J. H., F. J. Swanson, and P. J. Weisberg. 1999. Landscape management using
historical fire regimes: Blue River, Oregon. Ecological Applications 9: 1217-1231.

Coates, K. D., C. DelLong, P. J. Burton, and D. Sachs. 2006. Abundance of Secondary
Structure in Lodgepole Pine Stands Affected by the Mountain Pine Beetle. Interim
Report for Chief Forester. Bulkley Valley Centre for Natural Resources Research &
Management, Smithers, BC. 22 p..

Cumming, D. H. M., M. B. Fenton, I. L. Rautenbach, R. D. Taylor, G. S. Cumming, M. S.
Cumming, J. M. Dunlop, A. G. Ford, M. D. Hovorka, D. S. Johnston, M. Kalcounis,
Z. Mahlanga, and C. V. R. Portfors. 1997. Elephants, woodlands and biodiversity
in southern Africa. South African Journal of Science 93: 231-236.

Cumming, G.S., G. Barnes, S. Perz, M. Schmink, K. E. Sieving, J. Southworth, M.
Binford, R. D. Holt, C. Stickler, and T. Van Holt. 2005. An exploratory framework
for the empirical measurement of resilience. Ecosystems 8: 975-987.

Daniels, L.D., J. Cochrane, and R.W. Gray. 2007. Mixed-Severity Fire Regimes:
Regional Analysis of the Impacts of Climate on Fire Frequency in the Rocky
Mountain Forest District. Report to Tembec Inc., BC Division, Canadian Forest
Products Ltd., Radium Hot Springs, and the Forest Investment Account of British
Columbia. p. 36.

Diaz, S., A.J. Symstad, F.S. Chapin, D.A. Wardle, and L.F. Huenneke. 2003. Functional
diversity revealed by removal experiments. Trends in Ecological Evolution 18:140-
146

Drever, C. R., G. D. Peterson, C. Messier, Y. Bergeron, and M. Flannigan. 2006. Can
forest management based on natural disturbance maintain ecological resilience?
Canadian Journal of Forest Research 36: 2285-2299.

Dublin, H. T., A. R. E. Sinclair, and J. McGlade. 1990. Elephants and fire as causes of
multiple stable states in the Serengeti-Mara woodlands. Journal of Animal Ecology
59: 1147-1164.

Emanuel, K. 2005. Increasing destructiveness of tropical cyclones over the past 30
years. Nature 436: 686-688.

Eng, M., A. Fall, J. Hughes, T. Shore, B. Riel, P. Hall, and A. Walton. 2005. Provincial
level projection of the current mountain pine beetle outbreak. Victoria, BC,
Canada. [online] URL.:
http://www.for.gov.bc.ca/hre/bcMPB/BCMPB_MainReport_2004.pdf.

Eng, M., A. Fall, J. Hughes, T. Shore, B. Riel, A. Walton, and P. Hall. 2006. Provincial
level projection of the current mountain pine beetle outbreak: Update of the
infestation projection based on the 2005 provincial aerial overview of forest heaith
and revisions to “the model” (bcmpb.V3). Victoria, British Columbia, Canada.
{online] URL:
http://www.for.gov.bc.ca/hre/bcMPB/BCMPB.v3.BeetleProjection.Update.pdf.

73


http://www.for.gov.bc.ca/hre/bcMPB/BCMPB_MainReport_2004.pdf
http://www.for.gov.bc.ca/hre/bcMPB/BCMPB.v3.BeetleProjection.Update.pdf

Elmgvist, T., C. Folke, M. Nystrom, G. D. Peterson, J. Bengtsson, B. Walker, and J.
Norberg. 2003. Response diversity, ecosystem change, and resilience. Frontiers in
Ecology and the Environment 1: 488-494.

European Environment Agency (EEA). 2009. Looking back on looking forward: a review
of evaluative scenario literature. European Environment Agency, Copenhagen,
Denmark, 30 p.

Fabrisius, C., C. Folke, C. Cundill, and L. Schultz. 2007. Powerless spectators, coping
actors, and adaptive co-management: a synthesis of the role of communities in
ecosystem management. Ecology and Society 12: 29. [online] URL:
http://www.ecologyandsociety.org/vol12/iss1/art29/

Fall, A., M.-J. Fortin, D. D. Kneeshaw, S. H. Yamasaki, C. Messier, L. Bouthillier, and C.
Smyth. 2004. Consequences of various landscape-scale ecosystem management
strategies and fire cycles on age-class structure and harvest in boreal forests.
Canadian Journal of Forest Research 34: 310-322.

Flannigan, M.D., K.A. Logan, B.D. Amiro, W.R. Skinner, and B.J. Stocks. 2005. Future
area burned in Canada. Climatic Change 72:1-16.

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L. Gunderson, and C. S.
Holling. 2004. Regime shifts, resilience, and biodiversity in ecosystem
management. Annual Review of Ecology, Evolution and Systematics 35: 557-581.

Forrester, J. 1961. Industrial Dynamics. Pegasus Communications, Waltham, MA.

Foster, D. R. 1983. The history and pattern of fire in the boreal forest of southeastern
Labrador. Canadian Journal of Botany 61: 2459-2471.

Foster, D. R., and D. A. Orwig. 2006. Pre-emptive and salvage harvesting of New
England forests: When doing nothing is a viable alternative. Conservation Biology
20: 959-970.

Franklin, J. F., and MacMahon. 2000. Messages from a mountain. Science 288: 1183-
1185.

Gallagher, R., and T. Appenzeller. 1999. Beyond reductionism. Science 284: 79.

Gibeau, M. L., S. Herrero, B. N. McLellan, and J. G. Woods. 2001. Managing for grizzly
bear security areas in Banff National Park and the Central Canadian Rocky
Mountains. Ursus 12: 121-130.

Gill, A. M., and M. A. McCarthy. 1998. Intervals between prescribed fires in Australia:
what intrinsic variation should apply? Biological Conservation 85: 161-169.

Gunderson, L. 1999. Resilience, flexibility and adaptive management - - antidotes for
spurious certitude? Conservation Ecology 3: 7. [online] URL:
http://www.consecol.org/vol3/iss1/art7/

74


http://www.ecologyandsociety.org/vol12/iss1/art29/
http://www.consecol.org/vol3/iss1/art7/

Gunderson, L. 2000. Ecological resilience: In theory and application. Annual Review of
Ecology and Systematics 3: 425-439.

Gunderson, L., and C.S. Holling (Eds.). 2002. Panarchy: Understanding transformations
in human and natural systems. Island Press, Washington, D.C., USA.

Hamann, A., and T. Wang. 2006. Potential effects of climate change on ecosystem and
tree species distribution in British Columbia. Ecology 87(11): 2773-2786.

Haeussler, S., and D. D. Kneeshaw. 2003. Comparing forest management to natural
processes. Pp. 307-368. In Towards Sustainable Forest Management of the
Boreal Forest. P.J. Burton, C. Messier, D.W. Smith, and W.L. Adamowicz (Eds.).
NRC Research Press, Ottawa, Ontario, Canada.

Herrero, S. 1985. Bear attacks: Their causes and avoidance. Lyons and Burford, New
York, New York, USA.

Hobbs, R. J., S. Arico, J. Aronson, J. S. Baron, Peter, Bridgewater, V. A. Cramer, P. R.
Epstein, J. J. Ewel, C. A. Klink, A. E. Lugo, D. Norton, D. Ojima, D. M. Richardson,
E. W. Sanderson, F. Valladares, M. Vila, R. Zamora, and M. Zobel. 2006. Novel
ecosystems: theoretical and management aspects of the new ecological world
order. Global Ecology and Biogeography 15: 1-7.

Hoegh-Guldberg, O. 1999. Climate change, coral bleaching and the future of the world's
coral reefs. Marine and Freshwater Research 50: 839-866.

Hoegh-Guldberg, O., P. J. Mumby, A. J. Hooten, R. S. Steneck, P. Greenfield, E.
Gomez, C. D. Harvell, P. F. Sale, A. J. Edwards, K. Caldeira, N. Knowlton, C. M.
Eakin, R. Iglesias-Prieto, N. Muthiga, R. H. Bradbury, A. Dubi, and M. E. Hatziolos.
2007. Coral Reefs Under Rapid Climate Change and Ocean Acidification. Science
318: 1737-1742.

Holling, C. S. 1973. Resilience and stability of ecological systems. Annual Review of
Ecology and Systematics 4. 1-23.

Holling, C. S. 1986. Resilience of ecosystems; local surprise and global change. Pp.
292-317. In R.E. Munn, and W. C. Clark (Eds.). Sustainable Development of the
Biosphere. Cambridge University Press, Cambridge, U.K.

Holling, C. S. 1988. Temperate forest insect outbreaks, tropical deforestation and
migratory birds. Memoirs of the Entomological Society of Canada. 146: 21-32.

Holling, C. S. 1992. Cross-scale morphology, geometry, and dynamics of ecosystems.
Ecological Monographs 62: 447-502.

Holling, C. S., and G. K. Meffe. 1996. Command and control and the pathology of
natural resource management. Conservation Biology 10:328-337.

Holt, R. D. 2008. Theoretical perspectives on resource pulses. Ecology 89: 671-681.

75



Hunter M. L., Jacobson G. L. & Webb T. (1988) Paleoecology and the Coarse-Filter
Approach to Maintaining Biological Diversity. Conservation Biology 2: 375-385.

Hunter, M. L. 1990. Wildlife, Forests and Forestry. Prentice Hall, Englewood Cliffs, USA.

Hunter, J. L. 1993. Natural fire regimes as spatial models for managing boreal forests.
Biological Conservation 65: 115-120.

Interagency Grizzly Bear Committee. 1998. Grizzly bear/motorized access management
taskforce report. U.S. Department of the Interior, Fish and Wildlife Service,
Missoula, Montana, USA, 8 p.

Intergovernmental Panel on Climate Change (IPCC). 2000. Special Report on
Emissions Scenarios. Intergovernmental Panel on Climate Change, Cambridge
University Press, Cambridge, UK.

Intergovernmental Panel on Climate Change (IPCC). 2007. Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working Group Il to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK.

James, |. L., and D. A. Norton. 2002. Helicopter-based natural forest management for
New Zealand’s rimu (Dacrydium cupressinum, Podocarpaceae) forests. Forest
Ecology and Management 155: 337-346.

Jasinski, J.P.P. and S. Payette. 2005. The creation of alternative stable states in the
southern boreal forest, Quebec, Canada. Ecological Monographs 75:561-583.

Johnson EA, Miyanishi K, Weir JMH (1998) Wildfires in the western Canadian boreal
forest: landscape patterns and ecosystem management. Journal of Vegetation
Science 9, 603-610.

Johnstone, J.F. and F.S. Chapin. 2006. Fire interval effects on successional trajectory in
boreal forests of northwest Canada. Ecosystems 9: 268-277.

Kahn, H., and A. Weiner. 1967. The Year 2000: A framework for speculation on the next
thirty-three years. Macmillan, New York, New York, USA.

Khan A., M. A. Khan, A. Said, Z. Ali, H. A. N. Khan, and R. Garstang. 2010. Rapid
Assessment of flood impact on the environment in selected affected areas of
Pakistan. Pakistan Wetlands Programme and UNDP Pakistan. 35 p.

Kimmins, J. P. 2004. Forest Ecology: A Foundation for Sustainable Forest Management
and Environmental Ethics in Forestry. Prentice Hall, Upper Saddle River, N.J.

Koh, L. P., and J. Ghazoul. 2010. A spatially-explicit scenario analysis for reconciling
agricultural expansion, forest protection, and carbon conservation in Indonesia.
PNAS 107: 11140-11144.

76



Kneeshaw D. D., C. Messier, A. Leduc, P. Drapeau, D. Pare, J.-P. Picard, S. Gauthier,
R. Doucet, and D. Greene. (2000) Towards a sustainable forestry: a proposal for
indicators of SFM based on natural disturbances. Sustainable Forest Management
Network.

Krawchuk, M.A., S.G. Cumming, and M.D. Flannigan. 2009. Predicted changes in fire
weather suggest increases in lightning fire initiation and future area burned in
mixedwood boreal forest. Climatic Change 92: 83-97.

Kuuluvainen, T. 2002. Natural variability of forests as a reference for restoring and
managing biological diversity in boreal Fennoscandia. Silva Fennica 36: 97-125.

Landres, P.B., P. Morgan, and F.J. Swanson. 1999. Overview of the use of natural
variability concepts in managing ecological systems. Ecological Applications 9:
1179-1188.

Lavigne, F., and Y. Gunnell. 2006. Land cover change and abrupt environmental
impacts on Javan volcanoes, Indonesia: a long-term perspective on recent events.
Regional Environmental Change 6: 86-100.

Lefebvre, P. 1995. Cranbrook Timber Supply Area Socio-Economic Analysis.
Economics and Trade Branch, British Columbia Ministry of Forests, Victoria, BC,
106 p.

Lecomte, N., M. Simard, and Y. Bergeron. 2006. Effects of fire severity and initial tree
composition on stand structural development in the coniferous boreal forest of
northwestern Québec, Canada. ECoScience 13: 152-163.

Levin, S. A. 1991. Multiple scales and the maintenance of biological diversity.
Ecosystems 6: 498-506.

Li, C., M.D. Flannigan, and |. G. W. Comns. 2000. Influence of potential climate change
on forest landscape dynamics of west-central Alberta. Canadian Journal of Forest
Research 30: 1905-1912.

Lindborg, R., M. Stenseke, S. A. O. Cousins, J. Bengtsson, A. Berg, T. Gustafsson, N.
E. Sjodin, and O. Eriksson. 2009. Investigating biodiversity trajectories using
scenarios — Lessons from two contrasting agricultural landscapes. Journal of
Environmental Management 91: 499-508.

Lindenmayer, D. B., and M. A. McCarthy. 2002. Congruence between natural and
human forest disturbance: a case study from Australian montane ash forests.
Forest Ecology and Management 155: 319-335.

Lindenmayer, D. B., and R. F. Noss. 2006. Salvage logging, ecosystem processes, and
biodiversity conservation. Conservation Biology 20: 949-958.

Lindenmayer, D. B., J.F. Franklinb, and J. Fischer. 2006. General management
principles and a checklist of strategies to guide forest biodiversity conservation.
Biolgical Conservation 131: 433-445.

77



Lindenmayer, D. B., P. J. Burton, and J. F. Franklin. 2008. Salvage Logging and its
Ecological Consequences. Island Press, Washington, D.C.

Ludwig, J. A., D. D. Jones, and C. S. Holling. 1978. Qualitative analysis of insect
outbreak systems: Spruce-budworm and forest. Journal of Animal Ecology 47:315-
332.

Ludwig, D., Brock, W.A., and S.R Carpenter. 2005. Uncertainty in discount models and
environmental accounting. Ecology and Society 10: 13. [online] URL:
http://www.ecologyandsociety.org/vol10/iss2/art13/

Mahmoud M., Liu Y., Hartmann H., Stewart S., Wagener T., Semmens D., Stewart R.,
Gupta H., Dominguez D. & Dominguez F. (2009) A formal framework for scenario
development in support of environmental decision-making. Environmental
Modelling & Software 24: 798-808.

Marcot, B. G., T. A. O'Neil, J. B. Nyberg, J. A. MacKinnon, P. J. Paquet, and D. H.
Johnson. 2002. Analyzing key ecological functions as one facet of tfransboundary
subbasin assessment. Presented 4 November 2002 at, and for publication in
proceedings of: Watershed Management Council Ninth Biennial Conference --
Watersheds Across Boundaries: Science, Sustainability, Security, 3-6 November
2002. Watershed Management Council, Stevenson, WA.

Mattson, D. J. 1990. Human impacts on bear habitat use. International Conference on
Bear Research and Management 8: 33-56.

McAfee, B. J., R. de Camino, P. J. Burton, L. F. B. Eddy, C. Messier, M. G. Reed, T.
Spies, R. Vides, C. Baker, M. Barriga, J. Campos, O. Corrales, L. Espinoza, S.
Gibson, J. Glatthorn, C. Martineau-Delisle, C. Prins, and N.-A. Rose. 2010.
Managing Forested Landscapes for Socio-Ecological Resilience. Pp. 401-439. In
G. Mery, P. Katila, G. Galloway, R. I. Alfaro, M. Kanninen, M. Lobovikov, and J.
Varjo (Eds.). Forests and society - responding to global drivers of change IUFRO
World Series Vol. 25. International Union of Forest Research Organizations
(IUFRO), Vienna.

Mclintire, E.J.B., R. Duchesneau, and J.P. Kimmins. 2005. Seed and bud legacies
interact with varying fire regimes to drive long-term dynamics of boreal forest
communities. Canadian Journal of Forestry Research 35: 2765-2773.

Meadows, D. L. 2008. Thinking in Systems: A Primer. Chelsea Green Publishing, White
River Junction, Vermont.

Messier, C., and D. D. Kneeshaw. 1999. Thinking and acting differently for a
sustainable management of the boreal forest. Forestry Chronicle 75: 929-938.

Meyn, A., S\W. Taylor, M. D. Flannigan, K. Thonicke, and W. Cramer. 2010.
Relationship between fire, climate oscillations, and drought in British Columbia,
Canada, 1920-2000. Global Change Biology. 16: 977-989.

78


http://www.ecologyandsociety.org/vol10/iss2/art13/

McLellan, B. N., and F. W. Hovey. 1995. The diet of grizzly bears in the Flathead River
drainage of southeastern British Columbia. Canadian Journal of Zoology 73: 704-
712,

McRae, D.J., Duchesne, L.C., Freedman, B., Lynham, T.J., and S. Woodley. 2001.
Comparisons between wildfire and forest harvesting and their implications in forest
management. Environmental Review 9: 223-260.

Millar, C. 1., N. L. Stephenson, and S. L. Stephens. 2007. Climate change and forests of
the future: managing in the face of uncertainty. Ecological Applications 17: 2145-
2151.

Millennium Ecosystem Assessment (MA). 2005. Ecosystems and human well-being:
Scenarios. Island Press, Washington, D.C., USA.

Morgan, P. 1994. Historical range of variability: a useful tool for evaluating ecosystem
change. Journal of Sustainable Forestry 2: 87-111.

Morgan, D. G., S. B. Abdallah, and P. Lasserre. 2007. Real options approach to forest
management decision making to protect caribou under the threat of extinction.
Ecology and Society 13: 27. [online] URL:
http://www.ecologyandsociety.org/vol13/iss1/art27/

Morgan, P., E. Heyerdahl and C. Gibson. 2008. Multi-season climate synchronized
forest fires throughout the 20th Century, Northern Rockies, USA. Ecology 89: 717-
728.

Nakicenovic, N., and R. Swart. 2000. Special report on emissions scenarios: A special
report of working group [l of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom, p. 612.

Nielsen, S. E., S. Herrero, M. S. Boyce, R. D. Mace, B. Benn, M. L. Gibeau, and S.
Jevons. 2004. Modeling the spatial distribution of human-caused grizzly bear

mortalities in the Central Rockies ecosystem of Canada. Biological Conservation
120: 101-113.

Nitschke, C.R., and J.L. Innes. 2008. Climatic change and fire potential in South-Central
British Columbia, Canada. Global Change Biology 14: 841-855.

Ogilvy, J., and P. Schwartz. 2004. Plotting Your Scenarios. Global Business Network,
Emeryville, California, USA.

O’Neill, G. A., N. Ukranitz, M. Carlson, C. Cartwright, B. Jaquish, J. King, J. Krakowski,
J. Russell, M. Stoehr, C. Xie, and A. Yanchuk. 2008. Assisted Migration to
Address Climate Change in British Columbia: Seed Transfer Standards. Technical
Report 048 BC Ministry of Forests and Range, Forest Science Program, Victoria,
BC.

Paine, R. T., M. J. Tegner, and E. A. Johnson. 1998. Compounded perturbations yield
ecological surprises. Ecosystems 1: 535-545.

79


http://www.ecologyandsociety.org/vol13/iss1/art27/

Parr, C. L., and A. N. Andersen. 2006. Patch mosaic burning for biodiversity
conservation: a critique of the pyrodiversity paradigm. Conservation Biology 20:
1610-1619.

Pastor, J., S. Light, and L. Sovell. 1998. Sustainability and resilience in boreal regions:
sources and consequences of variability. Conservation Ecology 2: 16. [online]
URL: http://www.consecol.org/vol2/iss2/art16/

Perry, D. A. 1998. The scientific bases of forestry. Annual Review of Ecology and
Systematics S29: 435-466.

Peterson, G. D., C. R. Allen, and C. S. Holling. 1998. Ecological resilience, biodiversity,
and scale. Ecosystems 1: 6-18.

Peterson, G.D., Cumming, G.S., and S.R Carpenter. 2003. Scenario planning: A tool for
conservation in an uncertain world. Conservation Biology 17: 358-366.

Pickett, S.T.A., and White P.S., editors. 1985. The ecology of natural disturbance and
patch dynamics. Academic Press, San Diego, California. 472 p.

Pojar, J. 2010. A new climate for conservation: nature, carbon and climate change in
British Columbia. Commissioned by the Working Group on Biodiversity, Forests
and Climate, an alliance of ENGOs, 100 p. [online] URL:
http://forestethics.org/downloads/NewClimate report_FE.pdf.

Price, K., A. Roburn, and A. MacKinnon. 2009. Ecosystem-based management in the
Great Bear Rainforest. Forest Ecology and Management 258: 495-503.

Puettmann, K. J., K. D. Coates, and C. Messier. 2009. A Critique of Silviculture:
Managing for complexity. Island Press, Washington, D.C., USA.

Rayfield B., James P. M. A., Fall A. & Fortin M.-J. (2008) Comparing static versus
dynamic protected areas in the Quebec boreal forest. Biological Conservation 141:
438-449,

Resilience Alliance (RA). 2007. Assessing resilience in social-ecological systems: a
practioner's workbook. Volume 1, version 1.0. The Resilience Alliance. [online]
URL:http://www.resalliance.org/3871.php

Robinson, C. 2004. Cranbrook Timber Supply Area Timber Supply Review #3 Analysis
Report. Forsite Consultants Ltd, Salmon Arm, BC.

Rose, N.-A., and P. J. Burton. 2009. Using bioclimatic envelopes to identify temporal
corridors in support of conservation planning in a changing climate. Forest Ecology
and Management 258S: S64-S74.

Ryan, K.C. 2000. Chapter 8: Global change and wildland fire. Pp. 175-184. In J. Brown,
K. Smith and J. Kapler (Eds.). Wildland Fire in Ecosystems: Effects of Fire on
Flora. General Technical RMRS-GTR-42-Vol. 2 US Department of Agriculture,
Forest Service, Rocky Mountain Research Station, Ogden, UT.

80


http://www.consecol.org/vol2/iss2/art16/
http://forestethics.org/downloads/NewClimate_report_FE.pdf
http://www.resalliance.org/3871.php

Safranyik, L. and B. Wilson. 2006. The Mountain Pine Beetle A Synthesis of Biology,
Management and Impacts on Lodgepole Pine. Natural Resources Canada,
Canadian Forest Service, Pacific Forestry Centre, Victoria, BC, Canada. 304 p.

Scheffer, M., W. A. Brock, and F. Westley. 2000. Socioeconomic mechanisms
preventing optimum use of ecosystem services: an interdisciplinary theoretical
analysis. Ecosystems 3: 451-471.

Scheffer, M., Carpenter, S., Foley, J.A., Folke, C., and B. Walker. 2001. Catastrophic
shifts in ecosystems. Nature 413: 591-596.

Schoennagel, T., T. T. Veblen, and W. H. Romme. 2004. The interaction of fire, fuels,
and climate across Rocky Mountain forests. BioScience 54: 661-676.

Seymour, R. S., and M. L. Hunter. 1999. Principles of ecological forestry. Pp. 22-61. In
M. L. Hunter, editor. Maintaining Biodiversity in Forest Ecosystems. Cambridge
University Press, Cambridge, Mass.

Seymour, R. S., and J. M. L. Hunter. 1992. New Forestry in Eastern Spruce—Fir Forests:
Principles and Applications in Maine. Maine Agriculture and Forestry Experiment
Station Miscellaneous Publications, Orono, Maine, 36 p.

Seymour, R. S., A.S. White and P.G. deMaynadier. 2002. Natural disturbance regimes
in Northeastern North America—evaluating silvicultural systems using natural
scales and frequencies. Forest Ecology and Management 155: 357-367.

Simberloff, D. 1998. Flagships, umbrellas, and keystones: is single-species
management passe in the landscape era? Biological Conservation 83: 247-257.

Spittlehouse, D. L., and R. B. Stewart. 2003. Adaptation to climate change in forest
management. BC Journal of Ecosystems and Management 4. [online] URL:
http://www.ecologyandsociety.org/vol9/iss2/art3/

Stankey, G. H., B. T. Bormann, C. Ryan, B. Shindler, V. Sturtevant, R. N. Clark, and C.
Philpot. 2003. Adaptive management and the Northwest Forest Plan: Rhetoric and
reality. Journal of Forestry 101: 40-46.

Starfield, A. M., D. H. M. Cumming, R. D. Taylor, and M. S. Quadling. 1993. A frame-
based paradigm for dynamic ecosystem models. Al Applications 7:1-13.

Stevenson, S., and D. Hatler. 1985. Woodland caribou and their habitat in southern and
central British Columbia. Land Management Rep. #23, Vol. 1. BC Ministry of
Forests, Victoria, British Columbia, Canada, 355 p.

Stocks, B.J., M.A. Fosberg, and T.J. Lynham. 1998. Climate change and forest fire
potential in Russian and Canadian Boreal forests. Climatic Change 38: 1-13.

Stocks B. J., Mason J. A., Todd J. B., Bosch E. M., Wotton B. M., Amiro B. D.,
Flannigan M. D., Hirsch K. G., Logan K. A., Martell D. L. & Skinner W. R. (2002)

81


http://www.ecologyandsociety.org/vol9/iss2/art3/

Large forest fires in Canada, 1959-1997. Journal of Geophysical Research 108:
FFRS, 1-12.

Suffling, R., and Perera, A.H. 2004. Characterizing natural forest disturbance regimes:
Concepts and approaches. Pp. 43-54. In Emulating natural forest landscape
disturbances: Concepts and applications. L. J. Buse, A. H. Perera, and M. G.
Weber (Eds.). Columbia University Press, New York, New York.

Taylor, S.W., and Carroll, A.L. 2004. Disturbance, forest age, and mountain pine beetle
outbreak dynamics in BC: A historical perspective. Pp. 41-51. In Proceedings of
the Mountain Pine Beetle Symposium: Challenges and Solutions, 30-31 October
2003, Kelowna, British Columbia. T. Shore, J. E. Brooks, and J. E. Stone (Eds.).
Pacific Forestry Centre, Canadian Forest Service, Natural Resources Canada,
Victoria, British Columbia.

Tembec. 2005. Sustainable Forest Management Plan - Tembec BC - Kootenay
Operations. Tembec Industries Inc. Forest Resource Management, BC Division,
224 p.

Turner, M. G., W. L. Baker, J. P. Peterson, and R. K. Peet. 1998. Factors influencing
succession: lessons from large, infrequent natural disturbances. Ecosystems 1:
511-523.

Turner, B. L., R. E. Kaspersonb, P. A. Matsone, J. J. McCarthy, R. W. Corellg, L.
Christensene, N. Eckleyg, J. X. Kasperson, A. Luerse, M. L. Martellog, C.
Polskya, A. Pulsiphera, and A. Schiller. 2003. A framework for vulnerability
analysis in sustainability science. Proceedings of the National Academy of Science
of the United States of America 100 (14): 8074-8079.

Van Wagner, C. E. 1978. Age-class distribution and the forest fire cycle. Canadian
Journal of Forest Research 8: 220-227.

Walker, B. 1989. Diversity and stability in ecosystem conservation. Pp. 121-
130. In Conservation biology for the twenty-first century. D. Weston, and M. Pearl
(Eds.). Oxford University Press, Oxford, England.

Walker, B., Carpenter, S., Anderies, J., Abel, N., Cumming, G.S., Janssen, M., Lebel,
L., Norberg, J., Peterson, G., D., and R. Pritchard. 2002. Resilience management
in social-ecological systems: A working hypothesis for a participatory approach.
Ecology and Society 6: 14. [online] URL:
http://www.ecologyandsociety.org/vol6/iss1/art14/

Walker, B., Holling, C.S., Carpenter, S., and A. Kinzig. 2004. Resilience, adaptability
and transformability in social-ecological systems. Ecology and Society 9: 5.

Walker, B., and J. A. Meyers. 2004. Thresholds in ecological and social-ecological
systems: a developing database. Ecology and Society 9: 3. [online] URL:
http://www.ecologyandsociety.org/vol9/iss2/art3/

82


http://www.ecologyandsociety.org/vol6/iss1/art14/
http://www.ecologyandsociety.org/vol9/iss2/art3/

Walters, C. 1986. Adaptive Management of Renewable Resources. Blackburn Press,
Caldwell, New Jersey, USA.

Weir, J.M.H., Johnson, E.A., and K. Miyanishi. 2000. Fire frequency and the spatial age
mosaic of the mixed-wood boreal forest in western Canada. Ecological
Applications 10(4): 1162-1177.

Westley, F. 2002. The Devil in the Dynamics: Adaptive Management on the Front Lines.
Pp. 333-360. In L.H. Gunderson, and C.S. Holling (Eds.). Panarchy:
Understanding Transformations in Human and Natural Systems. Island Press,
Washington D.C., USA.

Williamson, T. B., S. J. Colombo, P. N. Duinker, P. A. Gray, R. J. Hennessey, D. Houle,
M. H. Johnston, A. E. Ogden, and D. L. Spittlehouse. 2009. Climate change and
Canada'’s forests: from impacts to adaptation. Sustainable Forest Management
Network and Natural Resources Canada, Canadian Forest Service, Northern
Forest Centre, Edmonton, Alberta, 104 p.

Wong, C., B. Dorner, and H. Sandmann. 2003. Estimating historical variability of natural
disturbances in BC. Land Management Handbook 53. BC Ministry of Forests,
Victoria, BC. 136 p.

Woods, A., Coates, K. D., and A. Hamann. 2005. Is an unprecedented dothistroma
needle blight epidemic related to climate change? BioScience 55(9): 761-769.

Wotton, B. M., and M. D. Flannigan. 1993. Length of the fire season in a changing
climate. The Forestry Chronicle 69: 187-192.

Young, C. 1988. Coming of age in the Flathead: How the British Columbia Forest
Service contended with the mountain pine beetle infestation of Southeastern
British Columbia 1976-1986. Pest Management Report Number 10, Ministry of
Forests, Province of British Columbia, Victoria, British Columbia, Canada. 31p.

83



CHAPTER 3

Scenario Analysis: Landscape Dynamics, Resilience and the Supply of Ecosystem
Services

84



Introduction

Balancing the maintenance of biodiversity and the supply of timber for harvest has led
to a considerable debate over how to manage forests (Cote and Bouthillier 2000, CCFM
2003, Gerardo et al. 2005, Papaik et al. 2008). The trade-off between biodiversity and
timber becomes more pronounced when forests are disturbed by natural causes such
as fire or insect outbreaks (Rodriguez et al. 2006). Forest managers are challenged with
making decisions that balance social and economic expectations for ecosystem
services (such as timber and wildlife habitat) with a forest’s capacity to adapt and
respond to future disturbance. Resilience theory is promoted as a foundation for
developing forest management strategies that better suit dynamic ecosystems. The
resilience of a forest is its capacity to reorganize and recover from natural and human
disturbance without shifting into an alternative state that is controlled by a different set

of processes (Drever et al. 2006, Campbell et al. 2009, Puettmann et al. 2009).

A forest’s resilience to future disturbance is a product of its structural and compositional
diversity, which in turn has been shaped by historic dynamics such as fire (Peterson
2002), insects (Ludwig et al. 1978, Taylor and Carroll 2004) and wildlife (Dublin et al.
1990, Danell et al. 2003). The concepts of ecological resilience and biodiversity are
highly related. Biodiversity is defined here as the diversity of genes, species, and
ecosystems across landscapes (Loreau et al. 2002). Biodiversity is an essential feature
of resilience, as the capacity for a landscape to recover, reorganize and adapt to
change is dependent on the diversity of species and ecological communities (Bahn and
Amundsen 2004). To be resilient, an ecosystem needs to not only maintain natural

levels of biodiversity, but also it must maintain its defining ecological processes, despite
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environmental dynamics. The resilience of a system, such as a forest, can be overcome
by slow drivers of social and ecological change or by a sudden catastrophic shock. A
new system then emerges, the state of which is reinforced by a different set of
processes (Carpenter et al. 2003). This new system may be socially desirable. For
example, converting a tract of forest to agriculture can provide more food than was
previously available. Through the efforts of management, the agricultural system is
maintained. However, there can be temporal trade-offs when resource benefits in the
short term undermine the long-term sustainability of the system (Walker et al. 2004,

Rodriguez et al. 2006)

The directive for forest managers is to maintain a consistent supply of timber for
harvest. Understanding the interplay of natural forest dynamics and forest management
activities is important in determining what resources the forest system can reliably
produce, now and in the future. A threshold may exist between the forest’s current
configuration and some alternative state. There may be questions as to the alternative
state’s social desirability or ecological stability that may trigger changes in current
management practices. From a trade-off perspective, an alternative state may supply
more of a specific service and less of another, or it may provide resources in the short
term, but be compromised in supplying them in the longer term. Further, the system
may be slowly losing resilience to disturbance events, which could compromise the
future supply of ecosystem services. The temporal resource trade-off becomes more
pertinent under the expectation that forest dynamics will be even more volatile as the
climate changes (IPCC 2007, Montenegro et al. 2007, Weaver et al. 2007, Williamson

et al. 2009, Pojar 2010). Indeed, it is strongly advised that forest management
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strategies begin to integrate the ecological effects of climate change into policy and

practice (Bodin and Wiman 2007, Campbell et al. 2009).

Along with managing for forest dynamics and climate change, managers must
incorporate ever evolving social expectations of what ecosystem services forests should
provide (CCFM 2003, MA 2005). Not only must forests provide for timber and
biodiversity, but also recreation opportunities, hydrological balance and carbon storage
(MA 2005). As well, there is considerable discussion about what constitutes a
sustainable approach to forest management (Holling and Meffe 1996).For instance,
some people are willing to tolerate an approach to forest management that downplays
future catastrophic disturbance, assuming any future event can be controlled (Farrell et
al. 2000). Alternately, other people are more risk averse and assume future ecological

disruptions are inevitable and uncontrollable (Holling and Meffe 1996).

To explore the complex relationship between natural forest dynamics, timber harvesting
and the supply of ecosystem services, it is necessary to consider the interplay of both
natural (fire and insect outbreaks) and human managed processes (timber harvesting
and fire suppression). Scenario planning provides a technique to support this
exploration (Peterson et al. 2003, Cumming et al. 2005, and MA 2005). Scenarios can
be constructed so that they capture a range of social and ecological conditions. The
scenarios can then be analysed through spatial and temporal simulation models to
understand different assumptions about future ecological and management dynamics
and aid in the development of appropriate management approaches (Gadow 2000).
Scenario planning techniques assist in shifting management from a focus on a single

specific future to a focus on a range of possible futures. An analysis of a set of
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scenarios aids in the identification of alternative system states, and the social and
ecological mechanisms of change. System relationships and feedbacks become
apparent in scenario analysis and provide a rationale for further research and
development. Overall, scenarios support the development of forest management
policies that help build resilience to future disturbance and improve the capacity for

post-disturbance ecological and social reorganization.

In this chapter, | implement a landscape simulation model to analyse the supply of
ecosystem services and the resilience of a forested ecosystem to disturbance, across a
range of social and ecological conditions. | use a set of scenarios to assess how a
forest system can change based on different resource management assumptions and
actions, and how these in turn interplay with forest dynamics. Through the scenario
simulation, | provide a framework to interpret the variability and uncertainty associated

with the supply of ecosystem services and system resilience.

I develop scenarios for the Cranbrook TSA in southeastern BC, an area with a forest-
dependent economy and a significant grizzly bear population (Ursus arctos; Proctor et
al. 2002). Landscape dynamics have been extensive in this area, including large historic
fires and a more recent epidemic forest insect outbreak (Daniels et al. 2007). The forest
industry has been challenged with minimizing the impact of natural disturbance on the

timber resource.

The scenario analysis of the Cranbrook study area assesses, through the evaluation of
indicators, how the system’s controlling processes change, and how resilient the forest

is to future disturbance. | evaluate provisioning and regulatory ecosystem services for
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each scenario. | use timber supply as an indicator of the provisioning service.
Regulatory ecosystem services are represented by a set of indicators that evaluate fine-
and coarse-filter biodiversity, which include shifts in controlling ecological processes.
The indicators used to interpret each scenario reflect the concepts of resilience,

biodiversity, natural forest dynamics, social expectations and climate change.

Methods

Study Area

The study area is located in southeastern British Columbia (BC) and is currently
experiencing an unprecedented mountain pine beetle (Dendroctonus ponderosae;
MPB) epidemic that is compromising the supply of ecosystem services (Taylor and
Carrol 2004, Eng et al. 2005, 2006, Safranyik and Wilson 2006). The challenge for the
Cranbrook study area is ta manage the forest for the supply of ecosystem services that
fluctuate through time due to variations in ecological and social processes. The primary
social processes acting on the forested land base are timber harvesting, road
development and fire suppression. These social processes interact with climate change

and influence the ecological processes of fire and MPB outbreaks.

The Cranbrook TSA is in the BC Ministry of Forests Rocky Mountain Forest District and
encompasses approximately 1.48 million hectares of crown and private land (Figure 2-
2) of which 69% is forested. The area is split into two forest management units: a
provincially managed timber supply area making up 90% of the forested area and a non

crown privately managed forest (PMF).
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The Cranbrook study area is bounded by the Rocky Mountains in the east, the Purcell
Mountains in the west, the Skookumchuck Valley to the north and the Canada-U.S.
border to the south. The area is dominated by the Rocky Mountain Trench, which
cradles the Kootenay River. The west side of the trench has low foothills that rise up to
the Purcell Mountains, whereas the east side ends abruptly at the Rocky Mountains,

which are rugged with glaciers and steep-sided valleys.

The study area is comprised of 8 ecosystems, classified as zones under the
biogeoclimatic ecosystem classification (BEC) system (Meidinger and Pojar 1991). The
Bunchgrass (BG) and Ponderosa Pine (PP) zones occur in the valley bottoms, which
are dry and hot with extensive grass cover; the climax overstory tree species is
ponderosa pine (Pinus ponderosa). The Interior Douglas-Fir (IDF) zone occurs at higher
elevations, from 800 to 1200 meters; Douglas-fir (Pseudotsuga menziesii) dominates.
Between 1200 and 1600 metres lodgepole pine (Pinus contorta) takes over in the
Interior Cedar-Hemlock (ICH) and Montane Spruce (MS) zones, above which
Engelmann spruce (Picea englemannii) and subalpine fir (Abies lasiocarpa) occur up to
2000 metres in the Englemann Spruce-Subalpine Fir (ESSF) zone. Above 2000 metres
is the Alpine Tundra (AT) zone, characterized by stunted trees or krummholz, rock, ice
and grassy meadows. The study area has high concentrations of ungulates such as elk
(Cervus canadensis), mule deer (Odocoileus hemionus), whitetail deer (O. virginianus),
moose (Alces alces), Rocky Mountain bighorn sheep (Ovis canadensis), mountain goat
(Oreamnos americanus), as well as, black bear (Ursus americanus), grizzly bear,
cougar (Puma concolor) and lynx (Lynx canadensis) (Robinson 2004). The Cranbrook

grizzly bear population has been extensively studied over the past 25 years. Studies
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include grizzly bear habitat use (McLellan and Hovey 2001), genetic isolation of sub-
populations (Proctor et al. 2002), and grizzly bear response to various aspects of forest

management (Apps et al. 2004).

Historically, the Cranbrook study area was dominated by fire. However, over the past 70
years wildfire has been suppressed and the lower elevations have been extensively
modified by people and livestock. There are 47,000 people living in the study area,
mainly in the three cities of Cranbrook, Kimberley and Fernie. The economy is
dominated by the public sector, tourism, mining, agriculture and forestry. Timber
harvesting is extensive with 941,000 cubic meters currently aliocated to be cut annually
in the TSA (Robinson 2004). Beginning in 1976, a MPB outbreak emerged in the
eastern part of the Cranbrook TSA. This outbreak peaked in 1980 and subsided by
1984. An area of approximately 150,000 hectares was affected (Young 1988). An

epidemic initiated in the late 1990s continues today.

Direction for forest management in the Cranbrook study area is provided by the BC
Forest and Range Practices Act, the Kootenay Boundary Higher Level Plan Order, the
Kootenay Land Use Plan Implementation Strategy, and the eastern portion is directed
by the Southern Rocky Mountain Management Plan. The various rules and regulations
provided by these plans are reflected in the Cranbrook Timber Supply Area Timber
Supply Review #3 (TSR IllI) Analysis Report and Tembec's PMF plan, which describes
the specific management strategies to achieve the planning objectives (Tembec 2005,

Robinson 2004).
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Scenario Analysis

Assessment overview and modelling description

| used the Spatially Explicit Landscape Event Simulator (SELES; Fall and Fall 2001) to
develop simulation models for the Cranbrook study area. This software is a flexible,
transparent tool for building, processing and verifying grid-based, spatio-temporal
models. [ parameterized each simulation model to reflect each scenario’s basic

management and ecological assumptions.

Input data

The majority of data were provided by the BC government and originally used for the
government’s 2004 Timber Supply Review process (Robinson 2004). These were
supplemented with more recent government data outlining current land use planning
decisions, including spatial information describing motorized and non-motorized access,
old growth management areas and conservation areas. Additional data on current road
use, high-value conservation forests and site-level ecosystem mapping were provided
by a local division of the Tembec forest company. The model had a spatial grain of 1
hectare, which provided an adequate level of detail to assess timber supply, wildlife
habitat and ecological representation of old forest. Spatial entities below this resolution
such as stream buffers and roads were modelled as a percentage of a cell. The
dynamic sub-models interacted on a decadal time step. | used a Monte Carlo simulation
to capture the stochasticity of the natural disturbance and harvesting regimes,

generating 10 data sets over a 500-year period for each scenario.
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Key state variables

A set of key state variables was used to control model behaviour and to estimate the
status of ecosystem services, which included indicators of system dynamics and
resilience. Some of the state variables were dynamic and updated by the process sub-
models: tree age and species were modified by the fire, MPB, and timber harvesting
sub-models. Volumes of timber were calculated by using lookup tables that listed the
amount of volume for different forest/age/productivity state variable combinations
(Robinson 2004). Timber volume was used to guide the model when determining the
amounts and areas to harvest. To parameterize the fire model, a lookup table was used
to calculate fire return intervals for each broad ecosystem group (see fire sub-model
description below for more detail). Several map layers were used as state variables to
partition the landscape into zones designating where timber harvesting could occur,
conservation areas, and other land designations that excluded timber harvesting. As
well, watershed boundaries were used, in some instances, to limit access by restricting

the number of watersheds that could host industrial activity.

State variables, or their derivatives, were used to generate indicators of the supply of
ecosystem services. In addition to controlling model behaviour, timber volume was a
model output. Status of forest age and ecosystem group was used for the coarse filter
analysis (see coarse-filter biodiversity in Scenario Analysis section below for more
detail). Road and road type (primary, secondary and tertiary) were used to direct
harvest location and calculate the availability of grizzly bear habitat. This variable was
updated throughout each simulation as a product of harvesting. The age and species

state variables were used to calculate areas of forest susceptible to MPB.
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Sub-model descriptions

Fire

Stand-replacing fire was modelled with disturbance rates and patch sizes parameterized
according to their natural disturbance regime, termed here as natural disturbance type
(NDT; Province of BC 1995). The Canadian Forest Service compiled a historic data set,
which recorded date, ignition sources and area burned between 1919 and 2000 (S.W.
Taylor pers. comm.). These data were analysed to calculate disturbance rates and
patch sizes for each NDT in the Cranbrook TSA (Appendix A). Some fires straddled
NDTs. In these cases, the historic fires were allocated to NDTs based on the largest
NDT/fire overlap. The fire parameters specify the overall disturbance cycle (e.g., 350
years) to apply within a NDT zone, as well as the number and size of patches disturbed.
In each 10-year period, a patch is chosen randomly within each NDT zone for ignition.
For each of these burn events, patches continue to be selected until the target for area
burned is reached for that period. The burn spreads randomly from the start point,
sefting stand age within each burned patch to zero, and recording a portion of the
standing volume as salvageable timber. Where fires cross an NDT boundary, the area

burned is assigned to the NDT where the fire originated.

| identified two types of fire years, low and high, that alternate every 20 years (Appendix
A) according fo oscillations of the ocean-atmosphere Pacific Decadal Oscillation (PDO).
The high/low cycle is derived from the warm/cool PDO cycle and 5-year lag in drought

response to the shift to a PDO warm phase (Morgan et al. 2008a). Using the historic fire

data, | calculated mean area burned and fire size parameters for high and low years for
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each NDT. These data suggest that small stand replacing disturbances were more

common, but large infrequent disturbances were more likely during warm PDO phases.

I modelled the effects of climate change on the fire regime using Hamman and Wang's
(2006) climate envelopes (A. Hamman pers. comm.). As the simulation progresses,
those areas within an NDT where the climate envelope has shifted are assigned a
modified rate of disturbance, the other areas stay constant. The model also captures the
effects of climate change through a scaling factor applied to the area burned across all
NDT zones. The overall increase equals 100%, which doubles the area burned under
climate change compared to historic rates. The envelope shift only covers a portion of
the 100% increase. To make up this shortfall the scale factor is applied, such that over
the landscape there is an overall 100% increase. The increase in area burned is based
on fire and climate change studies done in an adjacent area (Nitschke and Innes 2008)

and elsewhere in western Canada (Flannigan et al. 2005).

Mountain Pine Beetle

Parameters for the MPB model were based on historic MPB mean outbreak size and
patch size (S. W. Taylor pers. comm.). The annual outbreak and outbreak patch size
followed a negative exponential frequency distribution; however, the shape of the
distribution reflected a few large episodic events and smaller more typical events
(Appendix B). An occurrence of MPB was dependent on the availability of host (mature
pine) trees and favourable climate and dispersal conditions. Two types of MPB
incidence were modelled, endemic and epidemic. Endemic outbreaks occur regularly at
low levels, whereas epidemic outbreaks are substantially larger in their areal impact. To

capture this effect, the data were split at the 90th percentile, following a similar
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methodology used by Morgan et al. (2008a) for differentiating large regional fires.
Epidemic outbreaks were assigned the mean from the data above the 90th percentile,

while the endemic were calculated from the remainder of the data (Appendix B).

The model uses an index of susceptibility to guide when and where an outbreak may
occur. The susceptibility of an individual forest stand was estimated based on the
percentage of pine, the age, the latitude and longitude, and climatic suitability (Shore
and Safranyik 1992). The index is an indicator of the expected level of damage if a
stand were to be attacked (Shore and Safranyik 1992). Based on the historic MPB data,
small endemic outbreaks started only after the area of susceptible pine exceeded
50,000 hectares across the study area and became common after 100,000 hectares.
Epidemic outbreaks were initiated when the area of susceptible pine exceeded 100,000
hectares and became common after 140,000 hectares. The model uses the amount of
susceptible pine to determine a threshold of epidemic and endemic MPB outbreaks.

The expression for calculating the amount of susceptible pine (SP) is:

SP = 5(S x A)

where

S is the susceptibility index (0 to 1.0)

A is the mapped area of a susceptibility index

The model first selects a probability from a cumulative density function, such that if the
amount of pine is above a threshold it may not trigger an outbreak (to reflect the non-

determinism of outbreak initiations); alternatively, an outbreak can occur even for
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relatively low levels of susceptible pine. However, as the size of the susceptible area
increases, so does the probability of an outbreak, such that if there are successive
years with no outbreak the level of susceptibility increases. Once an outbreak is
triggered, the model selects the area affected from a negative exponential distribution
with a mean from the historic endemic or epidemic occurrence. Following an outbreak,
100% of the cell is disturbed and set to age zero, and standing volume is flagged as

timber available for salvage.

The model does not consider the density of MPB or proximity of infested trees (Shore
and Safranyik, 1992). The model is intended to capture the outcome of the MPB, not the
detailed process of a population build-up and dispersal. However, the negative
exponential distribution of area infected by MPB does reflect the dynamics of the beetle
population. As well, the model conducts a neighbourhood analysis identifying areas with
high concentrations of susceptible pine. These areas are assigned a higher probability

of outbreak.

The impact of climate change on MPB is represented by the susceptibility index’s
climate suitability layer. The model uses a default layer reflecting current climate
conditions. Under climate change this layer is modified based on shifts in climate
suitable to MPB (A. L. Carroll pers. com.). Estimates of future climate were estimated

from global circulation models (Carroll et al. 2006).

Forest Management
The forest management sub-model was implemented using the Spatial Timber Supply

Model (STSM; Fall 2002). STSM captures the same management regime, assumptions
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and data as used for the base case Cranbrook Timber Supply analysis completed for
TSR Il (BC Ministry of Forests 1997; Robinson 2004). The model was parameterized to
harvest eligible stands according to a scenario-specific forest management policy. The
model harvests the Timber Harvesting Land Base (THLB), which is the area of the
landscape that is accessible, productive for forestry operations and not excluded from
harvest due to other interests (e.g., conservation objectives such as riparian protection,
wildlife tree patches, parks, environmentally sensitive areas and steep terrain, etc.).
Each stand has age, species composition and site productivity information that informs
volume yield curves. The harvest rate (m*/year) is set as a central component of the
management policy and dictates how much of the THLB is harvested annually.
However, the actual area harvested depends on volume/age distribution in eligible

stands.

The model allows for the prioritisation of specific stands for harvest or avoidance. This
includes stands for salvage, those that are highly susceptible to MPB, or ones to be
avoided such as areas adjacent to conservation zones. The harvest model has a
salvage component that recovers a portion of the disturbed timber based on disturbance
history and shelf life -- the length of time timber volume remains merchantable following
disturbance. The salvage of forest stands killed by MPB is based on the estimates of
shelf life provided by the Provincial MPB modelling project (Eng et al. 2006).
Considering that other types of tree mortality influence these stands, including
windthrow, root rot, other bark beetles, an additional volume reduction is used to

capture these “non-recoverable losses” (NRL) from the THLB (Table 3-1).
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Table 3-1. Volume of timber (m®/year) in the timber harvesting land base assumed lost
to disturbance agents that were not explicitly modelled as mortality from mountain pine
beetle and fire for the Timber Supply Area (TSA) and the private managed forest (PMF)
in the Cranbrook study area.

TSA PMF

Disturbance Agent (m3IYear) (m3/Year)

Douglas-fir bark beetle 251 49
Balsam bark beetle 337 66
Blowdown / snowpress (mature stands) 11,748 2,315
Non-catastrophic in-block blowdown/snowpress 4,048 798
Non-catastrophic blowdown/snowpress (cutblock edges) 3,863 761
Non-catastrophic blowdown/snowpress (right of way edges) 5,569 1,097
Qil, gas, and mineral exploration 50 10
Coal mine spoil failures 50 10
Red-belt damage 350 69
Total 26,266 5,175

The harvesting model also generates roads. As logging progresses, one of the priorities
for identifying the next stand to harvest is distance to an existing road. When a stand is
harvested, the first hectare is considered a landing and a straight-line spur road

connects it to the nearest logging road. The resulting road network evolves according to

these simple rules (Table 3-2).
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Table 3-2. Major phases, steps, and rules for the harvest sub-model. The harvest
model follows a structured process when determining blocks to harvest. There are four
phases to this process: stand eligibility, stand preference, harvest effects, and block
spreading. Within each phase there is a set of sequential steps with specific rules
identifying eligible patches for harvest.

Phase
1
2
3
Stand 4
Eligibility
5
6
7
8
Stand
Preference 9
and

Selection 10

11
12
Harvest
Effects 13
14
15
Block

Spreading 16

Rule
limit harvesting disturbance to eligible land

in the timber harvesting landbase

eligible zones (age class structure allows harvesting; status
updated with each disturbance)

areas within 2 km of an existing road
stands older than minimum harvest age

stands without adjacency constraints if applied (i.e., stands
not next to recently harvested stands)

stands within the current priority (e.g., salvage) or partition
definition

assign priority of new harvesting to each map cell based on
stand age

priority or partition focus

select new cell location (first map cell to harvest) based on
eligibility and priority
build a road from the cell to the nearest road cell

harvest the cell and set stand age to zero

update tracking variables (e.g., annual volume harvested and
seral distribution for applicable zones)

reduce the area of THLB in the cell to account for new access
roads and for within-block development

spread to eligible neighbours

spread until harvest and/or block size target met

Fire suppression is assumed to be effective for the study area from 1945 to present

(Daniels et al. 2007). The area burned may not have been as extensive in the first half
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of the century as in the second had there been effective fire suppression. For the model
| assumed that fire suppression would reduce area burned by 50% (DeWilde and
Chapin 2006). The reduction in area burned was not allocated evenly across years.
Instead, | assumed that for some years there would be no success in suppressing fires
due to other events like funding availability for suppression, accessibility of fires for fire
fighting or severe weather. Further, | assumed that fire suppression would be more
effective during the negative PDO phase, when there is less overall fire on the land
base and therefore a higher likelihood that fires could be suppressed. Specifically, the
model was parameterized so that fire suppression was totally ineffective for 25% of the
time in either positive or negative PDO phases. The other 75% of the time was allocated
according to PDO phase with suppression more effective during the cool phase than the
warm phase, resulting in an overall effect of a 50% reduction in area burned following

fire suppression.

Model implementation, verification and validation

The disturbance and forest management models were verified using experimental tests
and sensitivity analysis. Models were initially tested independently then combined to
ensure that there were no illogical interactions between sub-models. Model validation, in
this context, is defined as the model being appropriate for the intended application
(Rykiel 1996). Empirical data suitable for model verification are not available for the
timeframes modelled in this project. Further, the specific conditions inherent in this
study area cannot be found outside of the system (Levin 1992). As a result, this project
relied on conceptual and logical validation (Rykiel 1996) such that scenarios are

considered hypotheses and model outputs are a product of these hypotheses (Fall et al.
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2004). Results of the scenario analyses are intended to demonstrate the linkage
between initial landscape and management condition and the interaction with
management rules and ecological processes. The future state of the forest projected by
the models is not a prediction of future forest condition, but instead is a consequence of
the social-ecological assumptions as implemented for a specific scenario (Fall et al.

2004).

For the fire model, 1 used 10,000 year simulation periods to calculate return intervals for
each NDT. These intervals were then compared to expected values (Appendix A). For
some simulations, fires did not burn to their expected extent due to geographic barriers
such as mountains and lakes. An adjustment factor was included to ensure that the
model results matched the expected return intervals for each NDT. The MPB model was
evaluated and adjusted so that over the simulation period similar levels of susceptible
pine would emerge through the interaction of fire, MPB and fire suppression. The total
area impacted by MPB from the beginning of fire suppression in 1945 to 2025 (the end
of the current outbreak) was 245,016 hectares or 306,315 hectares per 100 years
(Appendix B). This is consistent with the provincial scale MPB model that projects the
current outbreak to 2025 (Eng et al. 2006). In addition, the MPB model was run with fire
but without fire suppression, and the model generated an amount of susceptible pine
consistent with expected return intervals (Taylor and Carroll 2004). The pine
susceptibility index identified 186,573 hectares as susceptible to MPB for the study
area, with 122,381 hectares in the TSA. TSR Il (Robinson 2004) reported 119,040

hectares of susceptible forest stands, a 3% difference.
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In general, the approach to model evaluation was adequate for the intended purposes
of this study. Logical validation depends on adequate input information. This includes
having a fair representation of initial conditions and model processes, as well as

suitable model parameters (Fall et al. 2004).

Scenario Description

The landscape models were parameterised in accordance with a set of management
and disturbance scenarios that capture the social and ecological forces of change that
have the largest potential impact and present the greatest level of uncertainty for forest
dynamics and ecosystem services across the study area. The scenarios were based on
a social gradient that ranges from aggressive to passive management, and an
ecological gradient that ranges from natural disturbance consistent with historic rates to
extreme disturbance driven by climate change. The full range of drivers and
uncertainties were narrowed to a 2 by 2 matrix with a social and ecological axis
resulting in a set of 4 scenarios. The scenarios were labelled: Forestry First, Forestry
Commons, Climate Crusade, and Climate Pilgrimage. | defined two additional
scenarios: Status Quo provided a relative comparison to current management
conditions and assumptions, while No Management projected the current landscape
condition that did not include harvesting, fire suppression or climate change. Each
scenario was designed to be plausible and internally consistent capturing key issues

and uncertainties.

Forestry First
The “Forestry First” scenario has an aggressive approach to forest management and

assumes that future natural disturbance will be similar to historic rates. The scenario is
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interventionist, where the rate of timber harvest is maximized at all costs. This system is
managed under an assumption of being able to control future landscape conditions
through management interventions, including fire suppression. Natural disturbance
resulting from insect outbreaks is assumed to be manageable through aggressive
salvage and sanitation harvesting (harvesting trees thought to be susceptible to
disturbance). In response to disturbance, forest professionals take the position that a
minimum of timber should be lost to disturbance and conservation constraints can be

weakened, including biodiversity and landscape access objectives.

Forest Commons

The second scenario, “Forest Commons”, focuses on implementation of strict
conservation targets based on the historic rates and extent of natural disturbance.
Forest professionals take a passive approach to management, minimize access to the
forest, don’t employ fire suppression and provide a smaller area for green tree harvest
(live trees). However, this scenario recognizes a salvage only zone that can be
harvested in response to large natural disturbance events. The goal of the Forestry
Commons scenario is to reconstruct the age structure of the forest, including patch size
of old forest, so that the forest is more consistent with pre-European settlement
landscape dynamics. This scenario is designed re-affirm the system’s historic

configuration and processes, including large carnivore relationships.

Climate Crusade
Under the third scenario, “Climate Crusade”, extreme climate change is present and
accompanied by extensive natural disturbance and ecological shifts. This scenario is

characterized by disturbance rates and extents far greater than today’s, including an
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expansion of grasslands and the woodlands into the alpine. Under this scenario, the
climate envelopes shift according to changes in temperature and precipitation
forecasted in downscaled general circulation models (GCM; Hamann and Wang 2006).
Massive intervention characterizes this scenario including large-scale salvage. As well,
provisioning services become the focus “at all costs”. This objective is facilitated by
relaxing environmental objectives such as allowing harvesting in riparian areas and

protected areas.

Climate Pilgrimage

Similar to the Climate Crusade scenario, “Climate Pilgrimage” also recognizes exireme
climate change. Extensive access restrictions are in place to minimize human impact on
changing ecosystems. The theme of this scenario is to embrace and work with
ecological change. The human population across the study area declines due to a
reduction in industrial and recreation activities caused by a significant proportion of the
land being off-limits to any human use. In this scenario, forest professionals attempt to
adapt to a changing ecological regime, including a shift away from traditional forestry to
one that is focused on salvaging trees impacted by natural disturbance. Furthermore,

the management of the forest for carbon storage is an explicit objective.

Indicators

| constructed indicators to track provisioning and regulatory ecosystem services under
the different scenarios. The indicators | chose to evaluate the Cranbrook TSA'’s
ecosystem services are structured to lend insights into the complex social-ecological
dynamics of the scenarios and their social-ecological resilience. The long-term supply of

timber for harvest represents provisioning services. Regulatory ecosystem services are
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embodied by fine- and coarse-filter biodiversity, which includes an assessment of

controlling processes.

The presence of fine-filter biodiversity, representing critical habitat for key species
(Hunter 1991), is indicated by the extent of potential grizzly bear natal areas. Most
organisms and plant communities in forested ecosystems are evolutionarily adapted to
the disturbance regime where they occur and have the capacity to recover after a
natural disturbance event (Bergeron et al. 1999, Turner et al. 2003). Coarse-filter
biodiversity (Hunter 1990) represents a broad spectrum of habitats for species, which
depends on maintaining natural ecological processes and the resulting forest structure
equivalent to what would occur due to natural landscape dynamics (Hunter 1990). A set
of indicators is used to assess coarse-filter biodiversity, which includes the distribution
of forest ages across the forest, the amount of old forest relative to what would be
expected under historical conditions, the dominant disturbance process, and the amount
of pine susceptible to MPB. Maintaining ecological processes and structural diversity
promotes resilience to disturbance (Bergeron et al. 2002, Kuuluvainen 2002, Drever et

al. 2006, Puettmann et al. 2009).

Scenario Implementation

The four scenarios have either an aggressive (Forest First and Climate Crusade) or
passive (Forest Commons and Climate Pilgrimage) approach to forest management.
The scenarios use different management strategies to achieve their objectives,
including different harvest levels, modifications to the overall size (area) of the THLB,

application of conservation targets, salvage rules and harvest priorities (Table 3-3). |
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present each management strategy with a description of the basic differences between

the aggressive and passive approaches.

Table 3-3. Long term harvest request, Timber Harvesting Land Base and the forest
management rules applied to each management scenario in the Cranbrook study area.
The harvest request for Forestry Commons and Climate Pilgrimage is intentionally low
with the majority of timber assumed to be from salvage.

Scenario No Mngmnt Status Quo Forestry  Forestry Climate Climate

Harvest Rule First Commons Crusade Pilgrimage
Long Term Harvest 0 941,637 997,513 81,765 997,513 81,765
Request (m3/halyear)

Timber Harvesting 0 477,040 552,853 400,867 552,853 400,867
Land Base (ha)

Fire Suppression No Yes Yes No Yes No
Unlimited Salvage N/A No Yes Yes Yes Yes
Salvage Only Zone N/A No No Yes No Yes
Access Constraints N/A No No Yes No Yes
Landscape " N/A Mixed Low Mixed Low Mixed
Biodiversity Emphasis Emphasis Emphasis Emphasis Emphasis
Climate Change No No No No Yes Yes

Setting Harvest Level

To set a long-range sustainable yield for timber supply, for any given set of
management constraints, the landscape model was run iteratively to test the effect of
different annual cut rates. The iterations were structured such that they eventually
converged on the maximum rate (expressed as a proportion of the current harvest level)
that satisfies the long-range yield criteria of a stable amount of growing stock. As well,
the harvest level declines to a level that can be consistently harvested and this decline

was structured to be as consistent as possible with Ministry of Forests and Range
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policies (e.g., declines between decades of not more than 10%). The harvest level for
the aggressive scenario is the same as the status quo. Unlike the status quo, however,
the aggressive scenarios will cut above the harvest request when there is a salvage
opportunity. The model will then revert back to the original harvest level, whereas
harvest policy in BC would dictate establishing a lower harvest level reflecting the loss
of timber from a disturbance event. The aggressive regime will always try to maximize
harvest and minimize lost opportunity despite the implications for long-term

sustainability. The scenario is subject to inertia and reacts to harvest opportunistically.

The harvest level for the passive scenarios differs from the aggressive ones by
considering possible future disturbance and by having a smaller land base available for
harvest. The harvest level is set initially to that of the status quo, but on a smaller THLB
with a conventional salvage rule. The harvest level drops immediately to converge on a
much reduced long-term level. This level of harvest is a minimum that a local timber
processing facility can expect. Following large-scale disturbance, an unlimited salvage
rule is invoked causing the harvest level to temporarily increase and expand into a
salvage-only zone. The exact timing of this increase is unknown since it is an adaptive
response to the disturbance event. On average, however, the overall harvest level is a
combination of the minimum base level and the average amount of salvage that results

from harvesting uplift in some, but not all, periods.

THLB
For the aggressive scenarios, | designated an area adjacent to the status quo THLB
that could be harvested to make up volume shortfalls. This area was created by

identifying portions of the study area originally netted out of the THLB due to ecological
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reasons, including environmentally sensitive areas prone to avalanche, high water
values and regeneration issues, Old Growth Management Areas (OGMAS), riparian
ecosystems, wildlife tree patches, parks, and unstable terrain. These additions add

75,813 hectares to the THLB, a 16% increase.

In contrast, the passive scenario recognizes additional area in the THLB as ecologically
sensitive: patches that are adjacent to ecologically sensitive forest, as identified in the
status quo THLB. Harvest only occurs in these newly designated sensitive areas if
timber cannot be found elsewhere. Further, the passive scenario excludes areas
considered to be of high conservation value (Stuart-Smith and Wells 2006) from green
tree harvest, but allows entry for salvage. In total, the passive scenario has a green tree

THLB that is 89,629 hectares smaller, a 19% decrease from the status quo (Table 3-3).

Conservation Rules

Under the Timber Supply Review, landscape level biodiversity is managed through
retention guidelines for the amount of old and mature forest by landscape
unit/biogeoclimatic subzone-variant combination. Each of the landscape units is
assigned either a high, medium or low biodiversity emphasis option as set originally in
the Province’s biodiversity guidebook (Province of BC, 1995), then later in the Non-
Spatial Old Growth Order (Province of BC, 2004), and adopted into local and regional
land use plans (Kootenay-Boundary Higher Level Plan and Southern Rocky Mountain
Sustainable Resource Management Plan). The aggressive scenarios set all landscape
units to low biodiversity emphasis, thereby allowing for more harvest and less retention
of old and mature forest. The passive scenarios use the same emphasis options as the

status quo (Table 3-3).
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As an additional conservation objective, the passive scenarios limit harvest according to
operating areas. Watersheds are used as operating areas and only a certain number
are allowed to be open at any one time. | assume that by limiting the spatial extent of
harvest, more of the landscape will be free of frequent human use and be available as
female grizzly bear natal areas. Large watersheds can represent a significant proportion
of the THLB available for harvest and increase short-term harvest, but as a result
decrease longer-term harvest after they are deactivated. To compensate for this area
effect, large watersheds were divided into smaller units. Also, an additional constraint
was added that limits the amount of THLB that can be activated within a time step. This
results in the end of harvesting either when a maximum number of watersheds has
been accessed, or the maximum area of the THLB has been allocated. The constraint is

only applied to green tree harvest and does not affect salvage harvest.

Salvage Harvesting

The salvage sub-model calculates salvage potential based on tree shelf life and volume.
Shelf life estimates are a function of the BEC zone, such that decay rates are high in
wet ESSF, medium in dry ESSF and ICH, and slow in PP and IDF (Eng et al. 2006).
Once the cumulative decay estimate surpasses 30% of original volume, the stand is no
longer merchantable. The passive scenario uses the High Conservation Value Forests

as a salvage-only zone that cannot be harvested in the absence of disturbance.

Some scenarios use an unlimited salvage mode that permits harvest above the normal
level in response to disturbance. The aggressive scenarios have a slight uplift due to
the unlimited salvage in the early time periods as they expand into a larger THLB, but in

later time periods the scenarios are already harvesting all available timber. The passive
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scenarios can, in response to disturbance events, temporarily increase their harvest

level and access the salvage-only zone (Table 3-3).

Scenario Assessment

The scenarios were compared using a post-simulation analysis of key response
variables that track the state of each scenario and the status of the provisioning and
regulatory ecosystem services. The 10 replicates for each scenario differ due to the
stochastic implementation of fire and long term MPB, as well as management response
to changing landscape conditions. The indicator variables are recorded for each
scenario across the 10 replicates. Maps show forest stand composition, stand age, fire
and logging disturbance, forest class (in terms of THLB, non-THLB, and Protected Area
status), and road type (highways, secondary roads, etc.) for each decade of the
simulation. The model produces a set of text files for each run that summarize volume
and area harvested, road length, growing stock, various breakdowns of stand age,
amount and type of forest disturbed, etc. These measures and indicators were further
refined and analysed using the R language and statistical software package (R

Development Core Team 2010).

Timber Supply - Provisioning Service

The landscape model output a set of timber supply indicators for post-simulation
analysis. Each scenario had a specific harvest request for each 10-year period of the
simulation. Due to the stochastic implementation of the disturbance model, the harvest
request was not met in some periods for some simulations. Natural disturbance can
erode the amount of timber available for future harvest. However, for those scenarios

with unlimited salvage it was possible to exceed the harvest request during periods of
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extensive fire or MPB outbreak. The percentage of the requested harvest met was
calculated for each period of each scenario. For each scenario, the mean and standard
deviation of timber volume, area of land harvested, growing stock, and the salvage
proportion of the volume harvested were calculated. The amount of volume deducted

for NRLs were done proportional to the amount of THLB in a given scenario.

Fine-filter Biodiversity - Regulatory Service

Grizzly bear natal security areas were used as a fine-filter conservation indicator.
Grizzly bears face an increase in mortality when they encounter humans (Herrero 1985,
Mattson 1990). Thus, large areas that are “secure” from human use are beneficial for
grizzly bear conservation (Interagency Grizzly Bear Committee 1998). Security areas
are defined as areas that have adequate habitat with a minimum of human use. Their
minimum size, 900 ha per female grizzly bear, is considered to be the amount of area to
meet daily average foraging requirements (Gibeau et al. 2001). The integrity of the
security area is sensitive to the extent and spatial arrangement of developments
including settlements, recreation areas and busy roads. A post-simulation grizzly bear
security area model used land cover type (forest, grassland, water, urban, mining, non-
vegetated from provincial Baseline Thematic Mapping; Yazdani et al. 1992), elevation,
and roads (based on current roads and roads modelled within the harvesting sub-

model) to determine the number and size of potentially secure areas.

Roads were the dynamic information used in the analysis of natal security areas. All
areas within 500 meters of a “high use” road did not contribute to security areas.
Permanent roads were always high use and include paved roads and unpaved roads

that connect towns or villages. Logging roads were dynamic and it was assumed that
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harvesting traffic will end up on one of the permanent roads en route to a mill. The
model dynamically created road segments by linking harvest areas to the nearest
existing road segment, which eventually flow onto a permanent road. The model
estimated the number of visits on the logging roads based on harvesting activity. Activity
resulting from five or more harvested hectares a month results in a road being
designated high use while less than five hectares of harvesting results in a low use

classification.

The natal security model first identified non-suitable habitat based on land cover
(subalpine/avalanche, forest and grass) and an elevation threshold of 2500 m. The
model then identified high-use roads and excludes areas within 500 metres of those
roads. Patches less than 900 hectares were then excluded and the remaining patches
were considered secure natal security habitat for grizzly bear. The mean and standard
deviation of the total area of security patches and the number of security patches was

calculated across the 10 replicates for each scenario.

Coarse-Filter Biodiversity - Regulatory Service

Coarse-filter biodiversity was represented by the distribution of forest age, amount of old
forest, the dominant disturbance process, and the amount of pine susceptible to MPB.
Forest age structure is a product of historic disturbance, fire suppression and timber
harvesting. Shifts in age structure indicate a change in the underlying drivers of the
system, from one controlled by natural processes to one heavily influenced by people. A
more uniform forest distribution is a product of intensive forest management (Puettmann
et al. 2009), whereas a negative exponential distribution is more commonly associated

with forests subject to less human management (Van Wagner 1978). Through time,
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harvesting should result in the majority of the forest becoming younger than the
minimum harvest age (predominately 100 years in the Cranbrook). For each scenario, |
calculated the amount of area in 10-year age classes for year 250 of the simulation. |
used the Kolmogorov-Smirnov test (R Development Core Team 2010) to compare the

age distribution of the forest to that generated under the No Management scenario.

Old forest habitats are the most rare and therefore considered most at risk on
disturbance-prone landscapes (Spies et al. 2006). For each scenario, | modeled the
area of old forest in each ecosystem group (age >150 or >250 years, depending on the
ecosystem) and compared it to the amount of old expected according to the historic
disturbance regime. Ecosystem groups (Appendix C) were based on the work of Wells
et al. (2004) and were a refinement of the provincial ecological classification system
(Meidinger and Pojar 1991). Each scenario’s maps of stand age, forest cover type and
forest management zones (protected areas, THLB, and non-THLB) were intersected
with the ecosystem map and output tables generated for post-simulation analysis. The
table listed the ecosystem group, the age at which it was expected to be old, total area
of old forest, and a percent threshold for amount of expected old based on the

ecosystem’s disturbance history.

A shift in dominant disturbance agent would indicate that the system is being controiled
by a different set of processes and therefore could be considered to have changed
state. The shift may be subtle with certain processes playing a larger role than
previously. However, when shifts in disturbance agents are considered with other
indicators, an interpretation can be made as to whether the system is functionally

different. This indicator tracks the area disturbed by fire, MPB, total harvest and salvage
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harvest for each period of the simulation. The last coarse-filter indicator is the amount of
pine susceptible to MPB, an indication of the risk that the forest may be sensitive to an
outbreak. For each scenario, the mean and standard deviation of the area susceptible

to MPB were calculated.

Expected Trends and Outcomes for Response Variables

The state of the provisioning and regulatory services that | identified reflects social-
ecological resilience of the Cranbrook system. Considering the variation in social and
ecological drivers among scenarios (Table 3-3), | predict specific trends and outcomes
for each response variable. An even supply of timber and a stable growing stock implies
consistency in the supply of the provisioning service. | would expect this with the Status
Quo and Forestry First scenarios, whereas provisioning services for the Climate
Crusade scenario will likely decline due to climate change. The Forestry Commons and
Climate Pilgrimage scenarios should maintain a low level of timber supply, but respond
to harvest opportunity and, on average, harvest above this level, with Forestry
Commons more than Climate Pilgrimage. | would expect growing stock to be stable
under the Status Quo and Forestry First scenarios, increase under the Forestry
Commons and Climate Pilgrimage scenarios, and decline under the Climate Crusade

scenario.

Grizzly bear natal habitat reflects the amount of the study area that is not dominated by
humans. | expect the amount of natal habitat to be greater under the Forestry Commons
and Climate Pilgrimage scenarios. A negative exponential forest age structure, and an
amount of old forest similar to historic levels, would indicate maintenance of ecosystem

processes and the resilience of the landscape. [ would expect this outcome with the
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Forestry Commons and Climate Pilgrimage scenarios. Resilience will also correlate with
less timber susceptible to MPB. | would expect this outcome for the Status Quo,

Forestry First, Climate Crusade and Climate Pilgrimage scenarios.

Results

Harvest Indicators - Provisioning Service

The percent harvest achieved (Figure 3-1) shows that the Status Quo harvest request
was met for over half of the 10-year time periods (29 of 50 periods). The Status Quo
harvested on average 93% of the expected area; however, it only harvested 72% of its
targeted volume. The volume shortfall was due to the difference in frequency and extent
of disturbance between the TSR lII's NRL approach and the spatially explicit dynamic
disturbance models implemented for the scenario analysis. The NRL approach for
setting harvest requests reduces volume by an annual uniform amount per period based
on recent disturbance data, whereas the scenario analysis used the stochastic spatial

MPB and fire model parameterized with longer-term historic data.

Due to the larger THLB, unlimited salvage feature and ability to violate conservation
objectives when there are harvest shortfalls, the Forestry First scenario moderately
exceeded its area harvest request for 36 periods (105% of area requested harvested on
average). Despite the more aggressive harvesting approach used in Forestry First, like
the Status Quo scenario, less volume was harvested than targeted (83%). The
response to salvage opportunities was most pronounced in the Forestry Commons
scenario where harvested area exceeded the request for 42 periods. Overall, the

salvage-only zone and unlimited salvage features of the Forestry Commons scenario
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Figure 3-1. Cranbrook study area mean per cent of harvest targets achieved by year for
500 years. Simulations were repeated for 5 scenarios (Status Quo, Forestry First,

Climate Crusade, Forestry Commons, and Climate Pilgrimage) representing a range of
management approaches and disturbance rates.

allowed harvest of 240% of the area targeted and 232% of the volume. Following
climate change, the harvest under the Climate Crusade scenario did not meet the total
area (83%) or volume (58%) of requested timber, whereas under the Climate Pilgrimage

scenario, harvest is 176% of the area and 140% of the volume requested.
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The timber volume harvested is variable for all scenarios (Figure 3-2). The Status Quo,
Forestry First and Climate Crusade scenarios all begin with the current cut level. The
Status Quo roughly follows the prescribed harvest profile, but falls below due to the
stochastic implementation of fire and MPB. The harvest request for the Forestry First
and Climate Crusade scenarios are the same as the Status Quo, however they both
increase volume harvested in response to salvage opportunity and the larger THLB,
after which the Forestry First (x = 834,699 m>, sd = 203,060) cycles somewhat above
the Status Quo (x =733,079, sd = 134,392) and the Climate Crusade below (x =
585,914, sd = 259,192). The Forestry Commons (x = 384,999, sd = 263,264) and
Climate Pilgrimage (x =232,403, sd=249,622) have a lower harvest request and the
volume harvested increases due to salvage and then oscillates with future disturbance
for the remainder of the simulation. These results presented are an average across 10
replicates of each scenario, which dampens the variability characteristic to an individual
run. Under climate change, the Climate Pilgrimage scenario harvests only 60% of the
Forestry Commons scenario and the Climate Crusade harvests 70% of the Forestry
First scenario on average. The proportion of salvage (Figure 3-3) shows that the
Forestry First has marginally more salvage than the Status Quo scenario on average
(8% vs. 11%) and that under climate change the Climate Crusade salvages a greater
proportion (16%). Compared to the other scenarios, both the Forestry Commons and
Climate Pilgrimage employ a substantially greater proportion of salvage as part of the

total volume harvested (60% and 70%).
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Figure 3-2. Cranbrook study area mean volume harvested over 10 replicates for 500
years of simulation. Simulations were repeated for 5 scenarios (Status Quo, Forestry

First, Forest Commons, Climate Crusade and Climate Pilgrimage) representing a range
of management approaches and disturbance rates.
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Figure 3-3. Cranbrook study area per cent salvage harvested over 10 replicates for 500
years of simulation. Simulations were repeated for 5 scenarios (Status Quo, Forestry

First, Forest Commons, Climate Crusade and Climate Pilgrimage) representing a range
of management approaches and disturbance rates.

Although still fluctuating, the Status Quo scenario has the most stable growing stock of
the 5 scenarios (x = 37,990,786, sd = 5,516,112; Figure 3-4). Oscillations in the
amount of growing stock are due to either harvesting above sustainable levels, for the
Status Quo and Forestry First (x = 46,972,342, sd = 7,748,092) scenarios, or higher
levels of disturbance in combination with harvesting for Forestry Commons (x =

58,001,329, sd = 10,361,347), Climate Crusade (x = 35,611,988, sd = 9,816,722) and
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Climate Pilgrimage (x = 34,204,790, sd = 12,570,810). The Forestry First scenario has
a higher growing stock than the Status Quo due to its larger THLB. Despite a smaller
THLB, the Forestry Commons’s growing stock is higher due to less green tree harvest
and influence of the salvage-only zone. The two climate change scenarios both have
lower growing stock than the Status Quo due to the increased incidence of disturbance
killing trees that would have otherwise contributed to the growing stock. Once the
oscillations begin, by over-harvesting or by natural disturbance, they persist leading to a
“‘boom and bust” effect. The standard deviations of the growing stock of each scenario
illustrate the variability across the 10 replicates. The large positive and negative
iterations of growing stock are cancelled by averaging across the replicates in
generating the mean. To highlight the variability in growing stock a single run is
presented (Figure 3-5). The single run is the replicate with a mean growing stock

closest to the overall mean across all replicates.
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Figure 3-4. Cranbrook study area growing stock over 10 replicates for 500 years of
simulation. Simulations were repeated for 5 scenarios (Status Quo, Forestry First,
Forest Commons, Climate Crusade and Climate Pilgrimage) representing a range of
management approaches and disturbance rates.
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Figure 3-5. Cranbrook study area growing stock for one replicate for 500 years of
simulation. A separate replicate (approximating the mean of all 10 runs) is presented for
each of 5 scenarios (Status Quo, Forestry First, Forest Commons, Climate Crusade and
Climate Pilgrimage) representing a range of management approaches and disturbance
rates.
Fine-filter biodiversity - Regulatory Service
Prior to extensive harvesting the total area for female grizzly bears secure from human
activity comprised over 80% of the study area and has declined through the 20th

century (Figure 3-6). Both the Forestry Commons and Climate Pilgrimage scenarios

have rules limiting access for forestry activities; these rules in conjunction with a lower
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harvest provide for substantially more secure areas (911,369 ha and 933,350 ha
respectively) than the Status Quo, Forestry First or Climate Crusade scenarios (740,736
ha, 726,692 ha, and 772,777 ha). The Climate Crusade scenario has 6% more security
area than the Forestry First scenario due to the increase in salvage harvesting, which
tends to concentrate harvesting. The number of areas for female grizzly bears secure

from humans shows a similar trend (Figure 3-7).
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Figure 3-6. Total area of security patches over 10 replicates for the Status Quo,
Forestry First, Forest Commons, Climate Crusade and Climate Pilgrimage scenarios

over 500 years of simulation in the Cranbrook study area. As a comparison historic data
for 1949 and 1973 are included.
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Figure 3-7. Mean number of patches secure from human access over 10 replicates for
Status Quo, Forestry First, Forest Commons, Climate Crusade and Climate Pilgrimage
scenarios over 500 years of simulation in the Cranbrook study area. As a comparison
historic data for 1949 and 1973 are included.

Coarse-Filter Biodiversity - Regulatory Service

The Forestry Commons scenario most closely resembles the distribution of age classes
of the No Management scenario, indicating that it is closest to natural landscape

conditions. The 100 to 250 year age group of forest is most common in the No

Management, Forestry Commons and Status Quo scenarios (21%, 19% and 17% of the
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total area, respectively; Figure 3-8) as compared to the Forestry First, Climate Crusade
and Climate Pilgrimage scenarios (where it is projected to occupy only 14%, 13%, and
11% of the area, respectively). The Status Quo scenario had the most forest in the 250+
age class (15%) due to fire suppression. Despite having a low biodiversity emphasis,
fire suppression also benefited the Forestry First scenario (14% of area in 250+ age
class). The others are below the Status Quo and Forestry First scenarios (No
Management 10%, Forestry Commons 10%, Climate Crusade 7% and Climate
Pilgrimage 3%), with Climate Crusade fairing better under climate change due to fire
suppression. The age distribution of the forest modelled in all scenarios follows a
negative exponential distribution due to the actions of simulated fire and MPB. The
Kolmogorov-Smirnov test found that the distribution of age class data generated for
each scenario did not differ significantly when compared to the No Management

scenario.

Although there are a total of 32 ecosystem groups in the study area, on average the No
Management scenario only generates enough old forest for 35% of the units to be
above their representative amount (Figure 3-9). The Status Quo scenario does the best
with respect to mature forest representation (43%) due to fire suppression and a modest
harvesting regime. The Forestry Commons (32%) scenario performs marginally better
than the Forestry First (30%) scenario and is closest to the no management scenario,
but without fire suppression it is far below the Status Quo scenario. Both climate change
scenarios perform poorly, especially the Climate Pilgrimage scenario that only achieves
8%, whereas the Climate Crusade is at 19%. The variability in the occurrence of old

forest is much higher in the absence of fire suppression for the No Management
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Figure 3-8. Mean percentage of hectares of forest in three different age groups (stand
age < 100 years, > 100 to < 250, >250) over 10 replicates by each scenario at
simulation year 250 over the study area (No Management, Status Quo, Forestry First,
Climate Crusade, Forest Commons, Climate Pilgrimage).

(sd=5.7) and the Forestry Commons (sd=5.1). The variability is less for the Forestry

First (sd=2.6), Climate Crusade (sd=3.4), and the Climate Pilgrimage (sd=3.5)
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scenarios. Fire suppression changes forest structure through the maintenance of old

forest.
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Figure 3-9. Mean number of ecosystem units (Appendix C) over their respective “old”
threshold -- amount of old expected under historic disturbance regime -- in the
Cranbrook study area. Results calculated over 10 replicates for No Management, Status

Quo, Forestry First, Forest Commons, Climate Crusade, and Climate Pilgrimage
scenarios for 500 years of simulation.

Under the No Management scenario, as expected, fire and MPB greatly influence the
amount of area disturbed (Figure 3-10; 79% and 21% of all disturbance). Even with

harvesting, but no fire suppression, the Forestry Commons scenario is also dominated
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by fire (65%). MPB is dampened in the Forestry Commons scenario presumably by
forest harvesting and increased fire (13%). Although fire is still prevalent, harvesting
represents an increased proportion of area disturbed for the Status Quo (fire 43%,
harvest 41%) and Forestry First (fire 43%, harvest 43%) scenarios representing a lesser
role of fire as a controlling process compared to the No Management regime. While
MPB is initially high it does drop (under the Status Quo to 12%, Forestry First 9%), but
large events do periodically occur. Fire rises for both the climate change scenarios, as
expected, but without fire suppression it is most extensive in the Climate Pilgrimage
scenario (Climate Pilgrimage 87%, Climate Crusade 68%). Under these two scenarios
the incidence of MPB drops due to the increased frequency and extent of fire (Climate

Pilgrimage 2%, Climate Crusade 3%).

Fire suppression has a large impact on a number of components of the system,
including a greater area of old forest and a modest increase in MPB activity. The area of
susceptible pine (Figure 3-11) rises from historic levels starting in 1973 then peaks and
declines under all scenarios. The level of susceptible pine is highest and the most
variable under the No Management and Forestry Commons scenarios (X = 115,447 ha,
sd = 30,218 and x = 113,068 ha, sd = 23,820), in contrast to the Status Quo and
Forestry First scenarios (x = 105,654 ha, sd = 16,856 and x = 100,960 ha, sd = 16,058).
Under the No Management scenario there is no harvesting to decrease the area of old
pine and it is modestly higher than historic levels. The variability of susceptible pine is

highest for the No Management scenario (sd=23,820). The amount of susceptible pine

drops under climate change, due to the presence of harvesting and a higher incidence
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of fire for the Climate Pilgrimage and Climate Crusade scenarios (x =72,251 ha,

sd=27,591 and x =80,935 ha, sd=19,188).
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Figure 3-11. Mean percentage of susceptible pine by age-class over 10 replicates for
No Management, Status Quo, Forestry First, Forest Commons, Climate Crusade and
Climate Pilgrimage scenarios over 500 years of simulation.
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Discussion

Using scenarios to explore how a forest may change under a range of social and
ecological conditions provides insights into the interaction of management choices and
ecological processes (Peterson et al. 2003). Some simulation outcomes were expected
on the basis of assumptions about system behaviour. Examples include the amount of
forest burned, timber targeted to harvest, and the triggering of MPB events with
increasing amounts of susceptible pine. Other interactions were unexpected, emerging
through the analysis. These included the interaction of salvage with disturbance, the
role of a ‘salvage-only’ zone in augmenting harvest levels, the implications of
aggressive harvesting for managing regulatory and provisioning services, and the
greater amounts of old forest that occurred under some scenarios. Also unexpected
was the increased amplitude of all indicators without fire suppression and in the
presence of climate change. A steady growing stock is a key objective of current
management; however, under all scenarios growing stock oscillated. This demonstrates
the contradiction of trying to manage a dynamic system as if it was stable. With periodic
extensive disturbance it is inevitable that growing stock will rise and fall and

management should be structured to accommodate this dynamic.

Only the passive scenarios explicitly incorporated disturbance into timber supply
planning. These scenarios were able to exceed their base harvest request by
responding to salvage opportunities and managing timber supply dynamically rather
than uniformly. The Status Quo and aggressive approaches to forest management,
operating under an assumption that future disturbance would be manageable, failed to

meet their intended harvest goals, this despite the benefit to the aggressive scenario of
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a larger THLB and relaxation of conservation objectives. Further, the Status Quo and
aggressive approaches did not provide an expected consistent timber supply, because
of the interaction of disturbance, salvage and over harvesting generating an oscillating

growing stock.

The Status Quo scenario performed relatively well for both timber supply and old forest
representation. Given the reduction in services under Climate Crusade and Climate
Pilgrimage it is likely that the Status Quo scenario would suffer a similar drop in the
future with climate change. With the exception of old forest representation, the Forestry
First scenario only performed marginally poorer than the Status Quo for the indicators

assessed.

The regulatory ecosystem services, grizzly bear natal habitat, the distribution of forest
ages, amount of old forest, the dominant disturbance process, and the amount of pine
susceptible to MPB, give a broad representation of the state of the resource system. By
tracking regulatory services, resource professionals can identify the threshold at which
the forest will shift to a different ecosystem state. For example, an increase in
susceptible pine strongly indicates a loss of resilience to MPB. Shifts in forest age
structure and dominant disturbance agent indicate that there has, at least at one scale,
been a change in regime given that the controlling processes have shifted from fire to
forest management. Recently, as throughout much of interior BC, there has been a
decline in resilience to MPB across the Cranbrook study area. Fire suppression has led
to an older cohort of pine than would not have been expected under the historic
disturbance regime (Taylor and Carroll 2004). However, this is likely to be dampened in

the future by either an increase in fire or further conversion of the forest to
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management. This interpretation agrees with other findings (Taylor and Carroll 2004)
that indicate that the recent increase in susceptible pine may be temporary and as the
pine is harvested and the stand age is kept below 100 year, the likelihood of future MPB
outbreaks will decrease. It would appear that the current MPB event is a product of a

state transition from an unmanaged to a managed forest and large historical fires.

When systems change states there is a possibility of a period of chaos as new
controlling processes become established (Walker and Meyers 2004, Scheffer et al.
2009). Boundary chaos clouds the identification of a definitive threshold between
alternative states. Transition chaos will become more of a concern as ecosystems re-
organize due to climate change. More research will be required to detect early warning

signals of potential regime shifts in forested ecosystems (Scheffer et al. 2009).

Based on the scenarios | assessed, fire suppression contributed to an increase in old
timber for harvest and in old forest for conservation. There are mixed advantages to fire
suppression: for example, with more old forest there is more habitat for old forest
dependent species, however this could be at the detriment of early seral species
(Bunnell 1995). Skewing forest age structures, away from what would have occurred
under natural processes, could undermine the capacity of the broader ecological

community to respond to disturbance events (Drever et al. 2006).

Fire suppression has been effective in the past (Daniels et al. 2007) and it is reasonable
to assume that it would be in the future. However, based on modelling studies, climate
change is anticipated to increase annual area burned by 100%. Given the past success

rate of suppression (an approximately 50% reduction in annual area burned; DeWilde
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and Chapin 2006), the future forest will be more dynamic and perhaps comparable to
current boreal landscapes that do not have significant fire suppression. As a result,
future landscapes will need to be managed under an expectation of greater amounts of
fire disturbance. This will inevitably lead to spikes in timber availability as salvage
opportunities emerge. There are, however, substantive ecological and management
issues associated with fire suppression. Fire suppression, for example, can reduce
structural complexity (Bergeron et al. 2002, Kuuluvainen 2002, Drever et al. 2006,
Puettmann et al. 2009). The simplification of forest structure can reduce resilience to a
range of disturbance types; for example a build-up of fuels can trigger extremely large
fire events (Arno et al. 2000) and the lack of regeneration of some fire-dependent forest
species (Zackrisson 1977). Implementing measures to support diverse forest structures
and minimize fuel loads, such as the use of prescribed burning, would help address

some of fire suppression’s limitations (Lindenmayer et al. 2008).

Homogenizing temporal dynamics is intended to provide a consistent supply of
ecosystem services. The scenarios with fire suppression have more mature and old
forest. This shift in age structure can lead to a loss of resilience and trigger a large-scale
event, such as the recent MPB outbreak in BC. Dampening temporal dynamics may be
the ultimate trade off between maximizing timber production and the encouragement of
a more natural age structure necessary for maintaining resilience to large-scale
disturbance events. By using strategies such as leaving sections of the landscape
unmanaged or using a salvage only zone, timber can be harvested in a way that is more
cognizant of landscape processes. Furthermore, a dynamic approach to managing

timber supply can provide better protection of other values, such as grizzly bear habitat.
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Managing for resilience entails maintaining biodiversity and allowing for spatial and

temporal ecological dynamics.

The scenarios | developed reflect different perceptions of risk associated with future
events. The passive scenarios are more risk averse, with a smaller land base and an
adaptive response to perturbation. The more aggressive approach assumes a stable,
predictable future with an increase in harvest as a response to disturbance. This harvest
response leads to near-term shortfalls in timber supply and biodiversity, and has
implications for forest structure, composition and pattern. This dynamic behaviour
becomes more pronounced under the climate change scenarios due to the increased
rate and extent of disturbance. Economically, there may be less risk in the short term to
maximize harvest, due to economic discounting (Chapin and Whiteman 1998), however
this approach leads to a trade-off of short-term economic benefit with longer-term
economic and ecological risk. This trade-off would best be addressed through public

debate on the short- vs. long-term risk and sustainability of ecosystem services.

Managing for resilience includes strategies to promote structural, compositional and
pattern diversity, along with approaches to support ecosystem dynamics and adaptation
to extreme events (MA 2005, Drever et al.2006, Millar et al. 2007, Campbell et al.
2009). Table 3-4 contrasts the four scenarios with respect to diversity (table headings
Biodiversity, Structure, Pattern, and Composition), how each approaches dynamics
(Managing Dynamic, Disturbance Assumption, Ecological Process, and Extreme
Events) and promotes adaptation to extreme events (Planning for Change, Key
Conservation Features, Redundancy, and Connectivity). Each scenario is summarized

according to these broad categories (Diversity, Dynamics and Adaptation). The passive
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Table 3-4. Summary of four scenarios and how they provide resilience to disturbance, manage dynamics and promote
adaptation to landscape events (-- strategy not met, - strategy moderately not met, + strategy moderately met, ++ strategy
met). A resilience summary is given in the last row.
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scenarios have the most resilience management features because they anticipate and
manage dynamics. The aggressive scenarios are limited in managing for resilience due
to their focus on maximum sustained yield rather than promoting flexibility to deal with

future events.

The difficulty of managing for any large unexpected disturbance is a product of our lack
of understanding about system boundaries and how to develop sustainable practices
that work in a local context. Also, identifying the position of the system relative to an
alternative state is key to better managing for large-scale disturbance events. This
requires research, biophysical monitoring, regular assessments, education and
balancing social expectations with the capacity of systems to provide services, and the

regularity of their supply as shown in this project.

A forest management planning approach that focuses on resilience and incorporates
protocols of response to disturbance, like no salvage in key conservation areas and
shifting areas for industrial use or habitat conservation, would be more appropriate for
dynamic systems such as those anticipated with a changing climate (Rayfield et al.
2008). Maintaining a network of connected conservation areas would provide more
flexibility in the event that parts of the landscape become heavily disturbed (Eng 1998).
Extreme events would be tempered by ensuring complexity, and enhancing response
diversity, to promote post-disturbance re-organization. This approach should
intentionally promote management flexibility, and the acceptance of future disturbance
events and the associated salvage opportunities that would accompany a fluctuating

availability of timber (Chapin and Whiteman 1998, Lindenmayer et al. 2008).
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Several improvements in the simulation model would provide deeper insights and a
more detailed assessment of stand- and landscape-scale ecological dynamics. The
model | developed used only one set of post-disturbance successional pathways for
each stand type. A broader range of pathways, linked to the extent and type of
successive disturbances would provide a better representation of stand-scale processes
(Frelich and Reich 1998). As well, insights would be gained into how different stand
responses influence resilience. The model lacked clear feedback mechanisms between
management approaches such as fire suppression and harvesting pattern and how this
interaction might influence resilience. The modelling of climate oscillation was on a
regular interval; further analysis of historic trends may have provided insights into the
variability of ocean-atmospheric phenomena which could have been incorporated into
the model. The fire model could be improved by introducing some process-based
features such as an increase in fire initiation and volatility with an index of fuel loads

linked to a stand’s disturbance history.

The scenarios provide context for informing forest management and how current
approaches should be structured to plan for inevitable dynamics. Managing for
resilience is not about implementing some new forest management prescription, but
rather about building a flexible approach to managing resources, such that uncertain
events can be tempered and are incorporated into forest management planning. Shifting
to managing for resilience requires social shifts as well. People’s expectations and
assumptions to how and when forests can supply services would need to be re-thought

to adapt to managing for a dynamic resource.
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Disturbance events are a required component of healthy forests and therefore are
necessary to ensure the continuation of ecosystem services (Puettmann et al. 2009).
Disturbance cannot be avoided; the unknown is when, where and how much
disturbance will occur. Scenarios help to explore the extent, frequency and impacts of
future disturbances and the interaction with different approaches to the management of
ecosystem services such as the role of fire suppression and the implementation of a
salvage-only zone. Looking at a range of scenarios, as opposed to one preferred future,
provides greater insights into current management and opportunities for adapting to the
future, especially when trying to balance biodiversity and timber supply, while dealing

with social and ecological uncertainty.
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The capacity for ecosystems to consistently supply ecosystem services has become
undermined by ecological degradation and an increased incidence of natural
disturbance events (Carpenter 2003, Walker and Meyers 2004, Adger et al. 2005, Folke
et al. 2004, MA 2005, Hobbs et al. 2006, Williamson et al. 2009). The frequency and
areal extent of disturbance is expected to increase as the climate continues to change
(Emanuel 2005, IPCC 2007). Expectations of the reduction in ecosystem services are
based on historic occurrences of natural disturbance events. Current approaches to
resource management are not well suited to deal with predicted increases in
disturbance (Spittlehouse and Stewart 2003, Lindenmayer et al. 2008, Williamson et al.
2009). My research goal was to apply and extend methods for evaluating social-
ecological systems as a way of addressing the limitations of conventional resource

management approaches.

Spatial and temporal dynamics play a vital role in generating the structural and
compositional complexity in ecosystems that enables natural systems to adjust to
shifting climate and natural disturbance (Scheffer 2001, Gunderson and Holling 2002,
Drever et al. 2006, Puettmann et al. 2008, Campbell et al. 2009). Social-ecological
systems theory emerges as a theoretical basis for developing resource management
approaches that recognise and incorporate spatial and temporal dynamics. Further,
social-ecological approaches integrate the needs of people relative to ecosystem
services and the dynamic environment that provides them (Gunderson and Holling

2002, Walker et al. 2004, Walker 2005, RA 2007).
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Social-ecological theory focuses on a system’s resilience, adaptability and
transformation (Walker et al. 2004). Resilience is the capacity of a system, such as a
forested ecosystem and its management, to persist after disturbance and still maintain
its defining characteristics and processes (Holling 1973, Carpenter et al. 2001). The
adaptability of a social-ecological system is tightly connected to resilience. Where
resilience relates to the capacity of the system to persist, adaptability links to the social
and ecological mechanisms of that persistence. Social adaptive capacity embodies
institutional flexibility, technical innovation, and social networks, all of which increase
people’s capacity to respond to change (RA 2007a, 2007b). Ecological adaptive
capacity correlates to response diversity, an important feature of ecological complexity

(Campbell et al. 2009, Puettmann et al. 2009).

When the social or ecological capacity of the system is overcome, or when the current
configuration is shown to be no longer appropriate, transformation occurs.
Transformative change is now necessary to adapt to climate change. New resource
management approaches are required to address the social expectation of resource

extraction and to sustain ecological capacity for future generations (Pojar 2010).

In Chapter 2, | used a structured framework to examine an alternative approach to
resource management. By assessing resilience, adaptability and possible

transformation, the framework evaluates a resource system’s historic, current and
possible future configurations, and provides insights into an ecosystem’s adaptive

capacity. Using this framework, communities and resource managers can conduct
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social-ecological assessments allowing them to anticipate transformation and take the

steps necessary to mitigate the negative consequences.

Understanding future social and ecological dynamics is critical to planning for a supply
of ecosystem services. Typically, a conventional resource management plan assumes
one future, then builds resource allocation models to determine levels of harvest.
Sensitivity analyses are conducted to understand the implications of variation in input
assumptions (Province of BC 2007). When extreme disturbance events occur, the
current resource models incorporate the losses and a long-term sustained yield is re-
established (Province of BC 2007). However, the assumption of a stable future is not re-
evaluated. The problem of not representing the full extent of system dynamics is
apparent as forests are becoming more heavily influenced by a changing climate

(Williamson et al. 2009, Pojar 2010).

Using a structured approach to build a range of scenarios depicting a representation of
the future is a robust technique for understanding the social and ecological drivers of
change (Peterson et al. 2003, MA 2005). Scenarios help us to understand the dynamics
and uncertainty associated with the interaction and evolution of parts of a system. The
methodology for composing structured scenarios, shown in Chapter 2, divides the range
of possible futures by their social and ecological components. Each scenario was
structurally unique. The rate and extent of natural disturbances were featured on the
ecological axis. The rate of disturbance was either similar to historic, or more extreme,
driven by changes in climate. Socially, the scenarios ranged from a passive to an

aggressive approach to forest management. The passive approach attempted to
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recreate historic landscape dynamics, whereas the aggressive was parameterized to
maximize timber harvesting at the detriment of other values. There are an infinite
number of possible futures; however, by entertaining four options across a gradient of
possibilities, insights are gained into the emergent properties of dynamic resource
systems. The construction of scenarios helps to identify the amount of ecosystem

services that can be expected given the fluctuations in resource supply.

Qualitative scenarios allow resource professionals to compile information on a resource
system and to engage interest groups in developing a common understanding of what
has historically occurred, and how it influences the present. When attempting to peer
into the future, we generate questions that help us understand uncertainty: to what
extent may events play out; and how are they buffered or encouraged through the
interaction of social and ecological processes? By quantifying the scenarios, and
conducting simulation experiments, as presented in Chapter 3, some of these questions
are addressed. The process of generating models forces us to understand the state of
our knowledge relative to the behaviour and interactions of ecological and social
processes (Starfield 1997). Model predictions provide some insights into the future;
however, the scenario process guards against interpreting specific outcomes and
instead forces us to look at differences in outcomes relative to the suite of scenarios

that are identified.

The Cranbrook management unit in southeastern BC was used as a case study to
demonstrate the scenario analysis methodology. A set of simulation models was

constructed, using the SELES (Fall and Fall 2001) spatio-temporal modelling tool, that
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captured landscape dynamics and forest management. A number of the assumptions
within the scenarios were confirmed. For example, harvesting aggressively
compromises fine- and coarse-filter biodiversity, and forgoing fire suppression and
reducing the timber harvesting land base severely restricts annual timber supply. Other
properties of the system were not originally anticipated, particularly the interplay of
system dynamics and the supply of ecosystem services. Aggressive forest management
has difficulty maintaining a consistent supply of timber when landscape dynamics
change. The oscillation in timber availability was unintended and emerged because of
the strategy to constantly maximize the amount of timber harvested used in the
aggressive approach. Socially, this would be very disruptive, as expectations would be
built for a certain level of harvest only to be compromised by sudden declines in
availability of timber. The more passive set of scenarios relied on a smaller land base
for harvest and used an opportunistic salvage zone. Under this class of scenarios,
social expectations could be built around a lower level of consistent economic activity.
However, an assumption of the passive approach is that disturbance occurs periodically

and that harvesting increases temporarily in response.

The aggressive and passive approaches to resource management reflect fundamental
differences in philosophy. The aggressive approach is attempting to control nature to
provide services at an annual scale that meets human need for consistency and
certainty (Chapin and Whiteman 1998). By anticipating disturbance and adapting, the
passive approach is more inclined to work with natural dynamics. This approach
accepts oscillation in the availability of ecosystem services as part of the nature of the

system. In the end, the passive approach is able to preserve values besides timber, yet
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still harvest a substantial amount of timber by working with, rather than against, natural
dynamics. Ultimately, and despite our goal of stability, natural disturbance and resource

extraction results in the oscillation of ecosystem services such as timber supply.

Resource professionals have a choice: to incorporate the inevitability of future dynamics
into planning and management, or not. For the Cranbrook study area a combination of
management strategies from each scenario would yield the most robust approach to
managing for social-ecological resilience. For example, monitoring the supply of
ecosystem services and implementing strategies to dampen their oscillation (fire
suppression) or to take advantage of resource pulses (salvage) would be the most

social-ecologically appropriate.

Resilience is a broadly applied concept that is focussed on encouraging complexity and
adaptive capacity in social-ecological systems (MA 2005, RA 2007a, Puettmann et al.
2009). For forested systems at the stand level, this means advocating for management
practices that: prioritize stand diversity; maintain biological legacies; promote
heterogeneity across a forest; encourage diverse species mixes for replanting; and
harvest stands at different culmination ages. Similarly, at the landscape scale, a
resilience approach entails diversifying harvest unit size and spatial arrangement,
varying cutting strategies and implementing prescribed burning as a different approach

to fire suppression, in order to maintain ecological processes (Campbell et al. 2009).

Temporally, resilience is about working with the disturbance dynamics of the system.
This requires a social shift to accept uncertainty and recognize that a larger component

of harvesting will be opportunistic. As well, taking advantage of salvage opportunities
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may entail constraining human activity. For example, an extensive road network would
be required to salvage disturbed forest, which may require strict access control to
manage for other values, such as grizzly bear (Ursus arctos) natal areas. Following the
principles of resilience theory, managing a “portfolio” of forests is the most appropriate
strategy. When a forest is disturbed some parts should be salvaged, some left alone,
while undisturbed areas are harvested at a far lower rate. With climate change expected
to increase the area burned across western North America by 100%, resilience
approaches are key to ensuring a future supply of ecosystem services (Wotton and
Flannigan 1993, Stocks et al. 1998, Li et al. 0 Flannigan et al. 2005, Nitschke and Innes
2008, Krawchuk et al. 2009). Although the supply of services may not be steady or
stable, a resilience approach that uses scenario modelling to manage for a range of
possible futures will enhance the chances for functional ecosystems and as a result

human well being.
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Appendix A. Summary of Fire History Analysis for Implementing Fire Modelling in the
Cranbrook Study Area.

| used historical fire data provided by the Canadian Forest Service to model to model
future fires across the Cranbrook study area. The data included date of ignition, ignition
sources and area burned for 682 fires recorded or inferred between 1919 and 2000
(Taylor pers. comm.). Over that time period 778,695 ha of forest burned. For the fire
model these data were analysed to calculate disturbance rates and patch sizes for each

NDT in the Cranbrook TSA.

The fire data had a skewed distribution (Figure 1). When only the smaller area
disturbances were considered, below the 95th percentile (fires < 4,554 ha in size;
methodology after Morgan et al. 2008), a total area of 260,396 ha (658 fires) was
disturbed by fire. The 34 large fires, above the 95th percentile (Figure 1), accounted for
518,334 ha of area burned. The majority of the large fires occurred prior to 1940 (33 of
34), before large-scale fire suppression occurred across the study area. However, some
researchers have reported a correlation between the warm phase of the Pacific Decadal
Oscillation (PDO) and large regional fires (Daniels et al. 2007, Morgan et al. 2008). To
investigate the role of the PDO in the Cranbrook, | partitioned the fire data into warm (45
years; 1925-1946, 1977-1998) and cool (37 years; 1919-1924, 1947-1976, 1999-2000)
PDO phases (University of Washington 2010). Both large and small fires were highly
correlated with the warm phase of the PDO, with 27 of the 34 large fires and 413 of the
658 small fires occurring in those years. This result supports the hypothesis that large

fires in the Cranbrook were correlated with the PDO warm phase.
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Figure A-1. Plot of fire frequency by size and year for the Cranbrook study area. Black
line indicates 95th percentile of fire size, fires above line are greater than 4554 ha.

In order to increase the resolution of the fire model the fire data were partitioned
spatially according to their natural disturbance regime, termed here as natural
disturbance type (NDT; Province of BC 1995). Some fires straddled NDTs. In these
cases, the historic fires were allocated to NDTs based on the largest NDT/fire overlap.
The fire return interval (Van Wagner 1987) - the number of years to burn an area equal

to the size of the forest - was an input parameter of the fire model and calculated for
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each NDT and PDO phase combination (Table A-1). The return interval (RI) was

calculated as:
Rl = NumYears x TotalArea/AreaBurn
where
NumYears is the number of years for which data were collected
TotalArea is the total area of the forest
AreaBurn is the total area burned over the years for which data were collected
Table A-1. The forested area, area burned and fire return intervals for the three main

natural disturbance units in the Cranbrook study area.

Natural Disturbance Unit

2 3 4
Forested arca 104,896 770,958 161,755
Total area burned over 82 years 34,383 471,448 143,044
Area burned warm phase (45 years) 27,063 460,646 109,974
Return Interval - warm phase 174 75 66
Area burned cool phase years (37 years) 7,320 135,555 143,044
Return Interval - cool phase 530 210 42

By further summarizing the historic data | generated an additional set of fire parameters
were assessed for each NDT/PDO phase. The PDO cool phase fire parameters are

shown in table A-2 and the warm phase in table A-3.
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Table A-2. Fire modelling parameters for PDO cool years for the Cranbrook study area.

NDT Year with  Number of Mean Fire Mean Area
Fire out of Fires when  size when Burned when
possible 37 fires fires fires

2 8 1.63 563 7,320
3 28 475 1,019 135,555
4 24 4.46 309 33,070

Table A-3. Fire modelling parameters for PDO warm years for the Cranbrook study
area.

NDT Year with  Number of Mean Fire Mean Area
Fire out of Fires when size when Burned when
possible 45 fires fires fires
2 15 2.27 796 27,063
3 28 8.14 2,020 460,974
4 35 5.09 563 109,974
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Appendix B. Summary of Historic and Downscaled Provincial Mountain Pine Beetle
Data for Implementing Outbreak Modelling in the Cranbrook Study Area.

[ used historic Mountain Pine Beetle (MPB) data provided by the Canadian Forest
Service to model future outbreaks in the Cranbrook study area. The data included
annual number of MPB outbreaks, their severity and their areal extent from 1935 to
1996 (S. W. Taylor pers. comm.). Each outbreak was classified according to severity: 1
(1 to 10% of stands attacked), 2 (11 to 30% attacked) and 3 (over 30% attacked). The
modelling for this project is focused at the landscape scale and only explicitly considers
stand initiating disturbance. | assumed that only severe attack (severity code = 3) would
produce a significant level of stand mortality and that lesser values would produce stand
complexity. As a result, calculations of the historic number and size of MPB events were

based on outbreaks with a severity code of 3.

The historic MPB data were analysed for the number of patches, patch size and overall
areal extent of outbreaks. For the Cranbrook timber supply area there were 67 years
with data, of those 22 had MPB outbreaks. The number of MPB outbreak patches per
year varied between 1 and 1,392, with an average of 472 (sd=432). The frequency
distribution of outbreaks followed a negative exponential distribution. The size of the
outbreak patches varied between 0.001 hectares and 1,946 hectares, with a mean size
of 4 hectares (sd = 33). The distribution of outbreak patch sizes also followed a
negative exponential distribution. The total annual area of MPB outbreak varied from 9

hectares to a maximum of 14,269 hectares (x =1,819, sd=3739; Figure B-1).
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Figure B-1. Frequency histogram of area of historic Mountain Pine Beetle outbreaks for
the Cranbrook study area.

| used data generated from a provincial MPB project (Walton et al. 2007) to model
future outbreaks. Data from this project were downscaled to the Cranbrook Timber
Supply Area. The provincial MPB forecast covers 27 years from 1999 to 2025 and

reported a minimum outbreak size of 460 ha for the Cranbrook Timber Supply Area, a
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maximum size of 35,262 ha and a mean size of 8,201 ha. In combination, the historic
data and the provincial modelled data generated a mean outbreak size of 5,276 ha; |

used this value to represent the size of future outbreaks.

MPB outbreaks have occurred every 28-53 years in central BC (Alfaro et al., 2004,
Taylor et al. 2006). In the Cranbrook study area or TSA MPB outbreaks were absent in
the historic data prior to 1969, though present to the north in the Invermere Timber
Supply Area dating back to 1930. As well, forest reports dating back to the early
twentieth century recorded MPB outbreaks in the Elk (Hodgins 1931) and Flathead

(Andrews 1930) valleys.

| used historic data to calculate the return interval for MPB across the Cranbrook study
area. From 1945 till the end of current outbreak in 2025 an area of 245,015.8 ha is
projected to be impacted by MPB resulting in an area of 306,314.8 ha impacted per 100
years. The area of pine is 374,903 ha resulting in a return time of 122 years under MPB

alone.

The overall annual outbreak and outbreak patch size were found to follow a negative
exponential distribution, however the shape of the distribution reflected a few large
episodic events and smaller more typical events (Figure B-1). An MPB outbreak
requires not only the availability of mature pine, but also favourable climate and
dispersal conditions. When these factors converge a large-scale event is possible that is
an order of magnitude larger than more typical outbreaks, such as the current MPB
outbreak. To capture this effect the data were split at the 90th percentile, following a

similar methodology used by Morgan et al. (2008) for differentiating large regional fires.
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Table B-1 shows the mean outbreak size from the two groups. Epidemic outbreaks
were assigned the mean from the data in the 90th percentile, while the size of endemic

oufbreaks was calculated from the remainder of the data.

Table B-1. Summary statistics for Mountain Pine Beetle outbreaks in the Cranbrook
study area calculated from the historic and a combination of historic projected outbreak
data.

Years Mean Mean Patch Mean
outbreak size Size Number of
Patches per
Outbreak

Historic Data 22 1819 4 472
Historic + BCMPB 42 5276 NA NA
Endemic outbreak 37 2878 NA NA
Epidemic outbreak 5 27630 NA NA

Based on the historic data, small endemic outbreaks initiated in the Cranbrook study
area only after the amount of susceptible pine rose above 50,000 hectares and became
common after 90,000 hectares. Epidemic outbreaks initiated when 90,000 hectares of
susceptible pine were available and became common after 140,000 hectares (Figure B-

2).
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Figure B-2. Plot of historic and modelled susceptible pine from 1949 to 2025 (dashed
line) and historic and downscaled provincial projection of area of MPB outbreak for the
Cranbrook study area.

References
Alfaro, R., E. Campbell, and B. Hawkes. 2004. Historical Frequency, Intensity and
Extent of Mountain Pine Beetle Disturbance in Landscapes of British Columbia.

Pacific Forestry Centre, Canadian Forest Service, Victoria, BC (MPBI Project
#2.05).

170



Andrews, G. S. 1930. Survey and preliminary plan of management of the Flathead
Forest. Forest Survey No. R.36, Correspondence File: Surveys 0105225, Forest
Surveys Division, BC Forest Service, Victoria, British Columbia, 133 p.

Hodgins, H. J. 1931. Survey of EIk Forest and preliminary management
recommendations. Forest Survey No. R.34, Correspondence File: 84359, Forest
Surveys Division, BC Forest Service, Victoria, British Columbia, 135 p.

Morgan, P., E. Heyerdahl and C. Gibson. 2008. Multi-season climate synchronized
forest fires throughout the 20th Century, Northern Rockies, USA. Ecology 89: 717-
728.

Province of British Columbia. 1995. Biodiversity Guide Book. Ministry of Forests and
Ministry of Environment, Victoria, British Columbia, Canada, 99 p.

Robinson, C. 2004. Cranbrook Timber Supply Area Timber Supply Review #3 Analysis
Report. Forsite Consultants Ltd, Salmon Arm, British Columbia.

Taylor, S., A. Carroll, R. Alfaro and L. Safranyik. 2006. Forest, climate and mountain
pine beetle outbreak dynamics in western Canada. Pp. 67-94. In: Safranyik, L.,
Wilson, B. (Eds.), The Mountain Pine Beetle A Synthesis of Biology, Management
and Impacts on Lodgepole Pine. Natural Resources Canada, Canadian Forest
Service, Pac. For. Centre, Victoria, BC, Canada.

Walton, A., J. Hughes, M. Eng, A. Fall, T. Shore, B. Riel and P. Hall. 2007. Provincial-
Level Projection of the Current Mountain Pine Beetle Outbreak.
(http://www.for.gov.bc.ca/hre/bcmpb/Yeard.htm) (British Columbia, Ministry of
Forest and Range, Victoria, 2007).

171


http://www.for.gov.bc.ca/hre/bcmpb/Year4.htm

Appendix C. East Kooteny (EK) ecosystem groups, including Biogeoclimatic Zone,
Variant/Site Series and group name (Wells et al. 2004).

EK group#| Zone Varlant/Site Serigs Mame
H 263 dh2-81
H 1oF dmrl-83 subrenc-slibmese IDF/PP
1 105 =L
2 . . ureDP - submesic-Mesic IDFun. +”
3 ICH ik 1-03
3 ICH mk 1-04
3 TR am-F&
3 IDF dm2-01 crum-niesic IDFACHMS
3 IOF danl-Le
3 IOF am2A-LP
) R dk -04
4 iCH 5 H cu-XA[O1a) .
s 4 JJCH ’ - XB{0Ih} circum-mesic iCHdwidm
4 {GH dn-FH
5 JOF wnl FH nreste {DFun2
B ICH mki-03 mesic {CHmk1
7 MS dk-S1
7 M5 di-«F mesic MSHOFdm2a
7 0F adn2a-5G
L] PP gh2-83 sublarie PPdh2
g iDF Ln2-80 subhygne IDFun2
10 ICH mk1-08 subhiygae ICHmMk
1 VS dh-C5
17 ICH mMh1-05 subhygne M5ACH
1° inF dmlA-SS
12 1BF dad 5 sybhygric-hiygrie (Buvial ripadan) IDF
12 {BF 58 ~
13 fiot dr-LA subhygne-hygne 10+
14 i dh2.34 fygric (Auvial mid-bench? PPdR2
1% 10 227 hjene (fuvial ™ed-bench npamant iOF
15 IGF am-«8
18 IOF un-CH hygne {Ruvial med-bench npanan} 1DFun
17 ICH ik 1-07 Fygne (feraal rd-bench npanans iICH
17 1 TH M-S0
18 MS k-8 Fregne (funal mud-beach nparian) MS
i DF am2A-5H
12 MS dk-87 subhydne NS
6] IDF dm2A-58
20 ESSF dk-02
20 MG dik-83 xeae ESSFsubmence MS
20 IOF dm2A-L)
2% ESSF dk-3
21 ESSF dhL2 aubeenc ESSF
1 ESSF dm2-FG
22 ESSF dk-01
prd ESSF dk-35
2z EEEF dmaFp mesic-subhypgric ESSF
22 ESTF dnr2-Fv
22 ESEF iy
23 ESSF [s S tygne Jluwal npanan £55F
23 ESSF am2-£H
E55F AdmZ-Fs subhydne ESSFdm2
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EK group # Zone Vartant/Site Series Name
%% ESSF 7 wmo2 xenc subxens ESSFwm dovt
25 ESSF dmt DB
26 ESSF dmi FB subxernc submesic ELSFdm
27 ESSF 7/ wrn 03 submesic ESEFwm
27 ESSF i t-FA
28 ESSF smat mesic ESSFwm
28 ESSF dmil FE
28 ESSF wny (34 subhygne ESSFwm
0 ESSF dmt FH hyanc tfiuvial npanan) ESSFdmi
31 E8SF dkir FG #
37 ESSF et FG dry upper ESSF {Bl)
32 ESSF dmul WH
2 ESSE wrm WH dry upper ESSF {Pa)
32 EsSF ki PJ
32 ESSF dmul BPJ
33 ES&F dmu2 ¥8
33 ESSF wirt B8
33 ESSF dku HG mesic upper ESSF (BY)
33 ESBF dmul HG
33 ESSF dmu? FR
33 ESEF wim FR
4 ESSF uku L3
34 ESSE dmuf LG mesi upper ESSF (La}
34 EGSF ke LH
34 £.5¢ dmul LH
38 ESSF dku FH
35 ESSF dmut FH subhygnc upper ESST (SE Bl)
35 ESZSF wmw WE
35 ESSF dmu? WE
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