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A B S T R A C T

The achievement of sustainable forest management requires the incorporation of risk and uncertainty

into long-term planning. Climatic change will have significant impacts on natural disturbances, species

and ecosystems, particularly on landscapes influenced by forest management. Understanding where

vulnerabilities lie is important in managing the risks associated directly or indirectly with climatic

change. The vulnerability of landscapes to natural disturbances, the resilience of ecosystems and

distribution of species are all important components that need to be considered when undertaking forest

planning, but climatic change is rarely factored into such planning. In this study, the vulnerability of fire

potential, fire regimes, ecosystems and species to climatic change was modelled for a 145,000 ha

landscape in the south-central interior of British Columbia, Canada. The results from these analyses were

used to guide forest zoning, using the triad zoning framework, and for the development of a ‘‘climate-

smart’’ management framework. The use of climate-smart management is advocated as a decision-

making framework for managing forested landscapes based on an understanding of landscape

vulnerability to future climatic change. From this understanding, the maintenance of ecosystem health

and vitality could be achieved.
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1. Introduction

Many conceptual frameworks have been developed that seek to
either assess the impacts of climate change on systems (e.g., Ford
and Smit, 2004) or to provide guidance on how to adapt
management to the consequences of climate change (e.g., Ohlson
et al., 2005; Tschakert and Olsson, 2005). Although many frame-
works have been developed, most focus on single aspects (Lindner
et al., 2002) or operate at a scale that is inconsistent with the needs
of managers (Luers, 2005). Most existing frameworks therefore
provide limited assistance to forestry decision-making, as they fail
to identify vulnerability at the scale at which direct management
actions are undertaken. Although the connection between con-
sequences and decision-making have not been fully integrated by
frameworks that provide a top-down approach, for example,
frameworks that focus on adaptation and mitigation (i.e., Ohlson
et al., 2005); they can be made effective by linking them to bottom-
up approaches (Jones, 2001). Hinckley et al. (1998) states that top-
* Corresponding author. Tel.: +1 604 822 3450; fax: +1 604 822 9106.
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down approaches have the appeal of parsimony although they are
frequently restricted by uncertainty, while bottom-up approaches
reduce this uncertainty through the examination of the driving
principles and mechanisms that affect systems. To incorporate
adaptation and mitigation strategies into long-term forest plan-
ning, an understanding of ecosystem and landscape vulnerabilities
is therefore required so that the biophysical implications of
management actions can be addressed (Duinker, 1990). This
requires a framework that can evaluate the mechanisms which
have a significant influence on our ability to manage landscapes in
a sustainable manner. Manning et al. (2004) support this. They
surmise that any assessment of climate change should seek to
identify the determinants of uncertainty along with any con-
ceptual or structural limits. Support is also provided by Turner
et al. (2003) who state the need for developing conceptual
frameworks with diverse and complex linkages that can account
for the vulnerability of coupled human–environment systems.

In the context of sustainable forest management (SFM), which
involves planning for long time horizons (100–200 years), the need
to address the potential vulnerability over time and space is critical
if current planning decisions and objectives are to be achievable
(Turner et al., 2003). Spatial and temporal assessments of
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landscape vulnerability can be used to provide and understanding
of potential ecosystem response to climatic change which in turn
will remove some of the uncertainty on how to manage these
systems. To achieve a reliable understanding we need to use meta-
frameworks, essentially frameworks that operate from the
bottom-up to provide the understanding of risk and uncertainty
which will then allow for the effective use of top-down approaches.
Turner et al. (2003) and Ohlson et al. (2005) all advocate the use of
frameworks that integrate vulnerability assessments to identify
the risks and reduce the uncertainty associated with climatic
change.

von Gadow (2001) argued that identifying risks in forest
management is difficult because both hazard probabilities and
the consequences of a hazard are driven, either directly or
indirectly, by allogenic or biogenic processes that are difficult to
predict. The complexity of social and ecological systems also
presents difficult forms of uncertainty and risk for land managers
(Borchers, 2005). This will lead to any assessment of risk still
containing a substantial degree of uncertainty, and the potential
impacts of climate change increase that uncertainty. However,
unlike other sources of uncertainty, that associated with climate
change is non-stationary (White, 2004). Oppenheimer (2005) has
argued that there is no unique system for categorising the risks
posed by climate change, although risks can be separated as
systematic or unsystematic (Figge, 2004). Risk is typically
defined as the probability and severity of adverse effects
(O’Laughlin, 2005). Haimes (1998) describes risk as having
two components; one real (consequence) and one imagined
(probability). In the context of climate change, risk has been
defined as a function of hazard and vulnerability (risk = ha-
zard � vulnerability) (Brooks et al., 2005). A hazard is defined as
the cause of an adverse effect (O’Laughlin, 2005). Vulnerability is
defined as the degree to which a system or system component is
susceptible to sustaining damage from a hazard (Turner et al.,
2003). This vulnerability-based definition of risk is supported by
the Intergovernmental Panel on Climate Change (IPCC) (1998) as
the best definition for assessing climate change as it allows for
the assessment of system vulnerabilities rather than expected
impacts. Vulnerability assessments need to be robust and
consider the hazards (perturbations or stressors) that can affect
the resilience of the system in question. Deciding what needs to
be assessed in a framework is therefore an important step that
requires the consideration of the hazards that will likely
influence our ability to achieve SFM under climatic change.
Identification of these hazards is required if risk reduction and
spreading options (i.e., adaptation and mitigation strategies) are
to be developed. The degree of risk that is identified by a
vulnerability assessment will depend on the perceptions of the
stakeholders (Weiss, 2001). For this reason, it is therefore
important to identify the vulnerability of ecosystems to climatic
change, so that stakeholders understand the potential hazards.
Such awareness requires that both current problems and new
threats are communicated in a transparent fashion (Blennow and
Sallnäs, 2005). In addition to identifying vulnerabilities, it is also
important to identify the climatic thresholds that may result in
critical, irreversible impacts on a system, as these are required to
inform adaptation strategies and actions that can be accom-
plished through the incorporation of vulnerability into planning
(Jones, 2004).

The selection of vulnerability variables generally reflects the
perceptions and values of the stakeholders, and the method used
to evaluate the variables depends on the system being assessed.
Consequently, it is not always possible to identify a method that is
suitable for all cases, resulting in many assessment frameworks
being generic rather than specific to a particular system or
management area. Hollenstein (2001) developed a framework
that integrates policy and risk analysis for use in forest planning
that has the following structure: (1) define the system; (2) select
risk variables; (3) select analysis technique; (4) calculate the risk
for each variable; (5) aggregation of risk variables; (6) select
management action. Step 5 can be excluded with management
decisions (step 6) being based on step 4 (Hollenstein, 2001). The
Unites States Environmental Protection Agency (US-EPA) has also
developed guidelines for ecological risk assessment to evaluate
the likelihood that adverse ecological effects may occur as a result
of exposure to single or multiple stressors (US-EPA, 1998). The US-
EPA (1998) defines an adverse ecological effect as an undesirable
change to the structural or functional characteristics of an
ecosystem or their components as the result of exposure to one
or more stressors. A stressor is defined as any physical, chemical,
or biological entity that can induce an adverse response (US-EPA,
1998). The US-EPA’s ecological assessment framework has three
main phases: (1) problem formulation, (2) analysis, and (3) risk
characterisation. Problem formulation integrates available infor-
mation to determine assessment endpoints and to identify the
relationship between stressors and endpoints which then
determines the analysis plan (US-EPA, 1998). The analysis phase
investigates the two primary components of risk, exposure and
effects, to determine or predict the ecological responses to
stressors under exposure conditions (US-EPA, 1998). The risk
characterisation phase is the final step where relationships
between stressors, effects, and ecological entities are clarified
and conclusions drawn about the occurrence of the exposure and
adversity of existing or anticipated effects (US-EPA, 1998). An
ecological entity is a component of an assessment endpoint that
refers to a species, group of species, an ecosystem function or
characteristic, or a specific function (US-EPA, 1998). An assess-
ment endpoint is an explicit value that is to be protected or
maintained (US-EPA, 1998). The frameworks developed by
Hollenstein and the US-EPA are congruent with each other with
many of Hollenstein’s steps providing a means to meet the
objectives require to conduct each phase of the US-EPA’s
ecological risk assessment.

In this study, the phases and steps of the US-EPA and
Hollenstein frameworks were used to develop a framework that
could be utilised to integrate climate change into SFM planning,
through a assessment of stressors and ecological entities, to
characterise landscape vulnerability in order to develop a
decision-making process from which management decisions that
can be made to achieve the assessment endpoint under the
uncertainty of predicted climate change. The framework was then
tested on a 145,000 ha landscape in South-Central British
Columbia, Canada. The results of the vulnerability assessment
were used to develop a decision-making framework for reducing
the vulnerability and consequent risk of the tested landscape to
climate change.

The phases and steps used in the vulnerability assessment are
as follows:
� P
hase 1. Problem formulation (methods)
� Step 1. Definition of the system
� Step 2. Selection of assessment variables
� Step 3. Development of a conceptual model
� Step 4. Selection of an analysis technique

� P
hase 2. Vulnerability analysis (results)
� Step 5. Calculating the vulnerability of stressor/response

variables
� Step 6. Development of management framework

� P
hase 3. Characterisation of vulnerability (discussion and

conclusion)
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2. Problem formulation: methods

2.1. Step 1. Definition of the system

The system evaluated in this study was Tolko Industries Ltd.’s
(Tolko) Tree Farm License (TFL) 49 near Kelowna, British Columbia,
Canada (508200N, 1198550W) (Fig. 1). The TFL 49 has an area of ca.
145,000 ha and is managed under an ecological stewardship plan
(Riverside Forest Products Ltd., 2004). The implementation of this
plan involves the allocation of the landscape through triad zoning,
with the dual objectives of maintaining timber supply and
conserving biodiversity. Three zones with fundamentally different
management objectives were identified: a production (intensive)
zone, an extensive (multiple use) zone and an ecological (reserves)
zone (Seymour and Hunter, 1992). The objective of this triad
approach is to produce a landscape design and management
system that will conserve biodiversity and provide for other
societal demands (Seymour and Hunter, 1999; Sample, 2005). The
first step in the implementation of the triad system is an
acceptance by forest managers that some of the landscape be
set aside as reserves to ensure biodiversity conservation (Seymour
and Hunter, 1999). This requires that representative samples of all
ecosystems and areas containing key habitat elements and
functions being delineated into reserves (Norton, 1998; Linden-
mayer and Franklin, 2002). The second step is to assess the
potential of the unreserved landscape for commodity production.
Where timber demands are low, extensive/ecological forestry can
be practiced; however, where timber demands are high, portions of
the land should be managed under production/intensive silvicul-
ture to offset reserved land (Seymour and Hunter, 1999).
Management in the extensive zone should be aimed at providing
habitat elements at smaller spatial scales, buffering reserve zones
and maintaining connectivity throughout the landscape (Franklin,
1993). Studies into use of the triad approach across North America
have resulted in the proposed partitioning of a landscape into
equal areas of reserve zone and intensive zone; however, the
proposed amount of the landscape to be occupied by each zone
varied between 10 and 25%, leaving 50–80% of the proposed
landscapes to be placed into the extensive zone (Nitschke and
Innes, 2005).

The landscape contains five forested ecosystems, classified as
biogeoclimatic (BEC) zones (Meidinger and Pojar, 1991): the
ponderosa pine (PP) zone, interior Douglas-fir (IDF) zone, Montane
Fig. 1. Tree Farm License 49 landscape in the North
spruce (MS) zone, Engelmann spruce-Subalpine fir (ESSF) zone and
the interior Cedar hemlock (ICH) zone. Analysis of Tolko’s TFL 49
GIS database using ArcGIS 9.0 (Environmental Systems Research
Institute (ESRI) 2004) identified that 13 tree species also occur in
the landscape. Bunnell et al. (1999) suggested that 193 vertebrate
species potentially occur in the landscape.

2.2. Step 2. Selection of assessment variables

Selecting variables for an assessment framework requires the
incorporation of the values and risks of relevant stakeholders,
while recognising that the perceptions of risk will most vary across
social groups (Weiss, 2001). Choosing variables is thus a value-
laden process. Consequently, the selection of variables usually
reflects the values of the main stakeholders, in this case forest
managers working in conjunction with community consultation
and participation.

Forest fire, mountain pine beetle (Dendroctonus ponderosae)
outbreaks, drought, loss of ecosystem resilience and loss of current
biological diversity have all been identified by Tolko (Riverside
Forest Products Ltd., 2004) as threats to achieving SFM on the TFL
49 landscape. This is consistent with the British Columbia Ministry
of Forests and Range (MOFR) (2006), which has identified the loss
of ecosystem resilience due to climate change as a major threat and
that climate-induced changes in natural disturbance regimes, in
particular fire and insect and pathogen epidemics, are likely to
have major impacts on ecosystem resilience and biological
conservation. The threats identified by the stakeholders in this
study impact upon many criteria used to determine SFM but are
directly relevant to the criterion identified by The Montréal Process
(Montréal Process Technical Advisory Committee, 2003): the
maintenance of forest ecosystem health and vitality. This criterion
was selected as the assessment endpoint due to its relevance to
SFM in relation and relationship with the threats identified by
stakeholders. The metric(s) used to assess the endpoint may vary
from region to region and over time. For example, Hickey and
Nitschke (2007) identified 123 potential indicators being used for
this criterion across the Pacific Rim region. Gough et al. (2008)
found that public expectation of forest management is always
evolving and as a result new indicators are constantly being
proposed. In this study, the most relevant metrics to be used are:
(1) a measure of the area and percent of forest land with
diminished biological components indicative of changes in
Okanagan region of British Columbia, Canada.
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fundamental ecological processes and/or ecological continuity; (2)
area and percent of forest affected by processes or agents beyond
the range of historic variation; (3) the success of forest regenera-
tion following disturbance. These indicators provide measures of
the status of fundamental ecological processes that underpin the
maintenance of ecosystem health and vitality (Canadian Council of
Forest Ministers, 2003; The State of Victoria, 2005).

2.3. Step 3. Development of a conceptual model

Having defined the system and identified the framework
variables, we can create a conceptual model that describes the key
relationships between stressors and the assessment endpoint (US-
EPA, 1998). This model allows for the integration of multiple
stressors to represent landscape vulnerability to climate change
with the forest management objective of maintaining forest
ecosystem health and vitality as an assessment endpoint (Fig. 2).
Fig. 2. Conceptual model for assessing landscape vulnerability to climate change in So

exposed to stressors; dashed lines indicate where effects influence assessment endpoint

landscape vulnerability to predicted climate change and measures of ecosystem health
The model provides a simple method for illustrating the relation-
ship between the source, stressors, ecological entities, and
endpoints into the context of decision-making for forest managers.
The source in this model refers to the place where the stressors
originate from (US-EPA, 1998). This makes it a simple and flexible
decision-support framework, as recommended by Ohlson et al.
(2005). The proposed framework combines vulnerability assess-
ments of the following ecological entities: natural disturbances,
floral and faunal species and species habitat. The framework does
not contain an explicit temporal component, as vulnerability
assessments require the evaluation of both current and future
vulnerabilities in a system. The framework elements need to be
examined in combination to provide decision support on the
allocation of a landscape into management zones and how to
manage within these zones. The goals and objectives of forest
managers will vary from landscape to landscape, as will the
stressors; however, conceptualising where the vulnerabilities and
uth-Central British Columbia. Dotted lines indicate pathways were receptors are

. Arrow to stakeholder input illustrates the link between stakeholder perceptions of

and vitality.
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management objectives meet can provide the starting point for
selecting a technique for conducting an integrated assessment.

2.4. Step 4. Selection of an analysis technique

Planning over the time-scales relevant to SFM requires the use
of decision support systems (DSS) that can examine the behaviour
of a system under alternative scenarios and management
decisions. Modelling is being increasingly used to do this (e.g.,
Messier et al., 2003). Modelling is one technique that can be used to
conduct an ecological response analysis in order to assess the
potential impact of stressors on an endpoint (US-EPA, 1998).

SFM planning requires a methodology that offers a trade-off
between complexity and precision, such as the meta-model
concept (Messier et al., 2003). Meta-modelling incorporates the
strengths of many smaller models into a framework where the
outputs of one model become the inputs of another (Luxmoore
et al., 2002). By using the meta-model approach the issue of
Fig. 3. Meta-model framework for analysing landscape vulnerability. Data inputs are pres

Solid lines indicate data used within a model or analysis, while dashed lines illustrate

summarises the specific results of the landscape vulnerability analysis.
decreased precision and predictability commonly faced by
complex, high-resolution models is avoided (Costanza and Voinov,
2004). The methodology permits the integration of climate change
into forest planning (see Fig. 3) by allowing for an integrated
assessment of multiple variables under multiple scenarios of
climatic change. Each modelled component can be evaluated
separately and then functionally coupled in a refined hierarchy
with all components (Muzy et al., 2005). This approach enabled the
integration of the multiple determinants driving the system.

The meta-model framework used in this study (Fig. 3)
integrated multiple models to assess the impact of climatic change
on the identified variables. The models used were:
1. A
ent

da
rcGIS 9.0 (ESRI, 2004): a geographic information system used
to integrate the results of each modelling component/analysis
into the same spatial information system. ArcGIS 9.0 was used to
overlay raster coverages from the analysis of each risk variable,
each raster coverage had a resolution of 50 � 50 m (0.25 ha).
ed in light grey boxes, models in dark grey boxes and data outputs in white boxes.

ta outputs (non-bolded) and results (bolded) from a particular model. Table 2



Table 1
Average predicted annual climate change for the North Okanagan, BC, Canada (ensemble predictions from three GCM models)

Climate period Minimum

temperature (8C)

Mean

temperature (8C)

Maximum

temperature (8C)

Precipitation

(%)

Relative

humidity (%)

Wind

velocity (%)

2010–2039 1.1 1.1 1.2 2.9 �0.98 0.4

2040–2069 2.2 2.4 2.7 �1.8 �1.96 �1.4

2070–2100 3.8 4.0 4.3 1.7 �2.75 �3.6
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Re
rometheus (CWFGM Steering Committee, 2003): a landscape-
level fire growth model used to assess fire growth and spread in
relation to fuel type, topography and weather.
3. C
anadian Forest Service Mountain Pine Beetle Risk Rating
System (CFS MPB RRS) (Shore and Safranyik, 1992).
4. T
ree and Climate Assessment Model (TACA): an individual tree
response model, developed for evaluating the vulnerability of
tree species to climatic change in their fundamental regenera-
tion niche (Nitschke and Innes, 2008a).
5. E
ighty-one habitat suitability models developed from empirical
studies and expert opinion (see Nitschke, 2006 for further detail).
ble 2
essor/response profiles from the ecological response analysis of the TFL 49 landscap

riables Response and vulnerability to predicted climate

e season length 27% increase by 2085 in the Spring 2%

e season severity 40% increase by 2085 in the Spring** 95

e behaviour Increase in fire behaviour in all ecosystems by 2

an fire size Increase in mean fire size by 2025*; by 2055 an

ximum fire size Average maximum fire size increased from 7961

climate period

e size frequency distribution Shift in distribution with fires <1000 ha in size

fires in the 5000 and 10,000 ha fire size classes

e frequency A shift from the current 34% of the landscape e

e refugia Reduction in fire refugia area from 41 to 1.9% o

e ignition Proportion of landscape in each lightning fire ig

e species resilience 76.7% of the landscape area has at least one tree

five species at high risk (>30 to <70% contractio

range at lower elevations). Ponderosa pine (Pinu

(Thuja plicata) had their regeneration niche exp

contorta var. latifolia) was rated at high risk; its r

grand fir (Abies grandis) and western white pin

ecosystems

physical and phenological Increases in heat stress, soil water deficits (droug

of chilling weeks

system 38.7% of the area is occupied by highly vulnera

silience PP zone may become a Bunchgrass zone or savan

sp. (Juniperus sp.) by 2085. IDF zone may become

IDF and ICH zones; it is proposed that the ICH co

classified at medium to high risk. Species requiri

requiring mid to late successional habitat in the

predicted increase in fire frequency and severity

alter ecosystem function over time. The current

communities; it is proposed that this zone could

abundant early to mid successional species. The

dominated by western redcedar and grand fir. Pi

white pine, Douglas-fir, western larch (Larix occ

current ESSF zone may become an Interior Ced

genic 43.2% of the TFL 49 landscape is at some degree o

By 2085 vulnerability could increase to 51.5% i

nal species vulnerability 70% of species were classified at medium to high

highest risk. Species requiring mid to late succes

are at risk due to the predicted increase in fire

indirectly reduce habitat and alter ecosystem fu

sults used to determine landscape vulnerability to climate change in order to evalua
6. C
e
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xpe
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be
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te
anadian Forest Fire Danger Rating System (CFFDRS) (Van
Wagner, 1987).
7. C
anadian Forest Fire Behaviour Prediction (FBP) System (Hirsch,
1996); the latter two models were used to evaluate fire season
severity, length, and fire behaviour (Nitschke and Innes, 2008b).

The framework additionally incorporates weather station data
and Global Climate Change Model (GCM) predictions. Nitschke and
Innes (2008b) provide a detailed description on the generation of
multiple climate scenarios utilised in this study to represent the
variability in observed climate and predicted future climate. A brief
ange within the study area

rease by 2085 in the summer 1% increase by 2085 in the autumn

crease by 2085 in the summer** 30% increase by 2085 in the autumn**

(PP, IDF, ESSF)+, (MS, ICH)*. Increase in intermittent to full crown fire behaviour

085**. Overall, mean fire size increased from 641 to 1861 ha by 2085

9,076 ha by 2085. Largest fire size modelled increased was 35,390 ha in the 2055

urring less frequently and fires >1000 ha occur more often by 2085. Increase in

d the presence of fires in the 20,000 and 50,000 ha size classes

riencing frequent fires every 50 years or less to 93% of the landscape by 2085

e landscape by 2085

ion risk category: low (6%); medium (28%), high (48%); very high (18%)

cies at risk. Five species classified as at extreme risk (>90% contraction in range),

range), three species classified as at low risk (net expansion but contraction of

onderosa), Douglas-fir (Pseudotsuga menziesii var. glauca) and western redcedar

d to higher elevations but reduced at lower elevations. Lodgepole pine (Pinus

e was predicted to contract by 58.3%. Landscape became climatically suitable for

Pinus monticola). Both species are major components in Northern Washington

stress), and growing season frosts. Reductions in bud burst date and the number

ecosystems

/woodland ecosystem dominated by sagebrush sp. (Artemisia sp.) and/or juniper

new PP zone by 2085. ICH zone will likely resemble an integration of the current

become the Interior Cedar–Douglas-fir (ICDF) zone by 2085. 70% of species were

ate-successional habitat in the ESSF and MS zones are at the highest risk. Species

IDF and ICH zones are at medium to high risk. These species are at risk due to the

loss of ecosystem resilience which will directly and indirectly reduce habitat and

zone could shift to a new stable state that may be comprised of multiple stable

come an Interior Mixed Conifer (IMC) zone, with ponderosa pine being the most

SF zone, in the absence of fire, could develop into a mixed cedar/true fir forest

er stands could be dominated either by ponderosa pine, lodgepole pine, western

ntalis) or trembling aspen (Populus tremuloides), or mixtures of all species. The

rand Fir (ICGF) zone by 2085 and beyond

k from the current to mountain pine beetle (Dendroctonus ponderosae) epidemic.

dgepole pine is maintained

k. Species requiring late-successional habitat in the ESSF and MS zones are at the

al habitat in the PP, IDF and ICH zones are at medium to high risk. These species

quency and severity and loss of ecosystem resilience which will directly and

tion over time

assessment endpoint. Levels of significance: (+) 0.10, (*) 0.05, (**) 0.01.
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description is provided; readers should however refer to Nitschke
and Innes (2008b) for further explanation. The climate change
scenarios were produced by the Canadian Global Circulation Model
I (CGCM1-gax), Canadian Global Circulation Model II (CGCM2-
A2x), and the Hadley Centre Global Circulation Model III (HadCM3-
A2x) global circulation models. For a description of the Canadian
models see Flato et al. (2000) and for the Hadley model see Johns
et al. (2003). Climate change outputs were obtained from the
Canadian Institute for Climate Studies, Canadian Climate Impacts
and Scenarios Project (2005). For each GCM, the relevant grid point
immediately above the study region was utilised for the output
periods 2025 (2010–2039), 2055 (2040–2069), and 2085 (2070–
2100). The average annual predicted changes for the region, based
on an ensemble of the GCM models, are provided in Table 1.

The meta-model methodology provides direction and bound-
aries from which current and future management decisions can be
evaluated. The use of spatially explicit models in the framework
also provides a method for studying the ecological processes in the
research area, from local to landscape scales, with a link to the
global scale that climate change occurs at. The approach provides a
methodology to assess ecosystem change in response to climatic
change (Beissinger and Westphal, 1998). Multiple scenarios of
climate change were incorporated to test the range of potential
behaviour of natural disturbances and ecosystem response,
enabling problems with increased uncertainty, interdependence
and complexity to be addressed (Schoemaker, 1993). A multiple
scenario approach, used in conjunction with the DSS, allowed the
boundaries of landscape and ecosystem vulnerability under
uncertain future conditions to be defined.

3. Vulnerability analysis: results

3.1. Step 5. Calculating the vulnerability of stressor/response variables

The detailed results of the ecological response analysis used to
assess landscape vulnerability are summarised in Table 2. Overall,
the results suggest that 93% of the landscape is predicted to be at
risk from a longer, more severe, fire season and 51.5% from future
mountain pine beetle epidemics. 39% of the landscape is occupied
by ecosystems at high risk to climatic change with 77% of the
landscape having at least one tree species at risk. An increase in
drought stress in every ecosystem is also expected. In addition, 70%
of the modelled vertebrate species can be considered to be at
medium to high risk to climate change as a result of an increase in
fire frequency and severity and a loss of key tree species within
certain ecosystems. The results outline the diversity of vulner-
abilities and risks that the TFL 49 landscape may face if climate
change occurs within the exposure profile utilised in this study.
Table 3 presents the climatic thresholds that resulted in a change in
fire regime and a loss of ecological resilience. Ecological resilience
refers to the magnitude of disturbance that can be absorbed before
the system is restructured with different controlling variables and
Table 3
Climatic thresholds for TFL 49 landscape’s fire regime and ecosystems

Fire regime Mean Ta (8C) Max Ta (8C) Min T

2010–2039 +1.3 +1.5 +1.2

Ecosystems

2010–2039 1.3 1.2 1.4

2040–2069 2.5 2.7 2.4

2070–2100 4.2 4.3 4.0

Exceeding these thresholds resulted in statistically significant change in fire behaviour an

climatic change that will increase the vulnerability of a landscape and precipitate chan
a Min T, minimum temperature; mean T, mean temperature; Max T, maximum temp
processes (Gunderson et al., 2002). These thresholds could be
adopted in a monitoring program to enable the identification of
climatic conditions that increase the risk of larger more severe fires
and that will decrease the ability of tree species to regenerate
within certain ecosystems and on sites with xeric edaphic
conditions (Nitschke, 2006; Nitschke and Innes, 2008a).

3.2. Step 6. Development of management framework

The ecological response analysis allows for an understanding of
landscape vulnerability to be developed. This understanding can
be conceptualised into a decision-making framework where
primary and secondary stressors can be linked to management
actions that can be used to reduce system vulnerability. The
stressor–response profile of this analysis highlighted the vulner-
ability of the landscape to potential changes in fire-driven natural
disturbance events and to the contraction and expansion loss of
key tree species that characterise the dominant ecosystems within
the landscape and provide habitat for the majority of faunal species
assessed. Based on this analysis two decision-making frameworks
were developed. The degree of vulnerability to natural disturbance,
in combination with the degree of ecosystem resilience, was used
to determine a range of management actions that could be used
reduce the risk of future disturbances and foster resilience; a
‘‘climate-smart’’ management framework is presented in Fig. 4.

The second framework was developed to determine the spatial
delineation of the TFL 49 landscape into triad management zones
based on the vulnerability assessment. The demarcation of the
landscape was determined by the identification of areas that
should be prioritized for biodiversity and that contain ecosystem
elements regarded as essential for the conservation of species and
the maintenance of ecosystem resilience under climatic change
(Noss, 2001; Lindenmayer and Franklin, 2002). Areas identified as
potential fire refugia under climate change are an example of an
essential element. This should always the first step in achieving
sustainable management (Poore, 2003). A spatial decision-making
process based on knowledge, understanding and prediction was
thereby created. The spatial application of the species analysis and
the fire and ecosystem vulnerability analysis to climate change was
used to allocate the TFL 49 landscape into triad zones. A decision
tree used for selecting management zones is presented in Fig. 5.
Using the information gained from the various analyses, 17% of the
landscape was placed in a reserve zone (inclusive of the identified
lake zone), 49% in the extensive zone (also referred to as the
landscape matrix) and 34% in an intensive management zone
(Fig. 6).

The final step in this assessment of landscape vulnerability
involves the characterisation of vulnerability in order to clarify
relationships between stressors, effects, and ecological entities and
draw conclusions drawn about the occurrence of the climate
change and how to deal with the existing or anticipated effects
through forest management.
a (8C) Precipa (%) RH (%) WinSpda (m/s)

+2.1 �8 +0.6

+3 �6 Unknown

�2 �7 Unknown

+2 �9 Unknown

d loss of one or more species from an ecosystem. Thresholds represent the degree of

ge in fire regimes and loss of ecological resilience.

erature; RH, relative humidity; precip, precipitation; WinSpd, wind speed.



Fig. 4. Decision framework for climate-smart management. Example framework illustrates decision-making points and potential actions to combat changes in severity and

frequency of wild fires and loss/maintenance of ecosystem resilience as a result of climate change at the stand- and landscape-level.

Fig. 5. Decision tree for selecting priority areas within a landscape for triad zone

delineation. Under the context of climate change, ‘‘refugia’’ are areas identified to be

at lowest risk to future forest fires while ‘‘key ecosystem elements’’ incorporate rare

and vulnerable species/ecosystems.
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4. Characterising vulnerability: discussion

A complex relationship exists between climate change,
disturbance, forest management, ecosystem resilience and biodi-
versity conservation (Nitschke and Innes, 2006). This relationship
is characterised by both positive and negative feedback loops that
affect the ability of a system to recover from disturbance
(Gunderson et al., 2002). The effects of climate-driven disturbances
influence forest management actions and affect ecosystem
resilience. Forest management activities also affect ecosystem
resilience. The response of an ecosystem after disturbance will
determine if an ecosystem will return to its former state or shift to
a new stable state (Gunderson and Holling, 2001). The main-
tenance or loss of ecosystem resilience will shape the structure of
ecosystems and the loss or change in ecosystem composition and/
or key habitat structures will then influence faunal species. The
loss of ecosystem resilience and structure will also affect the ability
of the landscape to provide the same resources that society



Fig. 6. Triad zone allocation of the TFL 49 landscape based on species analysis and

climate change vulnerability assessment: 16% of the landscape was demarcated as a

reserve zone, 1% as a lake zone, 49% as a extensive zone, and 34% as an intensive

management zone. .
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demands today. Understanding the broad pattern of causality can
help identify the key pathways or feedback loops that need to be
managed. In this assessment an increase in fire weather severity
and drought conditions resulted in an increase in potential area
burned and also pointed to a potential increase in fire frequency.
The assessment also identified that current tree species will
respond individually with some species having their future ranges
contracting by greater than 90% while other species have their
regeneration niche expand to higher elevation areas while
suffering a range contraction in lower elevation areas. The
combination of an increase in fire severity and frequency along
with a decline in regeneration potential for many species increases
the potential change in ecosystem composition and structure
which in turn threatens faunal species that rely on these ecological
entities for survival. Management actions that promote ecosystem
resilience and reduce the risk of natural disturbances will therefore
be important for the conservation of species and biodiversity and
thus the achievement of sustainable forest management. The
management of a landscape will require a myriad of different
management actions that suit the degree of risk and the objectives
of the management zone. For managers to reduce the risks
associated with climate change, direct and definitive actions will
need to be implemented that reduce risk and promote resilience.
The climate-smart management framework presented in Fig. 4 is
proposed here as a decision-making tool that can be used to
conduct management actions that can maintain ecosystem health
and vitality under climate change and thus aid in the achievement
of sustainable management.
4.1. Climate-smart management framework

The climate-smart management framework is rooted in the use
of existing forest management practices to reduce the risk from the
impacts of natural and anthropogenic disturbances and to promote
or maintain ecological resilience under climate change. The
proposed framework is founded on the understanding and
assessment of landscape vulnerability to climatic change in this
study. The framework requires the identification of potential
changes to disturbance regimes and ecosystem resilience/resis-
tance to climatic change.

The initial step of climate-smart management is the identifica-
tion of management objectives. In this study the maintenance of
ecosystem health and vitality was selected as the key objective to
assess landscape vulnerability. The division of a landscape into
different management zones typically leads to the development of
different management objectives for separate areas of a landscape.
For example, the triad zoning system specifies three different types
of management, each having its own range of possible manage-
ment actions (Nitschke and Innes, 2005). The distribution of
multiple stressors and the variation of ecosystem resilience
measured across the landscape in this study means that a blend
of management strategies will be required across all management
zones, necessitating a spatial and temporal understanding of
system vulnerability in order to incorporate landscape vulner-
ability into forest management. The vulnerability analysis con-
ducted in this study was used in the demarcation of triad
management zones; however, on landscapes where management
zones are already demarcated the analysis could be used to assist
managers in changing the objectives of each established manage-
ment zone which will then allow for the framework to be utilised.

The second step in the climate-smart decision-making process
is the identification of the vulnerability of disturbance regimes to
climate change. In this study, we found that 93% of the landscape is
at risk to fires every 50 years or less, an increase from 34% at the
present. This suggests that nearly 60% of the landscape is
vulnerable to a climate change-driven shift in fire regime. This
understanding of potential fire risk can be used to classify the areas
within a landscape based on future disturbance risk. In the
developed framework, high and low risks were used, but any
number of categories can be used based on the system and
management objectives. After the classification of disturbance risk,
the third step involves the demarcation of management actions
based on the degree of species and ecosystem resilience to climate
change. In this study, ponderosa pine was found to be vulnerable to
climate change in the ponderosa pine ecosystem but resilient
across the remainder of the landscape (see Table 2). Ponderosa
pine, and the ecosystem it currently dominates, could therefore be
considered to have low resilience to predicted climate change
while at higher elevations this species exhibited high resilience. In
locations where resilience is low, management actions will likely
need to be more intensive and complex than where resilience is
high. The management actions that influence resilience also need
to be tied back to disturbance since disturbance processes act as a
secondary stressor on ecological resilience (Nitschke and Innes,
2006). In the developed framework, high and low risks were used
but any number of categories can be used based on the complexity
of species and ecosystem response.

4.2. Forest management and climate change

The partitioning of a landscape into different management
zones can be an important first step towards SFM, but the
allocation process alone will not guarantee sustainability. The
overwhelming degree of vulnerability measured for the TFL 49



Fig. 7. Distribution of mountain pine beetle and lightning ignition risk across the three triad zones [mountain pine beetle risk (left), lightning ignition risk (right)].
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landscape illustrates this point. Due to the high degree of
landscape vulnerability, a trade-off exists between avoiding risk
and maximising a value, this is demonstrated by the distribution of
mountain pine beetle and lightning ignition risk across the three
triad zones used in this study (Fig. 7). The reserve and extensive
zones contain areas of high biodiversity but also high risk to these
two elements that will require active management. The intensive
zone will, by definition, be actively managed. However, manage-
ment actions that solely reduce the risk over the rotation period
without improving stand yield may be required. The risk of
removing ecosystem resilience will likely be higher where
intensive short-rotation forest management is practised, as will
the ability to adapt the species composition in these areas to fit
future climatic conditions. These results demonstrate the over-
whelming degree of risk faced by the TFL 49 forest managers to
climatic change, and they also outline the need for flexible and
proactive forest management actions that can help reduce this risk.
Managers who choose not to incorporate this understanding of
system vulnerability will be making decisions over time that are
increasingly weighted with risk and thus more likely to be
negatively impacted by climatic change. Incorporating this
understanding into management is therefore a logical step in
reducing the risks associated with climatic change.

Flexible management actions that reduce the risk to ecosystems
and species are necessary if sustainable forest management is to be
achieved. If the initial allocation process is to conserve the current
distribution of biodiversity and resource supply, adaptive manage-
ment must be implemented at the same time as the allocation
process. Under the uncertainty associated with climate change, the
pro posed management framework provides a flexible system that
incorporates an understanding of system vulnerabilities, in turn
allowing risk to be reduced. This creates a feedback loop between
proactive risk management and sustainable forest management
that gradually adapts the landscape and management system to
climatic change as our understanding and knowledge of predicted
impacts increase over time. The predicted vulnerabilities observed
in this study provide an initial assessment of landscape vulner-
ability; this understanding might be used to inform management
decisions and actions. Management actions based on this under-
standing can be designed to be both robust to uncertainties yet
reversible (Carpenter et al., 2001).

4.3. Climate-smart management actions

The appropriate management actions will depend on the stage
of stand development, the potential disturbance frequency and
severity and the degree of ecological resilience. The timing of
management actions will also depend on the climatic conditions.
For example, fire weather severity will influence when fuel-
reduction burning can take place. In this study, the fire season
length was predicted to increase by 27% in the spring but remain
relatively unchanged in both summer and autumn. Fire severity
was also found to increase in all seasons but less so in autumn. This
could shift fuel-reduction burning from spring to autumn. The
timing of budburst also needs to be considered when applying
treatments such as thinning or prescribed burning. Trees are highly
susceptible to disturbances in the week immediately prior to and
following budburst and the week preceding leaf-fall or dormancy
(Kramer, 1996). The increase in fire season length and severity
along with early budburst dates could result in a smaller window
in the early spring or late autumn for conducting these treatments.
The use of a particular management action does not pertain to a
single risk factor, as multiple factors can be achieved through the
same management action. The following section will discuss the
role of select management actions in the climate-smart frame-
work.

4.3.1. Regeneration: natural or artificial; single or mixed species?

Following a disturbance (natural or anthropogenic), the option
exists to allow natural regeneration or to plant seedlings. The use
of artificial planting often involves the establishment of single-
species stands that are then augmented by natural regeneration
from adjacent stands. In highly resilient systems, the use of either
natural regeneration or planting will enable the ecosystem to
follow a successional pathway toward one of many possible states
(Gunderson et al., 2002). In ecosystems with low resilience to
climatic change, the use of natural regeneration alone may not
guarantee that the ecosystem will develop along a traditional
pathway, as a new stable state may develop. In this study, 10 of 13
species were found to be highly vulnerable to climate change
within their regeneration niche. This vulnerability places many of
the current ecosystems at risk and highlights the risk associated
with relying solely on natural regeneration for maintaining
ecosystem health and vitality. The utilisation of mixed-species
planting will diversify the risk ecosystems face and will lessen the
risks posed by disturbance and biodiversity loss (Gitay et al., 2002;
Whitehead et al., 2004). Conversely, the planting of mono-specific
stands will increase the risk to biodiversity and resource values in
systems with low resilience (Noss, 2001). Artificial regeneration
can also be used to facilitate the persistence of species and
ecosystems through ‘‘human-assisted migration’’. This may
become an important management strategy to deal with increased
drought risk (Hogg and Bernier, 2005). All trees assessed in the
study were predicted to contract from lower elevations as a result
of increased drought. Particular care is needed to ensure that short-
term incentives to achieve prescriptive regeneration objectives do
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not result in future forests with low resilience. For example, the
continual planting of pure lodgepole pine stands across the
majority of the studied landscape will facilitate larger- more severe
fires and future mountain pine beetle infestations within forest
types that are rated as highly vulnerable to climate change (58.3%
contraction in area available for regeneration).

4.3.2. Thinning and pruning

Thinning can lessen the risk posed by multiple disturbances.
Three types of thinning have been recommended for climate-
smart management, namely pre-commercial, commercial and
fuel-reduction thinning. Pre-commercial thinning is generally
utilised in young stands to reduce stand density in order to
optimise the growth of the remaining trees (Smith et al., 1996).
Commercial thinning, also referred to as thinning from below,
involves removing less vigorous trees and some dominant and co-
dominant individuals to reduce competition (and thereby water
stress) and to accelerate the growth of the residual trees. It is
undertaken during the stem exclusion and early understorey re-
initiation phases (Smith et al., 1996). Fuel-reduction thinning
involves the removal of surface and ladder fuels from forest stands
to reduce the risk of fire ignition and spread (Raymond and
Peterson, 2005).

Fuel-reduction thinning is a part of fire-smart management for
reducing forest fuel loads (Hirsh et al., 2001), and the removal of
canopy fuels reduces the potential for crown fires (Raymond and
Peterson, 2005). Thinning is also recommended in late-succes-
sional stands to decrease fire risk by reducing ladder and surface
fuels (Spies et al., 2006). Pruning can also reduce ladder fuels
within stands, if required. The reduction of both ladder and surface
fuels is required for fire risk and mortality to be reduced (Raymond
and Peterson, 2005). The predicted increase in fire severity, size
and frequency under current fuel conditions highlight the need to
undertake fuel-reduction activities that both fire-smart and
climate-smart the landscape to protect vulnerable species and
ecosystems in order to maintain ecosystem health and vitality.

Pre-commercial thinning and pruning have also been found to
be effective in reducing the susceptibility of stands to Dothistroma
needle blight (Dothistroma septosporum) outbreaks (van der Pas
et al., 1984). Dothistroma outbreaks in British Columbia have been
linked to changes in climate and can cause extensive mortality in
young lodgepole pine (Pinus contorta var. latifolia) stands (<20
years old) (Woods et al., 2005). Dothistroma affects over 60 species
of pines (Pinus sp.) worldwide, including lodgepole pine, ponder-
osa pine (Pinus ponderosa) and whitebark pine (Pinus albicaulis)
(Bradshaw, 2004), all of which are found in the TFL 49 study area.

Climatic change has been identified as a major driving factor in
past and current mountain pine beetle epidemics (Allen and
Breshears, 1998; Carroll et al., 2004). Commercial thinning to
reduce stand density can reduce mortality in pine stands during
such epidemics and can also prevent incipient infestations through
the alteration of microclimatic conditions (Whitehead et al., 2004).
Thinning from below reduces competition for site resources,
increasing the growth and vigour of the remaining trees. This
reduces the susceptibility of the residual pine to successful pine
beetle attack by stimulating trees’ resin defence systems (Sartwell
and Dolph, 1976; Mitchell et al., 1983; Speight and Wainhouse,
1989; Whitehead et al., 2004). Reduced competition also lowers
the vulnerability of trees, particularly understorey seedlings, to
drought (Man and Lieffers, 1999). Droughts can lead to the loss of
forest cover and alter forest succession and can also cause both
direct mortality and an increase in mortality caused by bark
beetles and fire (Allen and Breshears, 1998; Hogg and Bernier,
2005). An increase in drought stress was modelled in this
assessment.
4.3.3. Fuel-reduction fires and fire suppression

Fuel-reduction fires (prescribed burning) can be used in
conjunction with thinning to decrease the potential of crown fires
and to reduce surface fire intensity (Raymond and Peterson, 2005).
If under-burning is not utilised after fuel-reduction thinning, then
both surface and ladder fuels will need to be mechanically
removed to reduce the fine-fuel loads generated by the thinning.
Mortality is greatest in stands that are thinned but not under-
burned, with stands that are thinned and then burned incurring
significantly less mortality after wildfire (Raymond and Peterson,
2005). Fuel-reduction fires are also a recommended action in the
fire-smart management paradigm (Hirsch et al., 2001).

In ecosystems with high resilience to climate change, fuel-
reduction fires can be applied after thinning to reduce the
potential spread and severity of wildfires. In ecosystems with low
resilience, burning is only suitable for stands dominated by fire-
tolerant species (for example, the Douglas-fir and ponderosa pine
dominated ecosystems). In stands dominated by fire-intolerant
species, fire is best avoided. In areas of low resilience and fire
intolerance, mechanical removal of fuels followed by fire
suppression may be the most suitable option (for example, in
the spruce dominated ecosystems). Thinning without fuel
removal could be counter-productive, increasing the risk of
fire-mortality due to a likely increase in fire intensity and severity.
Fuel reduction burns should be used as frequently as required,
with a reduction on forest fuels helping fire suppression.
Increased fire severity and size were predicted to occur in the
study area as a consequence of climatic change. An increase in fire
severity and size will result in an increase in the costs and reduce
our ability to suppress fires unless fuel loads are reduced (Arno
and Fiedler, 2005). The continual reduction in forest fuels will
reduce the risk of large, uncontrollable fires and increase the
ability of forest managers to suppress fires in ecosystems of low
resilience. An investment in fuel reduction will benefit both
biodiversity and forest resources and will be a key requirement in
maintaining ecosystem resilience under climatic change. For fuel
reduction activities to benefit all levels of biodiversity, key habitat
elements, such as snags and coarse woody debris, will need to be
maintained at the stand- and landscape-levels in quantities that
will conserve species dependent on these structures. Seventy
percent of the species assessed in this study were determined to
be at medium to high risk with species requiring key habitat
elements associated with late-successional spruce-fir forests to
have the highest vulnerability. The use of fuel reduction burns
may also be required to maintain species that require early seral
habitat.

4.3.4. Enrichment planting

Enrichment planting involves the planting of seedlings within a
forest where natural regeneration is poor or non-existent
(d’Oliveir, 2000). It has been used successfully to establish desired
timber and non-timber species in combination with shelterwood,
nurse-tree, and selective harvesting systems (Ashton et al., 1997;
Lozada et al., 2003). Enrichment planting has also been success-
fully used after single and group-tree selection harvesting in the
temperate rimu (Dacrydium cupressinum) forests of New Zealand
(Jamesa and Norton, 2002). It may become a requirement in forest
reserves and after fuel-reduction treatments or selective harvest-
ing in vulnerable ecosystems where natural regeneration con-
tinually fails under climate change. In this study, the spruce-
dominated ecosystems were all assessed to be extremely vulner-
able in their regeneration niche to climate change. In these
ecosystems, enrichment planting of seedlings may be required to
maintain a younger cohort of trees that can gradually replace the
loss of mature individuals.
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Silvicultural systems that promote large openings will have a
significantly different microclimate than systems that maintain an
intact canopy (Noss, 2001), with an increasing size of canopy
opening proportionally increasing the light levels and tempera-
tures and decreasing humidity (Mason, 1996). Forests that provide
higher humidity, cooler temperatures and wetter edaphic condi-
tions are important for maintaining intolerant species on sites that
are exposed and have lower humidity, higher temperatures and
drier edaphic conditions (Aide and Rivera, 1998). Enrichment
planting could be used to establish late-successional species that
are vulnerable to climatic change in the understorey of established
forests where temperatures are lower, humidity is higher and
wetter edaphic conditions may persist over the summer season.
Enrichment planting could aid the establishment of species in
areas where they have low resilience to climate change within
their current regeneration niche. Likewise, it could also be used
following artificial or natural regeneration planting to fill in gaps
resulting from disturbance or climate-induced mortality. Enrich-
ment planting is most suitable when natural regeneration is poor
or non-existent in areas that require the maintenance of ecosystem
resilience for biological conservation. It could also be used to
facilitate the persistence of species and ecosystems through
‘‘human-assisted migration’’, and to establish new species that
are better adapted to the future climates. The latter may enable a
gradual and controlled transition to a more climatically adapted
ecosystem. Enrichment planting is best considered as a ‘‘stop gap’’
to help mediate the transition of ecosystems and to provide habitat
in current and future areas for species that are vulnerable to
climate change. In the long-term, enrichment planting alone will
not sustain or conserve an ecosystem or any species requiring it.

4.3.5. Silvicultural systems

A silvicultural system is defined as a process by which forests
are tended, harvested and regenerated to produce a stand and
eventually a forest with a distinct form (Toumey, 1928; Matthews,
1989). Even-aged silvicultural systems include clear-cut, patch-
cut, coppice, seed tree and shelterwood systems while uneven-
aged systems include single-tree selection, group-tree selection,
and irregular shelterwood systems (Smith et al., 1996). Variable
retention can also be considered an uneven-aged system if it
promotes the retention of multiple age class structures that can
provide habitat elements associated with older forests in younger
stands (O’Hara and Nagel, 2006). The objectives of each system will
determine the extent and timing of canopy removal over the length
of the rotation. The use of even-aged versus uneven-aged systems
will affect microclimatic conditions with mid-summer water stress
usually being reduced in multi-aged stands versus single-aged
stands (O’Hara and Nagel, 2006). The greater the percentage of the
canopy removed at one time, the greater the change in
microclimate (Nitschke, 2005). The decision to use uneven- or
even-aged silvicultural systems usually depends on the ecology of
the tree species being managed for, the prevalent disturbance
regime and prevailing social pressures. For management to be
climate-smart, the degree of ecosystem resilience must also be
considered. In systems with low resilience to climatic change,
areas with cooler microclimates will be important for sustaining
species that cannot persist on exposed sites (Aide and Rivera,
1998).

Uneven-aged systems or forest reservations should be used in
ecosystems with low disturbance risk and low resilience. This
reflects the longer disturbance intervals associated with lower
disturbance risk and will maintain suitable microclimatic condi-
tions. In areas of high disturbance risk (areas with frequent stand-
replacing disturbances) and low resilience, uneven-aged systems
could be used to represent the loss of biomass to frequent
disturbances while maintaining microclimatic conditions that
facilitate resilience. In areas of high ecosystem resilience, uneven-
and even-aged systems can be used, although systems that
maintain key habitat elements are generally preferred. Variable
retention systems can be used in preference to clear-cut systems in
order to maintain ecologically important features, as these will
provide habitat structures and help ameliorate microclimate
conditions in larger harvest openings.

4.4. Pros and cons of using climate-smart management

The proposed climate-smart management actions would
require an increase in investment into forest management by
forest stakeholders. Any decision to implement climate-smart
management will need to be viewed in the form of risk
management; the cost of no action (i.e., having to undertake
remedial treatments and increased costs associated with fires and
other disturbances) may be considerably greater than the costs
associated with reducing risk. Cost–benefit analyses that include
market and non-market forest values are required to determine the
intensity of the risk reduction actions undertaken. In the case of
fire-smart landscapes, Mason et al. (2006) identified that
substantial benefits are possible over the long-term by investing
in fuel reduction to reduce fire risk. Another important determi-
nant in undertaking climate-smart management is consensus on
the perception of risk by forest stakeholders, the perception of risk
will vary across social groups and stakeholders (Weiss, 2001).
Despite this potential challenge, it is up to stakeholders to decide
which measures of risk to use and how to judge the significance of
any vulnerability assessment (Oppenheimer, 2005). The percep-
tions of forest managers will be the critical determinants in the
incorporation of climate change into forest management, making
geographically specific knowledge of ecosystem vulnerability a
necessity (Ogden and Innes, 2007). Assessments of system
vulnerabilities can provide an understanding, within a spatial
context, of the potential risks forest managers will face as climate
changes. This knowledge will be essential in any decision-making
process adopted to determine the management policy, objectives
and actions required to achieve sustainable management.

Climate-smart management is derived from an assessment of
landscape vulnerability to climatic change, and implementation of
this paradigm is necessary if we want to manage in a sustainable
manner the range of forest values and ecosystem services that are
present today. Engaging in climate-smart management will allow
forest managers to foster ecological resilience and mitigate the
impacts of small- and large-scale disturbances associated with
climate change on both current and future ecosystem composi-
tions. Climate-smart management will aid in the gradual transition
of ecosystems to new forest values and ecological services. This
form of management is not about managing the status quo; it is
about adapting ecosystems to help mitigate the environmental
impacts of climate-change in a proactive rather than reactive
manner. It will allow forest managers to foster resilience and adapt
ecosystems so that they can continually provide the social and
economic needs of societies while providing societies time to adapt
their social and economic systems to climate-driven changes in
ecosystems

5. Conclusion

Understanding how complex systems react to change is a
prerequisite for sustainable management (Gunderson and Holling,
2001). Integrating climate change into forest management there-
fore requires an understanding of ecological response and
vulnerability to this stressor. Our objective was to gain knowledge



C.R. Nitschke, J.L. Innes / Forest Ecology and Management 256 (2008) 313–327 325
and understanding of system vulnerabilities in order to integrate
the uncertainties and vulnerabilities of climatic change into forest
management, with these system components being the ‘‘pieces of
the forest management jigsaw puzzle’’ (Kimmins et al., 2005)
needed to practise sustainable management. The first step
involved using existing knowledge to gain an understanding of
each piece of the puzzle through prediction. The amalgamation of
each analysis was then used to create a picture from the puzzle
pieces, with that picture having two parts: the spatial demarcation
of the landscape into defined management zones, and manage-
ment actions required to maintain the health and vitality of that
picture in an uncertain future. Understanding system vulnerabil-
ities is key to achieving this objective (Turner et al., 2003).

Although the exact nature of future climatic change is
uncertain, it has always occurred and will continue to do so.
Current predictions for western Canada suggest that the climate
will be warmer and wetter in the winter and hotter and drier in the
summer under the majority of modelled scenarios (Lemmen and
Warren, 2004). Based on the climate change scenarios derived
from three global circulation models, significant vulnerability
exists to climate change on the TFL 49 landscape. Climate change
will increasingly impact fire weather behaviour, fire regimes,
ecosystem resilience, biogenic disturbance, and biodiversity over
the next 100 years. The results of these analyses identified that a
cascading relationship exists between climate change, natural
disturbances and ecosystem resilience. The relationship suggests
that managing forest landscapes under climate change will require
multiple actions to achieve sustainability. Active management of
landscape vulnerability is the most pressing need. The allocation of
a landscape into management zones is a first step that will ensure
that current features required for conserving biological diversity
are represented but alone will not ensure sustainability. Climate-
smart management is required to ensure that the allocation
process is successful. Integrating an understanding of system
vulnerabilities is essential for developing management plans and
actions that incorporate risk and uncertainty in a manner that
fosters sustainability.

Sustainable management requires long planning horizons
fraught with uncertainty, making an adaptive management
approach desirable. Despite this need, two conflicting responses
exist amongst forest practitioners in relation to the integration of
climate change into management; an active and a passive
approach (Ogden and Innes, 2007). Climate-smart management
is an active approach that is based on an understanding of
ecosystem vulnerability. Passive management is a reactionary
approach that will be constrained by the vulnerability of a system
and result in an increase in both systemic and unsystemic risks.
Management will need to be flexible and proactive to deal with the
multiple aspects of risk faced by forest stakeholders.

Sustainability relies on the maintenance and exploitation of
ecological resilience. Where resilience is low we will need to tread
lightly but be proactive; where resilience is high we can be less
cautious yet still proactive. Due to the uncertainty in the exact
degree and direction of change in future water supply it is
important that we refine management actions as we gain a greater
understanding of climate change impacts on the water cycle. In
this study, proactive management actions are directed at reducing
disturbance risk and fostering ecological resilience under pre-
dicted warmer/drier summer conditions. If these predictions are
wrong and warmer and wetter summer conditions occur and/or an
increase in water-use efficiency occurs, then management actions
will need to be refined because risk could be perceived differently.
Climate-smart management would still be important because a
warmer/wetter environment will still impact disturbance risk and
an increase in water-use efficiency will still impact ecological
resilience. Consequently, the management actions may change but
the objectives will not.

As we gain new knowledge about systems we can re-evaluate
vulnerability, and the results of this analysis can be used to refine
proactive management through an adaptive management frame-
work. Understanding future system vulnerability will always be
challenged by uncertainty but by using our current knowledge and
understanding we can redefine much of this uncertainty as risk.
The conservation of biodiversity and resource values relies on
management objectives that seek out ways to reduce risk, and this
will only be achievable through an understanding of landscape
vulnerability.
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Carroll, A.L., Taylor, S.W., Régnière, J., Safranyik, L., 2004. Effects of climate change
on range expansion by the mountain pine beetle in British Columbia. In: Shore,
T.L., Brooks, J.E., Stone, J.E. (Eds.), Mountain Pine Beetle Symposium: Challenges
and Solutions. Natural Resources Canada Information Report BC-X-399, pp.
223–232.

Costanza, R., Voinov, A., 2004. Introduction: spatially explicit landscape simulation
models. In: In Landscape simulation modelling: a spatially explicit, dynamic
approach, Springer-Verlag, New York, 3–20.

d’Oliveir, M.V.N., 2000. Artificial regeneration in gaps and skidding trails after
mechanised forest exploitation in Acre Brazil. For. Ecol. Manage. 127 (1–3),
67–76.

Duinker, P.N., 1990. Climate change and forest management, policy and land use.
Land Use Policy 7, 124–137.

Environmental Systems Research Institute, 2004. ESRI ArcGIS 9.0. Environmental
Systems Research Institute Ltd., USA.

http://ccfm.org/ci/CI_Booklet_e.pdf
http://www.cics.uvic.ca/scenrios
http://www.firegrowthmodel.com/public_download.cfm
http://www.firegrowthmodel.com/public_download.cfm


C.R. Nitschke, J.L. Innes / Forest Ecology and Management 256 (2008) 313–327326
Figge, F., 2004. Bio-folio: applying portfolio theory to biodiversity. Biodiv. Conserv.
13, 827–849.

Flato, G.M., Boer, G.J., Lee, W.G., McFarlane, N.A., Ramsden, D., Reader, M.C., Reader,
A.J., 2000. The Canadian centre for climate modelling and analysis global
coupled model and its climate. Clim. Dyn. 16, 451–467.

Franklin, J.F., 1993. Preserving biodiversity: species, ecosystems or landscapes?
Ecol. Appl. 3 (2), 202–205.

Ford, J.D., Smit, B., 2004. A framework for assessing the vulnerability of commu-
nities in the Canadian Arctic to risks associated with climate change. Arctic 57
(4), 389–400.
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