











Management
in the Boreal Forest



PRESSES DE L'UNIVERSITE DU QUEBEC
Le Delta I, 2875, boulevard Laurier, bureau 450
Québec (Québec) G1V 2M2

Telephone: (418) 657-4399 e Fax: (418) 657-2096
Email : puqg@puq.ca ® Website: www.puq.ca

Diffusion/Distribution :
CANADA and other countries
PROLOGUE INC.
1650, boulevard Lionel-Bertrand
Boisbriand (Québec) J7H 1N7
Telephone: (450) 434-0306 / 1 800 363-2864

FRANCE BELGIQUE SUISSE

AFPU-DIFrUSION PatrivoINE SPRL SERvIDIS SA

Sobis 168, rue du Noyer Chemin des Chalets
1030 Bruxelles 1279 Chavannes-de-Bogis
Belgique Suisse

The Copyright Act forbids the reproduction of works without the permission of rights holders. Unauthorized
photocopying has become widespread, causing a decline in book sales and compromising the production of new works
by professionals. The goal of the logo is to alert readers to the threat that massive unauthorized photocopying poses
UNAUTHORZED to the future of the written work.

PHOTOCOPYING
KILLS BOOKS




Management
in the Boreal Forest

Edited by

Sylvie Gauthier
Marie-Andrée Vaillancourt
Alain Leduc

Louis De Grandpré

Daniel Kneeshaw

Hubert Morin

Pierre Drapeau

Yves Bergeron

Preface by
James Fyles

2009

" Presses de I'Université du Québec
Le Delta I, 2875, boul. Laurier, bur. 450
Québec (Québec) Canada G1V 2M2



Bibliothéque et Archives nationales du Québec
and Library and Archives Canada cataloguing in publication

Main entry under title:
Ecosystem management in the boreal forest
Translation of : Aménagement écosystémique en forét boréale.
Includes bibliographical references and index.
ISBN 978-2-7605-2381-4

1. Taigas - Management - Environmental aspects - Canada. 2. Sustainable forestry - Canada.
3. Logging - Environmental aspects - Canada. 4. Forest conservation - Canada. 1. Gauthier, Sylvie, 1961-

SD567.A4313 2009 634.9'20971 C2009-940697-7

We are grateful for the financial assistance received from the Government
of Canada under the Book Publishing Industry Development Program (BPIDP).

Publication of this book was made possible through the financial support
of Société de développement des entreprises culturelles (SODEC).

Layout: INFOscAN COLLETTE-QUEBEC

Cover — Design: RicHARD HoDGSON
Shots: 1 - PHILIPPE DUVAL
— 2 — ANTOINE NAPPI
1 | 3— CLAUDE BOUCHARD
== 4 — MARIE-NOELLE CARON
2

3
4

123456789 PUQ2009 987654321

All rights reserved. No reproduction, translation, or adaptation without authorization.
© 2009 Presses de I’Université du Québec

Legal deposit — 2nd quarter 2009

Bibliotheque et Archives nationales du Québec / Bibliotheque et Archives Canada
Printed in Canada



Preface

Over the past two decades, the boreal forest has changed, in the minds of Canadians,
from an untouched, remote land of trees and rivers, to a source of paper and wood
products and an ecosystem threatened by industrial development. This changing aware-
ness has brought with it a change in expectations for what the boreal forest can provide
to Canadian society: construction materials and paper products, certainly, but also
biological diversity, fresh water, recreation, and spiritual and cultural values. Society is
asking more of its forests and of its forest managers.

Changing expectations have challenged forest researchers and managers to move
beyond the long-held views of sustained-yield management for wood products. The
concepts of uniformly applied even-age management, and “normal” forest with equal
representation of forest age-classes up to harvest age, were well adapted to landscapes
in which wood was the only value product of the forests, but could not effectively meet
multiple objectives. Social pressures in the 1990s, particularly on the west coast of North
America, focused on biodiversity values associated with old-growth forests and drove
the search for management systems that could provide those values on the landscape
while allowing exploitation of timber values to continue. This discussion was brought
into public view in Quebec by the release in 1999 of the film L'Erreur boréale, which
questioned many of the long-held assumptions of forest management. The recommenda-
tions of the Coulombe Commission promoted the concept of ecosystem management
(aménagement écosystémique) as a way to better meet the many demands that
society is placing on the forest.
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From its inception in 1995, the Sustainable Forest Management Network Centre
of Excellence has been concerned with creating the knowledge required to develop a “new
forestry” for the Canadian boreal forest. The Network’s early research recognized that
disturbance by agents such as fire, insects, and wind was a process associated with all
boreal forests, and sought to provide an understanding of disturbance mechanisms and
resulting patterns as a basis for the development of forest management systems that
would be more effective in sustaining biodiversity. The results of this early research led
to further projects to design harvesting and silviculture techniques that would create or
maintain, in managed forests, the critical ecological features that support biodiversity
in unmanaged forest landscapes.

This book draws together the results and experience from several research projects
that have been conducted since 2000 and, in particular, a major team effort led by
Sylvie Gauthier, initiated in 2003. These projects aimed to lay a solid foundation for
ecosystem management, first by characterizing natural forest at the landscape and stand
levels, and second, by considering the ways that operational forestry could mimic or
“emulate” the features of the natural forest. The underlying hypothesis is that popula-
tions of forest organisms will be sustained best by providing ecological conditions that
are similar to those under which the organisms evolved and to which they are adapted.
Since forest management for wood products cannot create purely “natural” conditions,
the functional hypothesis which is being tested in different ways across the country is
that forest management can recreate enough of the key ecological features of the natural
forest to sustain the diversity of organisms and ecosystems.

The first challenge facing researchers and managers developing ecosystem
management is to come to a common understanding. The suite of chapters in this book
provide a broad statement of the many dimensions of the concept. The first part provides
focused discussion of what ecosystem management is and why it is needed. The concept
is challenging because it requires both a landscape-level and a stand-level perspectives,
with many different features to be considered at each level, and regional differences in
each feature. Translating these concepts, with the level of detail required, into a simpli-
fied framework applicable to operational forestry is a further challenge and the long-term
goal of the research represented in this book.

That disturbance regimes vary considerably between forest regions is well known
in general, but specific knowledge of disturbance patterns and processes has been lacking
in many regions. This lack of knowledge has been a constraint on the development of
ecosystem management. Part 2 provides a wealth of detail on the disturbance regimes
of different regions of Québec and Manitoba, and considers the implications of each
regime from the perspective of ecosystem management. The emerging view is of distur-
bance regimes that involve several agents, each influencing the forest at different scales,
and in some cases interacting with each other. This is a good foundational concept on
which to build approaches to forest management.

Strategies for the implementation of ecosystem management must be adapted to
the nature of the forest and the values that management aims to sustain. The last part
of the book explores silvicultural systems designed with reference to the disturbance
regimes and features of the forests to which they are applied. Together these chapters
show the range of possibilities from stand-level interventions including partial harvest-
ing, treatment of dead wood, regeneration, and soil protection, to practices in planning
and harvesting that create landscape patterns similar to those created by natural
disturbance.
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Several chapters report the results of experiments that have tested the effects of
ecosystem management on indicator organisms. The emerging conclusion is that, as
might be expected in a complex forest system, species respond to different disturbances
in different ways. In many cases the ecosystem management approach supports a bio-
diversity that is closer to the natural forest than traditional harvesting and silvicultural
methods. Hence, the results are a promising indication that adoption of ecosystem
approaches to forest management will increase the possibility of sustaining biodiversity
in “working” landscapes.

The forests and societies of Canada are changing and with them the opportunities
that Canadians will see in the forest and demands that we will place on forested land-
scapes. If we are to continue to derive the wide range of benefits from the forest that we
have become accustomed to, we will need to adopt forest management systems that
support the new realities. The process will not be easy and will require a broad discussion
of advantages and disadvantages, benefits and costs. The results of the research described
in this volume provide a solid background of knowledge to inform this debate.

James W. Fyles

Scientific Director, Sustainable Forest Management Network Centre of Excellence
Professor and Tomlinson Chair in Forest Ecology

Department of Natural Resource Sciences

McGill University
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1.

+ Social and economic
issues will be indirectly
addressed in several
chapters of the book.

Box 1

CURRENT ISSUES CONCERNING CANADIAN FORESTRY

At the beginning of the 21st century, Canadian forestry has to face several social
and economic issues to meet various societal needs (see box 1). Ecological con-
cerns have been added to these issues by forest scientists who have been studying
boreal forest ecosystems for decades. By observing forest landscape changes fol-
lowing the intensification and extension of forestry activities, they have been
able to identify some ecological issues that must be addressed in the near future.
Obviously, all these issues, whether economic, social or ecological, are interre-
lated. Although the main objective of this book is to understand these ecological
issues,® we have to keep in mind that ecosystem management generates a shift
in the way we conceive and manage forest ecosystems that allows us to address
simultaneously several types of issues by considering the forest in a holistic
fashion.

Examples of Social and Economic Issues in Forestry in Canada

¢ Native ancestral rights ¢ Increasing demand for certified forest products
Increasing timber supply costs and maintenance ¢ Increasing economic activity in sectors other
of forest industry competitiveness in terms of than forestry (outfitters, ecotourism, non-timber
international markets products, etc.)
Increasing world trade competition and protec- @ Use of the land by multiple users

tionism

Ecological issues can be defined as problems — real or apprehended - that
could affect the long-term viability of forest ecosystems. There is an agreement
on the fact that maintaining viable ecosystems is the best guarantee that we
have to ensure the durability of forest goods and services (including timber
supply) and preserve all the potential it could offer in the future. Furthermore,
preserving biodiversity and ecological processes is essential to ensuring forest
ecosystem resilience following environmental changes, and this is especially true
in the context of imminent climate change (IPCC 2007).

To identify ecological issues, managed landscapes have to be compared with
natural forest landscapes in order to determine the main differences. It is worth
stressing that this idea is based on the following premise: preserving natural
forest landscape attributes is the best guarantee we have to maintain biodiversity
(Seymour and Hunter 1999). Although the detailed reasoning of this statement
will be discussed in the first chapters of the book, we wish to present briefly the
main ecological issues to which ecosystem management can provide solutions.
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2. ECOLOGICAL ISSUES AND APPREHENDED EFFECTS

Divergence between managed and natural landscapes exists because the nature
and frequency of disturbances generated by forest practices are different from
those of natural disturbances. We will see later in this book how natural distur-
bance cycles are longer than planned forest revolutions and how their effects are
complex and diverse compared with forest management systems involving mainly
low-retention silvicultural treatments (i.e., clearcutting, careful logging preserv-
ing advance regeneration). Consequently, important changes in key attributes
like stand vertical and horizontal structures or forest composition and configura-
tion can be apprehended. This raises concerns because such attributes are essen-
tial for the maintenance of biodiversity and ecological processes. A brief overview
of the main ecological issues concerning boreal forest ecosystems and examples
of related apprehended effects will be presented in this section.

2.1. Age Structure at the Landscape Level

Forest management aimed at normalizing boreal forest landscapes is truncating
forest-stand age-class distributions. Mature and old forests are harvested and
management strategies are not designed with the intent to maintain them.
Consequently, the old-growth forest proportion will inevitably be lower than
that of the natural landscape, even in regions where fire frequency is high. Mature
and old forests are characterized by particular habitat attributes on which several
species depend. These species could be threatened by the rarefaction of these
habitats at the landscape level.

Fennoscandian countries have historically intensively managed a large part
of their territory. Their forest landscapes were highly transformed and old-growth
forests have drastically diminished (Ostlund et al. 1997), which resulted in threats
to many old-growth-forest-dwelling species (Berg et al. 1994). In contrast to
Fennoscandia, old-growth forests in the Canadian eastern boreal forest are far
from the levels reached by northern European countries. However, the pace of
anthropic changes and the disappearance of the last large intact forest landscapes
in some portions of the Canadian boreal forest (Lee 2007) are signs of an eventual
major land transformation that could have impacts on forest health.

Apprehended Effect

Rarefaction of mature and old-growth stands to be replaced by more regenerating
stands.

2.2. Vegetation Composition

Harvesting techniques and their effects on vegetation dynamics as well as cutting
cycle could modify forest vegetation composition. Some cover types or species
could become under- or over-represented at the landscape scale compared with
what was observed in natural forests. The various cover types offer distinct habitat
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2.3.

attributes (e.g., food, shelter, nest structures) that are used by different species.
The rarefaction or overabundance of specific cover types or species at the land-
scape level could have consequences for the abundance and distribution of these
species (animals or vegetation) as well as for ecological processes (e.g., nutrient
cycle).

Apprehended Effects

Increase in shade-intolerant species to the detriment of shade-tolerant species.
In specific sectors, balsam fir increases to the detriment of black spruce.

Forest composition homogenization at the stand and landscape levels.

Rarefaction of old-growth associated tree species (e.g., white spruce, northern white-
cedar).

In specific sectors, invasion of clearcutting areas by ericaceous shrubs.

Stand Internal Structure

The use of even-aged management practices and intermediate treatments such
as thinning generates a higher proportion of regular stands. The prevalence of
younger stands showing a simpler vertical and horizontal structure could lead
to habitat loss for species depending on specific structure attributes found in
irregular stands (e.g., dead wood, lateral obstruction, large-diameter trees).

Apprehended Effects

Rarefaction of complex-structured stands (uneven-aged, two-storied, etc.) to be
replaced by simple-structured stands.

Decreasing wildlife tree availability (e.g., large-diameter trees, standing and down
dead wood).

2.4. Spatial Configuration at the Stand and Landscape Levels

At the stand level, managed areas contain very few standing trees compared with
naturally disturbed stands that comprise various biological legacies. In managed
forest landscapes, old forest stands are distributed in patches of forest isolated in
a matrix dominated by young stands, which contrast with naturally disturbed
landscapes. These configuration changes could have an impact on connectivity
of old forest patches and affect forest-dwelling wildlife movements (for lichens,
mosses, fungi, insects, mammals, etc.). Additionally, large old-growth forest
landscapes are found increasingly far from residual forests in harvested areas
because of the receding cutting limit. This could affect interior forest species
living in residual forests by limiting individual dispersion and genetic exchanges,
for instance.
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Apprehended Effects
Rarefaction or fragmentation of large old-growth forest landscapes.

Creation of vast regenerating areas (cutblock agglomeration) larger than those
generated by natural disturbances.

Decreasing availability of biological legacies (e.g., green patches, snags) in managed
areas compared with natural disturbance patches.

Increasing edge effect and interior habitat loss caused by linear forest retention
(e.g. riparian buffer strips and cutblock separators).

Lower residual forest habitat connectivity.

2.5. Forest Soil Productivity

Soil structure and associated processes are modified by natural disturbances such
as fire that affects the soil’s physical (e.g., exposing mineral soil) and chemical
attributes (releasing nutrients). Forest management practices retrieve crowns and
boles that would naturally decompose and fertilize forest soil. This could modify
soil processes and have a long-term impact on forest productivity, although up
to now there is no strong evidence to show this. In other respects, forest opera-
tions, in particular for regions and sites at risk, could increase natural phenomena
such as paludification (i.e., the accumulation of organic matter), stand canopy
opening, and lichen woodland formation.

Apprehended Effects
Depletion of fertility for certain forest soils.

Increase in natural phenomena such as paludification and stand canopy opening.

2.6. Recently Disturbed Forests

The increasing use of salvage logging operations following major natural distur-
bances (fires, severe insect outbreaks) raises concerns with regard to their impacts
on forest ecosystems. Natural disturbances create particular habitat characteristics
(e.g., sudden increase in deadwood availability) that are crucial for various species.
Some species even depend on such habitat attributes. Moreover, knowledge of
ecological functions of these disturbances and their structural legacies is still
fragmentary.

Apprehended Effect

Rarefaction of ecological attributes specific to naturally disturbed stands.
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To address the concerns listed above and determine if the apprehensions
are well founded and require changes in current forest management practices,
we need relevant knowledge of natural disturbance regimes and associated forest
dynamics. Then it will be possible to measure the differences between natural
and managed landscapes regarding forest attributes highlighted by these ecologi-
cal issues. This will thereafter allow us to define management objectives aimed
at reducing these differences. These three steps briefly illustrate an ecosystem
management framework. The EM rationale will be explained in depth in the
first chapters of the book.

3. BACKGROUND ON THE BOOK

Several scientists who are specialists on forest and natural disturbance ecology
in different provinces have worked together for five years in the context of a vast
research project financed by the Sustainable Forest Management Network (SFMN).
To meet the project objectives, researchers shared their works to increase knowl-
edge with respect to natural disturbance regimes across several Canadian regions.
They attempted to define and implement an ecosystem management framework
in collaboration with industrial partners and government agencies. The idea to
write this book originates from the researchers’ desire to synthesize their results
for readers who are interested in understanding the ecosystem management
concept and its rationale in order to facilitate its large-scale implementation.

The research conducted during this project was mainly done on boreal
forest ecosystems. This book will therefore be oriented towards the boreal zone
which covers approximately 757 million hectares in Canada, corresponding to
more than 50% of the country (CCFM 2005). In Canada, the boreal zone runs
from east to west from Newfoundland to the Yukon Territory. In the eastern
portion, it covers approximately latitudes 48° to 58° N but extends to 67° N in
the Yukon (figure 1). Although ecosystem-management-related concepts can be
applied to a wide range of forest ecosystems, we will mainly use examples from
research projects conducted in boreal forests.

This book presents an overview of the natural disturbance and forest-
dynamic knowledge acquired previously and during this SFMN project that sup-
ports forest ecosystem management implementation. The book is divided into
three parts:

Forest Ecosystem Management:
An Approach Based on Natural Disturbances

The first part deals with the basics of ecosystem management. The first chapter
covers the socio-historical context that led to this new approach and explains
the ecological principles supporting it. Chapter 2 discusses natural disturbances
and how their characteristics can guide ecosystem management implementation.
Chapter 3 addresses fire regimes. It shows differences between those and forest
management regimes based on even-aged management systems traditionally used
in boreal forests and suggests solutions that can minimize these differences.
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Figure 1
Canadian boreal forest zone

Based on Rowe 1972. Map produced by . Morissette, CFS.

Spatio-Temporal Variations of Disturbance Regimes

This part looks at disturbance regimes from two angles. First, five chapters review
the knowledge of the major disturbance regimes, i.e. those related to the main
disturbance agents in the eastern and central Canadian boreal forest. Three
chapters discuss features that influence or result from fire regimes, such as the
role of climate in regulating fire activity (chapter 4), the impacts of climate
change and adaptation strategies that will have to be implemented (chapter 5)
and the forest-landscape spatial distribution resulting from fire activity (chapter 6).
Chapters 7 and 8 synthesize current knowledge available for two important
defoliator insects of central and eastern boreal forest (i.e., spruce budworm and
forest tent caterpillar, respectively).

Secondly, four chapters present a current-knowledge synthesis of distur-
bance regimes for different regions of the boreal forest, from Gaspésie (chapter 9)
and the North Shore region (chapter 10) in eastern Québec - two regions char-
acterized by low fire frequency — as well as northwestern Abitibi (chapter 11) and
Manitoba (chapter 12) — characterized by higher fire frequencies that have
strongly influenced landscape structure. Each of these chapters will discuss forest
dynamic specificities and ecological issues related to their specific context and
their implications for ecosystem management.
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Ecosystem Management Implementation

This part introduces ecosystem management implementation in three parts.
First, chapter 13 illustrates how different silvicultural treatments can be put
together to develop management systems aimed at maintaining natural stand
dynamics and addressing the main ecological issues. Chapter 14 presents an
ecological monitoring approach — an essential component of ecosystem manage-
ment - that makes it possible to validate the achievements of ecosystem manage-
ment objectives and the preservation of biodiversity in managed areas. Chapter 15
presents a silvicultural and ecological evaluation of different types of partial cuts
implemented in the context of an experimental network. This evaluation includes
biodiversity monitoring using different indicator species.

Secondly, two chapters discuss the development and use of modelling tools
that are essential features in EM implementation. Chapter 16 presents new mod-
elling tools developed to predict tree growth in uneven-aged management
systems — where conditions are more complex than in traditional even-aged
systems. Chapter 17 describes a scenario comparison process used in the devel-
opment of a 20-year management plan. The main objective is to assess the
capacity of different management scenarios to meet various management
objectives while using spatial modelling tools.

Finally, three chapters present experimental ecosystem management projects
implemented in different forest regions of Canada, i.e., the mixedwood boreal
forest (chapter 18) and black spruce forest (chapter 19) of Abitibi, and interior
wet forest of British Columbia (chapter 20). Initial objectives, development stages,
and preliminary results at the silvicultural and ecological levels are presented
when available.

Perspectives

In the concluding chapter, an overview of the main ecological issues identified
in the introduction section is presented and will emphasize the fact that boreal
forests were considerably rejuvenated over the past decades and that ecosystem
management must be implemented within a short time frame. This approach can
provide short-term results, and can also offer mid- and long-term possibilities.
The needs and developments required are discussed, including the necessity to
establish large protected territories in order to increase our knowledge on ecosystem
functions’ resilience when facing natural and anthropic disturbances.
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1. INTRODUCTION

In the last few years, there has been a growing will across Canada to use an
ecosystem-based management approach in forest management (Perera et al.
2004). In addition, forest ecosystem management has become the focus of dis-
cussions among researchers interested in how a forest functions and an increas-
ingly important topic for governments, industry, cooperative associations, and
other organizations concerned with the management of forest resources. This
approach, which is based on an ecosystem model, has emerged in response to
concerns about the changes occurring in managed forests. The trend toward an
ecosystem focus is also based on societal recognition that biodiversity mainte-
nance, the integral conservation of certain habitats and the aesthetics of forest
landscapes are all values that should be preserved and must be taken into account
in forest management.

Forest ecosystem management (FEM) is not a new concept in the forest
sector. It is the result of a lengthy process of reflection and knowledge acquisi-
tion on ecosystem functioning, which has led to the following conclusion: If we
want to maintain forest ecosystem functions and processes over the long term,
we must manage forests holistically. Conventional timber harvesting as it has
been practiced in recent decades — specifically, the extensive use of even-aged
(or low-retention) harvesting practices such as clearcutting —raises concerns and
questions about the preservation of biodiversity and ecological processes, which
are a guarantee of ecosystem resilience and sustained forest productivity.

The primary purpose of this chapter is to define FEM. First, we will briefly
review the evolution of forest management in eastern Canada and the develop-
ment of public awareness of the ecological issues associated with forestry, in
order to understand the context for FEM. We will then describe the ecological
foundations of this management approach. Lastly, we will examine the elements
involved in an FEM approach and the reasons for harnessing knowledge of natural
disturbance regimes in implementing this approach.

1.1. Overview of the History of Forestry in Eastern Canada

Forests have figured prominently in Canada’s economic, social, and environ-
mental landscape for several centuries. In this section, we will briefly characterize
the different periods in forestry, from the early colonization of eastern North
America onward (see Burton et al. 2003 for more details). Readers should note
that this description concerns Canadian forests in general and not just the boreal
forest, which gradually began to be exploited as southern Canadian timber
supplies dwindled and new markets such as pulp and paper emerged.

From pre-settlement until the late 18th century, Aboriginal peoples and
the early European settlers used the forest mainly for subsistence activities. Due
to the low population density, clearing the land for farming and cutting timber
for houses and firewood did not threaten the sustainability of timber resources,
and so there were no incentives to establish laws and regulations pertaining to



16

Ecosystem Management in the Boreal Forest

forests. Although during the French regime (1534-1760), the intendants (district
administrators) had demanded that the “noble species” — large, long-lived forest
tree species such as oaks (Quercus spp.) and pines (Pinus spp.) — be protected in
order to ensure supplies of squared timber for France’s shipbuilding needs, these
species were still relatively unexploited.

Large-scale commercial harvesting of forests in Canada did not begin until
the early 19th century (Drushka 2003). The timber trade intensified during
Napoleon’s naval blockade of Great Britain (1806-1812), when England could
no longer obtain supplies from the Baltic and had to turn to its colonies to meet
its shipbuilding needs. The lack of regulations on timber harvesting led, in the
1800s, to a scarcity of eastern white pine (Pinus strobus L.) and a decrease in the
size of trees available in southeastern Canada in general (Drushka 2003; Hébert
2006). The timber trade with the United States increased and lumber gradually
became Canada’s main export to its southern neighbour (Gaudreau 1999). Around
the same time, the first forest reserves were created in Québec and Ontario, and
their main role was to protect forest land from other uses to ensure timber sup-
plies for the industry (Bouthillier 1998; Hébert 2006). Forestry regulations were
still non-existent. The logging companies cut what they needed on Crown land
without any government interference.

During the 19th century, forestry entered a so-called regulatory or admin-
istrative period, when the need to regulate arose in order to preserve timber
supplies and safeguard the stability of the forest industry. The year 1849 saw the
first piece of forestry legislation enacted in Canada (Act for the Sale and Betterment
of Timber upon Public Lands, Crown Timber Act), which allowed the government
to clarify its appropriation of forest land (Crown land) and encourage logging
companies to plan their harvests on the forest tenures allotted to them. With
the advent of Confederation in 1867, jurisdiction over forestry was transferred
to the provinces and most of them adopted forestry policies establishing the first
forest regimes, which constitute the basis of current policies. Forest inventories
and allowable cut calculations were developed and forest fire protection became
a major concern. At this time, pulp and paper production was quickly outpacing
lumber production as the volume of available timber decreased and the U.S.
demand for newsprint increased (Bouthillier 1998; Gaudreau 1999). As a result,
spruce (Picea spp.) became the new “noble species” because of its suitability for
newsprint production. It was probably around this time that harvesting of the
boreal forest really began. Since the pulp and paper industry did not require trees
of large diameter, logging became increasingly intensive and spread to more and
more parts of the country.

Facing an imminent decline in timber capital that first became apparent
at the turn of the 20th century, forestry entered the era of sustained yield man-
agement. Sustained yield forest management, which is based on European forestry
practices, results in the agriculturalization of the forest. Under this approach,
harvesting is bolstered by silvicultural treatments (plantations, thinning, and
site preparation), and yields (in timber volume) are calculated to ensure a stable
long-term supply of timber. Between 1937 and 1949, most of the provinces modi-
fied their forestry regimes to incorporate this management approach (Natural
Resources Canada 1998; Drushka 2003). In Québec, although the notion of
sustained yields was incorporated in forestry practices at this time, it did not
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+ Ecological integrity:
maintenance of a system’s
wholeness, including the
presence of all appropriate
elements and occurrence
of all processes at
appropriate rates (p. 39 in
Kohm and Franklin 1997).

make its way into the law until 1986 (Bouthillier 1998). This management
approach placed emphasis on “normalizing” the boreal forest by eliminating
overmature stands, considered less productive, and by harvesting mature stands
but also ensuring that annual harvests did not exceed what the forest produced.
In other words, sustained yield management aims to harvest the interest but
preserve the forest capital.

In the second half of the 20th century, with the allocation of new forest
areas made accessible by the construction of logging roads, conflicts between
uses multiplied, along with the number of users demanding recreational and
aboriginal rights in forest management units. As a consequence, in forestry plan-
ning, multiple uses had to be taken into account on land previously used exclu-
sively for producing timber. In Québec, among other things, this led to the cre-
ation of controlled harvesting zones (zones d’exploitation controlée, ZEC), public
land on which the planning and management of hunting and fishing activities
were delegated to game and wildlife conservation organizations. Measures were
also taken by most provincial governments, although they differed from province
to province, to protect certain types of habitats (e.g., retention patches) for game
species and to protect water quality (e.g., riparian buffer strips). Timber produc-
tion remains a priority in public forests, however, and very little attention has
been paid to other values of forest ecosystems, including values that do not
involve the harvesting of popular animal or plant species, such as the preservation
of biodiversity and the maintenance of ecological processes.

The expansion of forestry activities and particularly silvicultural strategies
that substantially favour the extensive use of even-aged (or low-retention) cutting
such as clearcutting and careful logging, when applied to all Crown land in the
boreal forest, raises serious questions about the capacity of forest ecosystems to
recover after such changes to the landscape. In recent years, in the face of growing
doubts over the ability of timber-production-centred forest management to pre-
serve ecological integrity,* and therefore maintain the productivity of forest land,
a new paradigm for forestry has emerged, the objective of which is more com-
prehensive and integrated forest management. This new approach gives greater
emphasis to forest values other than timber production, and is based on our
knowledge of forest ecology.

1.2. Role of Ecological Knowledge

In parallel with the changes occurring in forestry, in the field of ecology, certain
land management and conservation issues came to the fore beginning in the
1930s. According to a 1932 report on conservation areas by the Ecological Society
of America (ESA), in order to achieve species conservation objectives, it is impor-
tant to keep in mind that habitats are dynamic and need to be protected (Shelford
1933). Consequently, to maintain species for the long term, a wide range of
habitats must be preserved. The American naturalist Aldo Leopold (1949) was
one of the first researchers to caution against the loss of forest habitats and the
consequences for native flora and fauna, favouring an ethic of land use that
simply enlarges the boundaries of the community to include soils, waters, plants,
and animals, or collectively: the land.”
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For years, conservation biologists have observed that protected areas and
ecological reserves established to preserve biodiversity are often not large enough
to successfully support all species, particularly large mammals (Leopold 1949;
Grumbine 1992; Fischer et al. 2006); the areas protected are too small in number,
too isolated, too static or too small. Consequently, some populations’ gene pools
cannot be maintained solely in a network of reserves since the fragmentation
around these reserves reduces the genetic exchanges that formerly occurred
between different populations. This genetic isolation may threaten the survival
of some animal populations, particularly after major environmental fluctuations.
This failure of protected areas is illustrated by the example of grizzly bears in
North Cascades National Park in the U.S. Pacific Northwest, where a territory
larger than 35,000 km?2 is not large enough on its own to maintain the current
bear population (Grumbine 1992; Romain-Bondi et al. 2004). Given the inability
of such protected areas to ensure integral conservation, it is essential to determine
how biodiversity — whether at the genetic, species or ecosystem level — can be
protected within the matrix of a managed forest around protected areas (Harris
1985; Lindenmayer and Franklin 2002).

Since the early 1990s, the importance of the link between biodiversity and
proper ecosystem functioning has been increasingly recognized (Johnson et al.
1996; Chapin et al. 1997; Schwartz et al. 2000). The worldwide biodiversity crisis,
caused by habitat loss from urbanization and land use, is a source of deep concern,
given the potential environmental, social, and economic consequences (Ehrlich
and Wilson 1991). Commercial logging is a part of this global crisis and both
the public and the scientific community are encouraging forestry stakeholders
to change their methods of managing timber resources in order to stem the loss
of biodiversity. In particular, the controversy over the Spotted Owl (Strix occi-
dentalis caurina), a threatened species associated with mature forests in the U.S.
Northwest and sensitive to forest fragmentation (see Grumbine 1992), has strongly
contributed to the rise of alternative approaches in forestry (Galindo-Leal and
Bunnell 1995).

The Rio Earth Summit in 1992, from which the notion of sustainable
development emerged, greatly increased public awareness of the importance of
considering environmental values in all spheres of economic activity. In the
wake of the summit, the governments of most industrialized countries moved
to integrate this principle into their forestry policies and regulations. In 1995,
the Canadian Council of Forest Ministers (CCFM) adopted six criteria for sus-
tainable forest development (CCFM 19935), four of which involve ecological
knowledge:

1. Conservation of biological diversity;

2. Maintenance and enhancement of forest ecosystem condition and
productivity;

. Conservation of soil and water resources;

3
4. Forest ecosystem contributions to global ecological cycles;
5. Multiple benefits of forests to society;

6

. Accepting society’s responsibility for sustainable development.



1 — Forest Ecosystem Management 19

Currently, most of the provinces have integrated the concept of sustainable
management into their forest policies, although full implementation of the under-
lying principles, which requires the integration of acquired scientific knowledge
and the consideration of the non-economic values of forest ecosystems, has yet
to be fully achieved.

This paradigm shift in forestry is therefore part of an international
movement that places great importance on integrating an understanding of
ecosystem functioning in the implementation of “sound” natural resource devel-
opment and management practices (WCED 1987; Christensen et al. 1996).
Scientific understanding of the structure and functions of forest ecosystems has
advanced significantly in the last two decades, particularly for the boreal forest
(Engelmark et al. 1993; Bergeron et al. 1998; Engelmark et al. 2000; Kuuluvainen
2002a; Macdonald 2004; Bergeron et al. 2006). Consequently, integrating eco-
logical knowledge into the development of new forest management practices
should become increasingly feasible.

2. ECOLOGICAL BASES FOR A PARADIGM SHIFT IN FORESTRY

In order to better understand the importance of preserving some characteristics
of forest ecosystems, we will first review how natural disturbances act as agents
of change in forest ecosystems at various levels. Ecosystem responses to distur-
bances are characterized by two qualities: resistance and resilience. We will
examine in turn how these two characteristics are ensured by (1) the diversity
found in biological systems, whether at the gene, species, community or land-
scape level; (2) the interactions observed between these different levels of bio-
logical organization; and (3) the biological legacies that result from disturbances.
Special attention will be paid to illustrating these elements through studies
conducted under similar conditions to those found in the boreal forests of eastern
Canada.

2.1. Ecosystems

First, it would be useful to define the concept of the ecosystem. According to
Whittaker (1962), an ecosystem is a “functional system that includes an assem-
blage of interacting organisms (plants, animals, and decomposers) and their
environment, which acts on them and on which they act.” The concept of the
ecosystem therefore incorporates interactions, structures and processes linking
biotic and physical elements (figure 1.1A). Ecosystems are made up of several
hierarchical levels (figure 1.1B). A species consists of individuals with a similar
genetic background, while a community is an assemblage of different species
living and interacting with one another. The result is a variety of habitats with
linkages at the landscape level. Ecosystems are anything but static, since the
processes occurring in them trigger changes operating at different levels and
over different time frames (figure 1.1A). Certain processes found in a forest
environment (e.g., growth and mortality) occur at the individual tree level, while
others affect individuals of the same species or different species (e.g., competi-
tion and symbioses). Yet other processes occur at the landscape level, including
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Figure 1.1
Diagram of (A) the concept of an ecosystem showing certain key elements
in a simplified way and (B) different levels of organization of elements making up
the ecosystem
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disturbances such as fire and insect outbreaks. These diverse processes generate
forest patterns and attributes that are also expressed at various levels, such as
the horizontal and vertical structure of a stand, the association between soil
fauna and a particular type of soil, or the age structure of stands at the landscape
level. An ecosystem therefore has no explicitly defined spatial limits and is con-
stantly evolving in time (Kimmins 1987). In addition, an ecosystem is an open
entity that interacts with other ecosystems.

2.2. Disturbances

It has been known for over three decades that disturbances are important agents
of change that occur inevitably in ecosystems (Pickett and White 1985; Frelich
2002), including the boreal forest (Heinselman 1973; Holling 1973; Kuuluvainen
1994). In a given region, different types of disturbances of biotic (e.g., insect
outbreaks, diseases) and abiotic (e.g. fire, wind, ice storms) origin can operate
independently or interdependently at different temporal and spatial scales. These
disturbances are themselves influenced by climate, characteristics of the physical
environment (topography, type of surficial deposit, etc.), and biotic factors. By
occurring at different times and in different places, disturbances can induce
changes in forest composition, reinitiate succession, and create a diversified stand
mosaic (see Vaillancourt et al., chapter 2).

The fact that forest ecosystems have been subject to natural disturbances
for thousands of years suggests that some aspects of their functioning are key to
their capacity to adapt to environmental fluctuations. What mechanisms allow
these ecosystems to recover from disturbances and maintain their integrity? This
is a particularly important question in forestry since our actions affecting the
forest also constitute disturbances — disturbances that we hope will not affect
the ecosystem’s continued productivity or its ability to adapt to unexpected
environmental fluctuations.

2.3. Ecosystem Resistance and Resilience

Resistance and resilience are two key notions related to the ability of ecosystems
to recover from disturbances. Resistance is the ability of a system to withstand
small perturbations and keep them from increasing in magnitude (Perry and
Amaranthus 1997). For example, trees’ chemical defences against insects and the
presence of natural enemies that help to keep insect populations in check are
two mechanisms that enable stands to resist spruce budworm (Choristoneura
fumiferana Clem.) attacks. When resistance mechanisms are weakened, the sys-
tem’s capacity to remain in equilibrium also diminishes. In extensive monospe-
cific coniferous stands in the boreal mixedwood forest, Cappuccino et al. (1998)
noted that natural enemies of the spruce budworm were present at lower popula-
tion levels and that this decreased the stands’ resistance. Such stands had more
severe outbreaks than those in landscapes with a more complex mosaic in terms
of forest composition (presence of mixedwood stands, pure softwood stands, and
pure hardwood stands within the mosaic). At the stand level, decreased balsam
fir defoliation (Su et al. 1996) and mortality (MacLean 1980; Bergeron et al. 1995)
were observed when hardwoods were also present in the softwood-dominated
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forests. Studies on the forest tent caterpillar (Malacosoma disstria Hbn.) have
shown that forest fragmentation affects stand resistance by affecting the effi-
ciency with which natural enemies parasitize their host (Roland and Taylor 1997),
thus contributing to an increase in the duration of outbreaks in fragmented
landscapes (Roland 1993; Cooke and Roland 2000).

Ecological resilience is a property of ecosystems that relates to their ability
to reorganize after a disturbance. Resilient ecosystems can reorganize on their
own while undergoing change or disturbances (Holling 1973; Gunderson and
Holling 2002). This notion also relates to how quickly the ecosystem can return
to original conditions after a disturbance (Begon et al. 1996; Perry and Amaranthus
1997). An example of ecosystem resilience is the regeneration of a jack pine (Pinus
banksiana Lamb.), poplar (Populus spp.) or black spruce (Picea mariana [Mill.]
B.S.P.) forest after fire (Johnson 1992; Greene and Johnson 1999). Even if the
condition of a forest at a specific site 100 years after a disturbance is not an exact
replica of a 100-year-old stand on the same site before the disturbance, the main
stand characteristics (e.g., stand structure, dominant species and form, type of
habitats created) and processes (e.g., water and nutrient cycles, energy flow)
would be essentially the same.

Resistance and resilience are therefore two related properties that allow
ecosystems to dynamically maintain their functions and structure, thus ensuring
long-term reorganization after a disturbance (Drever et al. 2006). These proper-
ties can be influenced by characteristics and mechanisms operating at both the
landscape and stand level or even between different ecosystems. For example,
the return of some species after a fire may depend on the presence of refugia for
these species in the landscape as well as on the presence of survivors within the
disturbed site itself.

2.3.1. Key Ecosystem Elements Conferring Resistance and Resilience

Another goal of forest management is to conserve forest ecosystems’ capacity to
recover fully from environmental changes so that they are able to continue to
provide forest goods and services that have commercial, aesthetic, recreational
or other values. In other words, the aim is to maintain ecosystems that are resis-
tant and resilient in the face of environmental variations such as those induced
by climate change. Two key attributes contribute to these ecosystems’ resilience
and resistance: biodiversity and biological legacies.

Biodiversity
Biodiversity is a crucial element that allows forest ecosystems to withstand stress,
fluctuations, and disturbances. It should be emphasized that biodiversity refers
not only to the number of species inhabiting a particular type of habitat but also
to the relations and functions provided by diversity at the different organizational
levels of the ecosystem (genes, species, communities, and landscapes; Blondel
1995). Current knowledge suggests that the ability of ecosystems to reorganize
after disturbance and stress is linked to the range of responses of the organisms
making up these ecosystems. Similar ecological functions can be shared by more
than one species (redundancy) (McCann 2000) in an ecosystem, and different
species will be favoured depending on the fluctuations in environmental



1 — Forest Ecosystem Management 23

Box 1.1

conditions. As a result, biodiversity provides ecosystems with flexibility in their
ability to respond to disturbances. A certain degree of redundancy provided by
diversity would also confer a greater ability to respond to natural disturbances
and stresses as well as to new disturbance agents. For example, there are a number
of natural enemies of spruce budworm whose abundance may vary with fluctua-
tions in environmental conditions, providing systems with flexibility in the face
of such fluctuations. Given new threats such as global warming, it is prudent to
maintain as much flexibility as possible in potential responses by promoting the
maintenance of all biodiversity (see box 1.1).

Hypotheses on the link between biodiversity and ecological processes*

1) Redundancy hypothesis: most species are ecologi- Regardless of which hypothesis turns out to be true,
cally redundant (their ecological functions can be it can be confidently stated that, given our incom-
carried out by another species) and only some plete knowledge of the roles of all organisms, the
species play a critical role in the system as a whole precautionary principle calls on us to conserve the
(Walker 1992; Lawton and Brown 1993). largest possible amount of biodiversity. The expected

2) Rivet hypothesis: all species play a key role in the
ecosystem. All species depend on one another just
as the parts of an airplane all play a specific role
and together hold the plane together (Ehrlich and
Ehrlich 1981).

changes in climate will certainly modify the condi-
tions to which species are adapted, making it difficult
to predict their responses. Species with roles that
appear unimportant now may play a crucial role
under extreme conditions (Schulze and Mooney
1993). For the time being, to ensure that forest eco-

3) Idiosyncratic response hypothesis: biodiversity and ~ Systems maintain the ability to adapt to changes, it
ecological functions are linked. However, interac- is essential to conserve as many organisms as possible
tions are too complex to predict the direction and ~ and to maintain interconnected ecosystems charac-
magnitude of the system’s response should some terized by .relajclvely natural co_n_dltlons, as this will
species become extinct (Lawton 1994). help to maintain ecosystem resilience.

* See Vitousek and Hoper 1993; Lawton 1994; and Perry and Amaranthus 1997 for more details.

The importance of genetic diversity has long been recognized in forestry.
Studies on geographic variation (provenance tests) have been carried out for a
number of species, allowing rules for seed source movement (seed zones) to be
formulated that facilitate adaptation to the recipient environment (Beaulieu et
al. 1996; Carter 1996; Matyas 1996; Beaulieu and Rainville 2005). It is also well
known that, in certain cases, harvesting and management activities may reduce
genetic diversity, which may hinder a species’ ability to adapt to changing envi-
ronmental conditions. For example, studies on eastern white pine have shown
a reduction in genetic diversity in fragmented populations on the St. Lawrence
Plain compared with more continuous populations in the Ottawa Valley (Beaulieu
and Simon 1994). Although, in these cases, the genetic markers used to measure
genetic diversity were not markers for adaptive traits, Beaulieu et al. (1996)
observed in an analysis of a provenance/progeny test that the trees in St. Lawrence
populations were shorter than those in Ottawa Valley populations at the age of
ten years.

At the stand level, site quality together with species diversity probably has
an impact on primary productivity, nutrient retention, and disease resistance
(Perry and Amaranthus 1997). For example, Paré and Bergeron (1995) and
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Bergeron and Harvey (1997) demonstrated that, in the balsam fir domain, mixed
stands are the most productive in terms of standing biomass. In addition, in
these mixed stands, softwood mortality from spruce budworm outbreaks is low
compared with that observed in pure softwood stands. De Grandpré and Bergeron
(1997) have shown that herbaceous plant communities are more diversified in
this type of forest and, after cutting, this diversity provides greater resistance to
so-called invasive species.

At the landscape level, the diversity of forest types may help to limit or
control some disturbances. For example, the presence of hardwood stands may
slow the spread of fire (Hély et al. 2000; Cumming 2001; Kafka et al. 2001).
Similarly, natural enemies of the spruce budworm, such as certain parasitoids,
are probably more abundant in hardwood stands and mixedwood stands, thus
conferring greater resistance to forest mosaics that contain a wide range of stand
types (i.e., mixed and hardwood stands) (Perry and Amaranthus 1997; Cappuccino
et al. 1998). The same is true for avian predators of spruce budworm, which are
more abundant and occur in greater species diversity in mixed stands (Hobson
and Bayne 2000) than in pure hardwood or softwood stands; the same phe-
nomenon holds true at the landscape level in forest mosaics composed of a
combination of mixedwood, hardwood, and softwood stands (Drapeau et al.
2000). In addition, Crawford and Jennings (1989) observed that, during a spruce
budworm outbreak, insectivorous birds can significantly curb the growth of
budworm populations, although this effect may vary depending on the species
composition of avian predator communities. In addition, they found that mixed,
multi-layered stands provide better habitat for avian predators than younger and
denser forests with little shrub cover. Conversely, several studies on continental
forest bird trends show population increases during budworm outbreaks (Hagan
et al. 1992; Patten and Burger 1998). Although there is no consensus in these
studies on the existence of top-down control (in which predation controls
community organization) or bottom-up control (prey availability controls com-
munity organization), there is agreement in the scientific community that
demographic parameters in these two taxonomic groups are mutually influential
(Bolgiano 2004).

Biological Legacies

After a disturbance, the affected forest still retains some characteristics inherited
from the pre-disturbance forest. Living trees, standing dead trees, downed trees,
seeds, or other propagules in the soil and disturbed duff layers are still present
in the ecosystem. These components make up what are called the biological
legacies (sensu Franklin et al. 2000; Lindenmayer and Franklin 2002) of the
predecessor forest, and they have an effect on the successional pathway that a
forest follows after a disturbance.

Biological legacies occur at different scales. For example, in a major fire,
areas burned to varying degrees will provide a major portion of legacies (Bergeron
et al. 2002; Perron et al., chapter 6). Patches of trees preserved in the burn also
serve as refugia for species that are not fire adapted, also providing legacies (e.g.
balsam fir [Abies balsamea (L.) Mill.] and white spruce [Picea glauca (Moench)
Voss]) that will eventually colonize regenerating burns (Galipeau et al. 1997;
Kafka et al. 2001). When identifying biological legacies, it is equally important
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to consider the type and scale of the disturbance (see Vaillancourt et al., chapter 2).
It has been observed that, unlike forests where a burn has occurred, in mature
forests affected by lower-intensity or smaller-scale disturbances (outbreaks, gaps
or senescence), standing and downed dead trees, distributed within a predomi-
nantly forested matrix, constitute biological legacies.

The litter and organic matter in the soil (duff) also play an important role
in ecosystem resistance and resilience. For example, in a forest fire, the fire
reduces the thickness of the duff layer, creating seedbeds conducive to the estab-
lishment of trees and other plants that normally appear after fire (Johnson 1992;
Greene et al. 2006). Duff reduction is spatially heterogeneous and depends on
combustion conditions and the initial depth of the organic matter layer (Miyanishi
and Johnson 2002; Ryan 2002). This layer of organic matter also affects ecosys-
tem productivity by limiting erosion (Ryan 2002). Similarly, at the stand level,
the uprooting of trees exposes the mineral soil in areas where organic matter
has accumulated. The spatial heterogeneity in mineral soil exposure and the
nearby presence of duff are particularly important in the establishment and
growth of some tree species (Gastaldello et al. 2007).

In the boreal forest, dead trees are a key component in natural forest dynam-
ics (Sturtevant et al. 1997; Hély et al. 2000; Kuuluvainen 2002b; Drapeau et al.
2005). Between the initial stage of mortality (gradual or sudden) and the time
they disappear completely, standing or fallen dead trees serve as a substrate for
numerous organisms that are involved in the decomposition of deadwood
(Sanders 1970; Harmon et al. 1986; Bull et al. 1997; Martikainen et al. 1998;
Hammond et al. 2001; Grove 2002; DellaSala et al. 2004). The presence of dead
wood in forest stands is equally important in maintaining processes such as
drainage and the control of soil erosion as well as the nutrient and carbon cycles
(Harmon et al. 1986; Agren and Bosatta 1996; Hyvonen and Agren 2001). In
many countries, the reduced availability of dead wood in managed forests is
currently considered one of the main causes of the loss of biodiversity (Siitonen
2001; Grove 2002). In Fenno-scandinavian forests, one fourth of threatened
species are associated with dead trees (Virkkala and Toivonen 1999).

Entities that survive a disturbance in different forms (e.g., living trees, seeds,
and root and stump sprouts) and allow the system to quickly reinitiate succession
are another example of biological legacies. The seeds in the serotinous cones of
jack pine and the semi-serotinous cones of black spruce, along with the roots of
poplars that quickly resprout after fire, allow burned sites to be recolonized and
the forest reconstituted fairly quickly (Greene and Johnson 1999; Greene et al.
2006). Observations suggest that when salvage logging is done without taking
such biological legacies into account, the system’s resilience is short-circuited in
part by hindering any natural regeneration that might otherwise become estab-
lished (Purdon et al. 2004; Donato et al. 2006; Greene et al. 2006). Biological
legacies are therefore crucial in forests affected by major disturbances such as
fire since they ensure rapid recolonization of the site.

Although we still do not understand the full importance of biological
legacies in relation to ecosystem resilience and resistance, it can be stated that
such legacies play a determining ecological role in the structure and functions
of ecosystems that are regenerating after a disturbance. Biological legacies must
therefore be taken into account in implementing forest management approaches
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emulating natural ecosystem functioning (Franklin et al. 2002). In an ecosystem
management approach, maintaining these elements is essential to ensure that
forest ecosystems have the flexibility needed to withstand future environmental
fluctuations such as disturbances and climate change.

Maintaining Processes Inherent in Disturbances

The physical and chemical action of natural disturbances sometimes results in
processes that cannot be maintained solely by ensuring biodiversity and biologi-
cal legacies in managed areas. For example, the action of fire on soil results in
processes that are crucial for maintaining soil fertility in regions where an accu-
mulation of organic matter reduces forest productivity (see Simard et al.,
chapter 11). The combustion of organic matter increases soil pH and the avail-
ability of several nutrients (MacLean et al. 1983; Certini 2005). By exposing the
mineral soil and releasing nutrients, fire contributes to ensuring the productivity
of peaty forest soils. Processes inherent in disturbances, such as the biological,
chemical, and physical effects of fire, are difficult to reproduce with traditional
silvicultural treatments. In FEM, the goal is to ensure that these processes are
maintained at both the stand and landscape levels in order to preserve the ability
of disturbed forests to maintain their productivity.

3. FOREST ECOSYSTEM MANAGEMENT (FEM)

3.1. Main Elements of FEM

The main aim of the conceptual framework of FEM is to strike a balance between
the harvesting of timber and the maintenance of ecosystem structure and func-
tions by managing the forest as a whole (Kimmins 2004) to ensure its integrity
and sustainability. Although it is difficult to formulate a definitive definition of
ecosystem management, we propose the following one:

A management approach that aims to maintain healthy and resilient
forest ecosystems by focusing on a reduction of differences between
natural and managed landscapes to ensure long-term maintenance of
ecosystem functions and thereby retain the social and economic benefits
they provide to society.

Despite the wide range of definitions proposed in the literature, a certain
consensus has been reached regarding several essential elements that are part of
the ecosystem management approach (Grumbine 1994; Galindo-Leal and Bunnell
1995; Christensen et al. 1996; Kimmins 2004). Most of the elements encountered
in forest ecosystem management are defined in box 1.2.

Since the principal objective of FEM is to maintain the ecological integrity
of ecosystems, it focuses on their resistance and resilience. To achieve this, an
expanded spatial and temporal frame of reference is required to take account of
ecosystem dynamics. While the main concern of conventional forest manage-
ment is maximizing timber productivity and harvests, FEM views the forest in
its broader sense, planning not only what is to be extracted but also what should
be maintained in the landscape. This involves managing the forest at multiple
levels and taking account of the scale of influence on different organisms.
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Box 1.2

Common elements involved in FEM approaches

1) Sustainability of all components of forest

ecosystems and maintenance of ecological
integrity

Preserve biodiversity at the gene, species, and
population level, along with the ecological pro-
cesses that take place in the ecosystem, with a
long-term perspective in mind.

2) Multiple spatial and temporal scales

Since forest ecosystems are much larger than
stands and even conventional management units,
ecosystem management must take the connection
between the various spatial scales into account.
Since changes to ecosystems occur over long
periods of time, management must be planned
with a longer time frame in mind.

3) Establishment of ecological targets based on

the best available knowledge

Based on current scientific knowledge (local and
regional), ecological targets must be set based on
the desired results. Targets must also be measurable
to make it possible to verify the success of operations
themselves and the maintenance of key attributes.

4) Comparison of managed and natural

ecosystems

This step involves determining major differences,
particularly with regard to key attributes, between
natural and managed ecosystems and, based on
these findings, evaluating various silvicultural strat-
egies for mitigating these differences.

5) Implementation plan involving joint action

by agencies involved

To integrate all forest ecosystem components into
a single management framework, all organizations
working in the territory concerned must cooperate
(timber resource, traplines, mines, etc.). In addi-
tion, in this step, ecological targets can be modi-
fied to take account of other social or economic
objectives in the area.

6) Monitoring

To attain the previously defined ecological targets,
the impact of forestry practices on various eco-
system components must be assessed using quan-
titative measurements so that adjustments can be
made if targets are not met. This also involves
ensuring that the hoped-for effects on organisms
are also achieved.

7) Adaptability

Owing to the constant evolution of scientific
knowledge, an ecosystem-based management
framework must be flexible and lend itself to
adjustment when new findings related to forest
ecosystem dynamics are obtained by the scientific
community. For example, it may be realized that
some attributes that were targeted for protection
are not as important as was previously thought,
while others may be more crucial.

To achieve this goal, establishing maintenance targets — based on the best
available ecological knowledge — is just as important as establishing harvesting
targets. For example, one common objective of conventional boreal forest man-
agement is to “normalize” age classes and completely harvest stands when they
are mature, whereas under FEM, the aim is to ensure that each type of stand,
including overmature ones, is adequately represented at the landscape level. This
makes it possible to maintain the necessary proportions of mature forest and
forests with different structures and compositions in the landscape. However,
the FEM approach does not require that every stand be restored to the state it
was in before the management interventions were carried out. In other words,
stands at various stages of succession may be found at various locations within
the landscape, but their respective proportions must remain within the natural
limits determined by disturbance regimes (the so-called shifting mosaic steady
state, sensu Bormann and Likens [1979]).

Under the ecosystem-based approach, management targets (e.g., composition
and structure) are established based on knowledge of the variability of conditions
in a natural forest environment, instead of the fixed prescriptive framework used
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for planning timber harvests under the conventional approach. FEM more closely
resembles a management-by-objectives approach adapted to regional character-
istics of forest functioning rather than a prescriptive framework in which fixed
rules are applied to the entire territory. Comparison of natural ecosystems and
managed forests can provide a basis for identifying key processes or attributes
that are at the greatest risk under current practices and that call for adjustments
when developing silvicultural systems or management strategies.

Management targets set under an ecosystem-based approach are used to
shed light on available resource development options for ensuring that managed
ecosystems remain within the limits of natural variability (see Vaillancourt et al.,
chapter 2). Such options can obviously be adjusted under a forest land manage-
ment and governance approach that incorporates participatory democracy (Gauthier
2005). Although social and economic considerations may indeed eventually influ-
ence management options, initially the emphasis must be on setting ecologically
based management targets in order to make wise decisions. Therefore, ecological
targets are evaluated and modified in order to achieve a plan that is unique to
the territory in question during the land management planning stage.

To ensure that objectives set under an FEM system are met, monitoring is
crucial for assessing the success or failure of the implementation of the manage-
ment system. A monitoring program must be established not only to ensure that
ecological targets are met but also to measure target organism responses to the
system established. Similarly, to enable proposed changes to be carried out based
on the results obtained, the FEM system must be flexible enough to allow refine-
ments and the development and incorporation of new scientific knowledge.

FEM and Other Forest Management Strategies

To understand how FEM fits into a forestry context, it should be compared with
other forest management concepts developed in recent years. Ecosystem manage-
ment indeed fits in with the notion of sustainable forest development, which has
been defined by the Canadian Council of Forest Ministers (CCFM) as manage-
ment that aims to “maintain and enhance the long-term health of our forest
ecosystems for the benefit of all living things [...] while providing environmental,
economic, social, and cultural opportunities for the benefit of present and future
generations” (CCFM 1992). In FEM, the environment, as it is the support for
resource production, is the foundation for the economic and social components
of sustainable development. Consequently, no compromises can be made in terms
of the sustainability of the resource and therefore the health of the ecosystem.

FEM offers a novel natural resources management framework by facilitating
the formulation of environmental issues and targets that have to be sustained
or achieved within harvesting systems. Thus, FEM is not a resource management
process like integrated resources management (IRM) for instance. Instead, FEM
takes place prior to the resource management process for which it is not a sub-
stitute; FEM aims at maintaining the whole ecosystem’s integrity. It however
provides new guidance for territorial planning by emphasizing on the mainte-
nance of processes that are responsible for forest resilience, so as to guarantee
the conservation of goods and services provided by the forest ecosystem in
contrast to IRM, which primarily aims at developing specific forest resources.
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Lastly, FEM also includes zoning approach (e.g., TRIAD), under which
different types of land use are assigned to managed areas. Under this approach,
portions of the forest are set aside for integral conservation or for intensive timber
production on appropriate sites. On the remaining land, an extensive FEM
approach is used to maintain ecological integrity, to meet economic needs
through the harvesting of certain resources and to satisfy social values (recreation,
aesthetics, traditional activities, etc.).

3.3. The Precautionary Principle

Although substantial progress has been made in boreal forest research in the last
decade (Engelmark et al. 1993; Bergeron et al. 1998; Engelmark et al. 2000;
Kuuluvainen 2002a; Macdonald 2004; Bergeron et al. 2006), understanding of
how boreal ecosystems function is still in its infancy. Therefore, when we are
managing the boreal forest, obviously we do not understand or fully grasp all
the implications of our actions on the ecosystem and its ability to recover from
disturbances or stress. Furthermore, our knowledge of the maintenance of bio-
diversity and related processes is still very piecemeal, which is another reason
for exercising caution. Based on the precautionary principle, we must try to
maintain all diversity since we do not yet fully understand the impact on eco-
system functioning of a loss of one or more elements (see box 1.1). In addition,
it is important to realize that the harmful consequences of a loss of biodiversity
(whether at the genetic, species or ecosystem level) or biological legacies may not
be noticeable in the short term, as it may become obvious only once a new
environmental stress occurs, under new climatic conditions, for example.

3.4. Fine and Coarse Filters

Because of our fragmentary understanding of ecosystems, one precautionary
strategy is the hierarchical application of fine and coarse filters in forest manage-
ment (sensu Hunter 1990). A coarse filter approach involves maintaining a variety
of habitats representative of natural forests along with some of their key charac-
teristics (table 1.1). The aim is to conserve most of the biodiversity. For rare
species or species with special habitat requirements, a more targeted fine filter
approach should also be implemented. FEM focus on natural disturbances fits
into the fine and coarse filter approaches since the conditions created by appro-
priate silvicultural strategies aim at maintainig the key characteristics associated
with natural disturbances. As table 1.1 shows, many of the key attributes of
habitats that are to be maintained are linked to the disturbance regime in the
region concerned (see Vaillancourt et al., chapter 2).

3.5. Ecosystem Management Based on Natural Disturbance Dynamics

In implementing FEM, inspiration can be drawn from regional disturbance regimes,
which are responsible, along with climatic, biogeographical, and physical charac-
teristics, for the biodiversity observed at a regional scale. Forest management based
on an understanding of natural disturbances rests on two premises: (1) disturbances
occur frequently enough to have an impact on biodiversity (from the genetic to
the landscape level; Harper 1977) and (2) ecosystems (organisms and processes)
are resilient in the face of these disturbances (Attiwill 1994; Angelstam 1998).
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Table 1.1
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Links between the disturbance regime and forest elements associated with key
attributes favouring forest ecosystem resilience and resistance in response
to disturbances and environmental stress

Forest elements

Links with disturbance characteristics

Stand level Landscape level

Age structure of stands and

Cycle or mean interval between disturbances

proportion of old-growth forests

Forest composition

Stand structure

Residual patches and stands
in disturbed areas

Living or dead residual trees

Soil organic matter

Time since last disturbance Frequency or mean interval between disturbances
Type and severity of disturbances

Size and severity of disturbances Average, and variation in, size of disturbances
Spatial distribution of disturbances

Type and severity of disturbances Type and severity of disturbances
Type and severity of disturbances Type and severity of disturbances
Type and severity of disturbances Type and severity of disturbances

In the boreal forest, natural disturbances occur frequently and are an
integral part of forest ecosystems, although they were long perceived as external
factors. Fires, for example, have been around for so long and occurred so fre-
quently that species like jack pine have been able to develop adaptations such
as serotinous cones (Gauthier et al. 1993, 1996). Disturbances operate at several
levels, from a pathogen attacking a single tree to the forest fire that kills several
thousand trees. These disturbances generate a variety of forest attributes (table 1.1)
that are important, if not essential, in maintaining biodiversity and the processes
making the system resilient to disturbances.

3.5.1. Key Attributes for Preserving Ecosystem Resistance and Resilience

Key attributes that are important in maintaining ecosystem capacity to withstand
stress and disturbances were identified based on findings concerning the role of
biodiversity and biological legacies in forest ecosystems (table 1.1). All of these
attributes are closely linked to the characteristics of disturbance regimes found
in the regions studied. They can be divided into four main groups: forest com-
position, forest structure, dead wood or woody debris (standing or downed), and
organic matter in the soil (duff). All these attributes, which occur at several
different levels, are subject to a great deal of manipulation in managed forests.

Forest Composition

Several habitat characteristics are influenced by the species of trees making up
a stand. Forest composition is therefore a particularly important attribute, since
it may be a determining factor in stand productivity (Légaré et al. 2005) and the
diversity of understory communities (De Grandpré et al. 1993, 2003). It is also
in part responsible for wildlife habitat characteristics, at both the stand and
landscape levels (Man and Lieffers 1999; Drapeau et al. 2000). At the stand level,
forest composition is determined not only by the condition of the physical



1 — Forest Ecosystem Management 31

environment (soils, drainage, climate, etc.) but also by the time elapsed since
the last disturbance (Johnson 1992; Bergeron 2000; Le Goff and Sirois 2004).
At the landscape level, the variety of stand types and successional stages repre-
sented also depends on the physical characteristics of the environment as well
as the average interval between major disturbances and the range of intervals
possible. In planning harvesting, it is important to set targets for stand species
composition and age structure at the landscape level; they should be based mainly
on the fire regime in the region (see Gauthier et al., chapter 3).

Forest Structure

Forest structure, at the stand and landscape levels, is recognized to be one of the
forest characteristics that create habitat diversity benefitting a wide variety of
organisms (Drapeau et al. 2000; Kashian and Barnes 2000; Payer and Harrison
2000). At the landscape level, the aim is to preserve structural patterns found
in a natural disturbance regime (Landres et al. 1999), such as a percentage of
old-growth forests similar to that found under a particular fire cycle (see Gauthier
et al., chapter 3). At the stand level, the key attributes of natural forests (e.g. wide
range of diameter classes, and presence of snags and coarse woody debris) must
be maintained (Franklin 1993; Spies 1998). These structural elements vary from
region to region depending on the disturbance regime and the physical environ-
ment. Forest structure (horizontal or vertical) is another attribute that is altered
by management activities in order to create regular, even-aged stands. The result
is a homogenization of forest structure at both the stand and landscape levels.

Dead Wood

Standing and downed dead wood have also proven to be key attributes of forest
ecosystems. Dead wood is important for maintaining biodiversity in forests and
ecosystem capacity to recover from disturbance (Bull et al. 1997; Watt and Caceres
1999; Drapeau et al. 2002), and is considerably affected by forestry operations
(Drapeau et al. 2002; Biitler et al. 2004; Gjerde et al. 2005; Vaillancourt et al.
2008). In addition, woody debris provides a source of food and shelter for a large
variety of birds and insects (Imbeau and Desrochers 2002; Nappi et al. 2003;
Saint-Germain et al. 2004; Koivula et al. 2006). It influences stand dynamics by
favouring the establishment and initial survival of many plant and tree species
(Harmon et al. 1986; Simard et al. 2003). The salvage logging of burns (Nappi
et al. 2004; Donato et al. 2006) and the harvesting of so-called healthy dry wood
and of overmature stands greatly influence the availability of woody debris at
the stand and landscape levels.

Soil Organic Matter

The depth of the soil organic layer and its distribution are important attributes
at the stand level. Disturbances like fire reduce the thickness of this layer, thus
creating seedbeds favourable for the establishment of certain species (Johnson
1992; Greene et al. 2006). Cutting and site preparation methods can also affect
the quantity and distribution of organic matter in the soil, expose the mineral
soil, and thus favour the regeneration of many species. Rootlet access to the
organic layer seems to be a key factor in the survival and growth of regeneration
(Gastaldello et al. 2007). In the boreal forest, Thiffault et al. (2007) observed
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that post-harvest soil conditions and nutrients for trees were closer to those found
after fire when conventional, stem-only harvesting was used (in other words
when the organic matter in the foliage and branches was left in the cutover),
than when whole-tree harvesting was used. Under other circumstances, low-
intensity disturbance to the soil (for example, during low-severity burns or winter
cutting) can accelerate the paludification process in forests susceptible to this
phenomenon and accelerate the transition to unproductive forested peatlands
(Simard et al. 2007; see Simard et al., chapter 11). Severe fires, site preparation
or prescribed burns may control or reverse this paludification process (Lavoie
et al. 2005).

Large-Scale and Long-Term Planning

Finally, it should be noted that, in planning forest management activities, special
attention must be paid to maintaining the distribution of key attributes in space
and time. Several examples discussed above show that what occurs at the stand
level has repercussions at the landscape level. With regard to the temporal aspect
of forest management, for example, in terms of species composition, some species
need more time to recover after major disturbances such as crown fires. This is
particularly true for eastern white-cedar (Thuja occidentalis L.), which does not
become re-established quickly on severely disturbed sites. Other attributes associ-
ated with old-growth forests such as large-diameter dead wood or epiphytic lichens
also require long intervals after major disturbances to become re-established.
When short-rotation management is implemented, some of these species or pro-
cesses may be eliminated from the ecosystem. A better definition of the attributes
linked to natural disturbance (table 1.1) and the development of indicators (see
box 1.3) will in turn provide a better understanding of the functions linked to
these attributes and facilitate their maintenance when required.

Box 1.3
Monitoring and adaptability - example of a soil-linked indicator

This is an example of how empirical validation and
new scientific knowledge can be used to adjust indi-
cators so that they perform better, but are not neces-
sarily more complex.

Paré et al. (2002) developed an indicator for site sen-
sitivity in terms of impacts of whole-tree harvesting
on soil fertility. This indicator was assessed by taking
account of the difference between the quantity of
nutrients lost during harvesting and the soil’s capacity
to provide these nutrients. The quantity of nutrients
lost during harvesting was found to be largely depen-
dent on the type of species and its growth rate. Sub-
sequently, this indicator was subject to empirical
validation under four different situations (Thiffault et
al. 2006) revealing that site sensitivity to whole-tree
harvesting was unaffected or only slightly affected
by the type of stand present before harvest and that

a simpler indicator, which only took into account the
soil’s capacity to provide nutrients, performed better
in this regard. One of the cases studied was jack pine
stands on sandy soil. Harvesting these stands resulted
in little nutrient loss but they were established on
very poor soil in the first place. Empirical validation
showed that these stands were at risk for nutrient loss
and that taking only the richness of the soil into account
provided a better indicator of this risk (Thiffault et al.
2006).

This example illustrates how monitoring can support
continual improvement of management strategies.
While the initial indicator required the measurement
of three variables, empirical validation in the field
allowed the indicator to be simplified. This not only
required the measurement of fewer variables, but
resulted in better indicator performance.
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4. CONCLUSION

The implementation of FEM systems based on natural disturbances in public
forests in eastern and central Canada will require profound changes in forestry
practices and strategies. To be able to reproduce key forest habitat conditions
similar to those found under natural disturbance regimes, it is necessary to have
a sound scientific knowledge base, to use longer-term planning horizons, and,
in managed areas, to pay equal attention to resources to be retained and those
to be extracted, at the stand and landscape levels.

In managing large areas like those making up the boreal forest, our duty
is to adopt practices that more closely resemble those occurring in nature.
Obviously, this task is quite a complex one and demands a degree of reflection.
Managing the huge area that is the boreal forest cannot be done mechanically
and unthinkingly without detrimentally affecting biodiversity and therefore the
long-term productivity of forest ecosystems.

Throughout this book, we will see how the forest ecosystem management
(FEM) approach, which draws inspiration from natural disturbances regimes,
can help us halt the depletion of mature and overmature forests through the
development of management approach and strategies that attempt to recreate
the conditions found in these forests. In some regions, however, we are aware
that it can be difficult to implement such practices since the forests have already
been extensively modified. In this case, FEM can be used to help establish res-
toration objectives for second-growth forests, in order to recreate key attributes
and conditions similar to those found in the past, so that ecosystem capacity to

cope with future environmental stresses and fluctuations is maintained.
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1. INTRODUCTION

Natural disturbances are ecological processes inherent to forest ecosystems (White
and Pickett 1985; Attiwill 1994), including boreal forests (MacLean 1980; Morin
1994; Johnson et al. 1998; Kneeshaw 2001; McCarthy 2001; Wooster and Zhang
2004), where they are important drivers of forest dynamics and shape the diversity
of habitats at the landscape level (see Gauthier et al., chapter 1). Ecosystem
management based on natural disturbances is not intended to emulate, in every
way, the effects and processes of natural disturbances. Instead, it aims at using
knowledge of disturbance regimes to define the current issues resulting from
forestry practices. The main goal of adopting an ecosystem management frame-
work is to minimize the differences between natural forest conditions and those
generated by our forestry practices in order to limit their impacts on biodiversity
and ecosystem productivity. Therefore, implementation of ecosystem manage-
ment must rely on a good understanding of the main disturbance regimes’ effects
on forest ecosystems at various spatial and temporal scales.

Effects of disturbance on forest characteristics (such as composition or
structure) result from three main disturbance features: return interval (and other
temporal descriptors), size (and other configuration descriptors), and severity
(their intrinsic nature). These three types of descriptors define the range of vari-
ability generated by disturbance regimes (figure 2.1). There is now a consensus
on the fact that a forest management regime reduces the variability of these

Box 2.1
Conceptual model illustrating primary features describing disturbance regimes

A conceptual model illustrating primary features
describing disturbance regimes is presented to help
us better visualize how to meet the objective of
reducing the disparity between managed forest and
natural disturbance regimes.

As an example, we can represent the natural vari-
ability of a fire disturbance regime using three axes
(return interval, severity, and size; figure 2.1A). In the
boreal forest, considerable amplitude may exist for
each of these axes, which also vary across regions.
Since fire occurrence is almost random, one site can
burn several times within a short time period whereas
another site can be spared for several hundred years.
Likewise, a burn area can cover less than 1 hectare
up to several thousand square kilometres. Finally,
while some surface fires can affect only understory
vegetation, crown fires can cause widespread mortal-
ity among the canopy and consume the humus layers
down to the mineral soil. The combination of these

* This concept is defined in chapter 1 (p. 29).

characteristics (return interval between fires, fire
severity, fire size), as well as others not illustrated here
but presented later (table 2.1), constitute a fire
regime and is unique to a given forest region. This
disturbance regime, and its interaction with environ-
mental features (such as thermal, water, and nutrient
regimes), is responsible for most of the habitat diver-
sity within a region. It determines the coarse filter*
on which maintenance of biodiversity should rely.

In contrast to natural variability, we can easily repre-
sent theoretical variability created by an intensive
management regime including, for example, the
widespread use of plantations and stand-tending
treatments. In this context, harvest rotations, harvest
block size, and severity constitute a management
regime with a narrow variability compared with that
of the natural disturbance regime (figure 2.1B). This
narrow range can impose constraints on biodiversity
and forest productivity.



Although the main objective of forest ecosystem
management is to respect the variability inherent to
natural disturbance regimes, in practical terms it
often becomes a social and economic compromise
within the limits of historical variability (see last
section of this chapter; Bergeron et al. 2004a). This

Figure 2.1
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management target is generally located between the
great variability generated by natural disturbances
and the homogeneity generated by forest manage-
ment regimes aimed primarily at sustaining fibre yield
(figure 2.1C).

Conceptual model describing disturbance regime variability in natural
ecosystems (A) and managed ecosystems (B and C)
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Infigure A, there is a great variation in return interval between successive disturbances,
in disturbance sizes as well as disturbance severity. In figure B, the forest manage-
ment regime reproduces little variability regarding disturbance interval, size and
severity. In figure C, the management regime creates conditions similar to those of
the natural regime and maintains variability, but without reaching the extremes.
Adapted from Bergeron et al. (2007).
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features, which creates a homogenization of the forest conditions (McCrae et al.
2001; Hauessler and Kneeshaw 2003). This homogenization results from forest
management strategies using regular harvesting rates and intensity and systematic
harvesting of mature and old-growth forest stands. By using knowledge of natural
disturbance regime variability, it is possible to compare forest conditions gener-
ated by natural and anthropic disturbance regimes. Appropriate management
targets must then be established based on the differences observed at the stand
and landscape levels (see box 2.1).

Knowledge of natural disturbance regimes of the eastern Canadian boreal
forest is currently developing quickly. The second part of this book presents an
ecological knowledge synthesis with regard to the major disturbance regimes
(fire and insects) as well as regional examples of disturbance regimes and their
implications for ecosystem management implementation. First of all, it is crucial
to define a disturbance regime and explain how its characteristics can be used
to identify ecological issues and set forest management objectives. In this chapter,
we will define disturbance regime characteristics and illustrate how they influ-
ence forest conditions using examples from the effects of two disturbance agents
of the boreal forest. Finally, we will clarify the historic and regional aspects of
natural variability.

2. NATURAL DISTURBANCE REGIME CHARACTERISTICS

Natural disturbances can be defined as relatively distinct events that affect the
structure of an ecosystem, a community, or a population, and modify resources,
substrate availability, or the physical environment (White and Pickett 1985).
Some natural disturbances such as intense crown fires are often described as
“catastrophic” at the human scale. However, on an evolutionary scale, a catas-
trophe is a very rare event that does not exert selection pressure on the organisms
living within the affected ecosystem (Harper 1977). The majority of disturbance
events affecting boreal forests have occurred frequently for thousands of years
and living organisms are well adapted to them. Thus, such disturbances cannot
be defined as catastrophic.

In the boreal forest there is a great variety of disturbance agents having
impacts at different levels. Among these, fire is probably the most documented
one. In fact, a large number of studies have been conducted on fire regimes across
central and eastern Canada (Bergeron et al. 2001, 2004a, 2006; Kafka et al. 2001;
Lauzon et al. 2007; Tardif 2004). However, fire is not predominant across all the
North American boreal forest and other disturbance agents can also play an
important role in forest dynamics (Bergeron et al. 1998; Engelmark et al. 2000;
McCarthy 2001). Indeed, in Canada insect outbreaks affect areas larger than
those affected by fire and forest management combined (Kneeshaw 2001; CCFM
2006). The main insect outbreak regimes having a significant impact on timber
supply in the eastern and central Canadian boreal forests are those of the spruce
budworm (Choristoneura fumiferana Clem.; see Morin et al., chapter 7), forest tent
caterpillar (Malacosoma disstria Hbn.; see Sutton et al., chapter 8), and hemlock
looper (Lambdina fiscellaria Guen.). At a more local scale, windthrow, ice storms,
pathogens, or senescence are disturbance agents that can also drive forest
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dynamics. Some of these agents affect the forest at a particular development
stage. For example, senescence can occur in a synchronized manner at the stand
level when a post-fire tree cohort becomes older than the tree species’ mean
longevity (Kneeshaw and Gauthier 2003). This senescence can be accelerated by
the occurrence of various diseases, such as heart rot or root rot, which are
common pathogens affecting balsam fir trees (Abies balsamea [L.] Mill.).

A disturbance regime consists of a combination of all the characteristics
generated by one or several disturbance agents acting within a given land area
(Frelich 2002). Thus, this regime can be described by several descriptors (spatial,
temporal, or others) that are specific to a disturbance agent or to a region under
study. An exhaustive list of the descriptors commonly used is presented in
table 2.1. In the following sections, we will illustrate some of these descriptors,
focusing on those that could be useful within an ecosystem management frame-
work. Although each descriptor is important for the global comprehension of
disturbance regimes, they are not all relevant in the development of forest
management strategies (see section 3).

Temporal Descriptors

Several descriptors of disturbance regime designate temporal properties such as
the return interval, periodicity, cycle, annual proportion affected, and seasonal-
ity (defined in table 2.1). Among these, cycle is a descriptor commonly used to
describe fire regimes and corresponds to the time needed to burn an area equiva-
lent to the area under study (Johnson and Gutsell 1994). The inverse of the
cycle (annual burned area proportion) corresponds to the fire frequency or
annual burn rate. The fire interval is the time elapsed between two successive
fires at the same location. Although it is often stated in the literature that fire
cycle corresponds to the mean return interval between two successive fires
measured at several sites, Reed (2006) showed that this statement involves a
simplification of fire size distribution that rarely occurs in reality. Throughout
the Canadian boreal forest, fire cycle can vary from 50 years to more than
500 years (Haeussler and Kneeshaw 2003). At the stand level, return intervals
as short as 10 years (Van Wagner 1983) and as long as 1,000 years (Cyr et al.
2005) have been observed.

Temporal descriptors used to characterize insect outbreaks include return
interval, as well as periodicity because of the cyclic nature of these phenomena.
Like fires, outbreak return interval is the time elapsed between two successive
outbreaks at the same location whereas periodicity corresponds to the return of
outbreaks in a larger time frame without taking into account their location,
severity, and dispersion. At the landscape level, spruce budworm outbreak peri-
odicity is approximately 35 years (Royama 1984; Boulanger and Arseneault 2004)
although several forest sites are not affected during each outbreak. However,
spruce budworm outbreak periodicity seems to be characteristic only of the last
two centuries (see Morin et al., chapter 7). At the stand level, the interval between
two outbreaks can vary from 30 to 120 years, depending on forest composition,
stand age, and random factors (Morin 1994; MacLean 2004).
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Table 2.1
Definition of the principal descriptors related to natural disturbance regimes

Descriptors Definition

Disturbance event

Size Size of a discrete disturbed area. This area is created by a single disturbance agent
during a single disturbance event.

Duration The period of time (minutes to years) from the beginning to the end of a single
disturbance event.

Intensity “Physical force of the event per area per time” (e.g., heat for fire, windspeed for
hurricane) (White and Pickett 1985).

Severity “Impact [of a single disturbance event] on the organism, community, or ecosystem”
(e.g., mortality) (White and Pickett 1985).

Disturbance regime

Occurrence Number of disturbance events that occurred during a given time frame, in a given
territory, regardless of their size.

Distribution “Spatial distribution including relationship to geographic, topographic, environmental,
and community gradients” (White and Pickett 1985).

Size distribution Combination of all the disturbance event sizes for a given disturbance agent on a given
territory.

Predictability “A scaled inverse function of variance in the return interval” (White and Pickett 1985).

Interval Time elapsed between two successive events caused by a disturbance agent within
a specific site.

Periodicity Time distribution for a recurring disturbance agent at regular intervals.

Cycle Time required to affect a land area equivalent to the study area by a single disturbance
agent.

Burn rate frequency Mean proportion of area affected annually.
Seasonality The time distribution of events according to the season.

Specificity The selective nature of a disturbance agent towards one or several types of habitat
(or towards a species).

2.2. Spatial or Configuration Descriptors

Disturbances such as fires or windthrow can be described by their size (forest
area affected), their shape, and the spatial distribution of the various disturbance
events. Size distribution of all disturbance events can also characterize a distur-
bance regime for a given land area. For example, fire size distribution of a region
(from less than 1 hectare to several thousand square kilometres) provides infor-
mation on the prevalence of large events compared with that of small ones, as
well as the proportion of area affected by small or large fires. In general, fire size
distribution follows a negative exponential function (Boychuk et al. 1997; Li et
al. 1999; Wimberly et al. 2000), i.e. it is greatly extended towards large fires.
Thus, although the majority of fires are small, they only contributed to a small
fraction of the total area burned (Johnson et al. 1998; Stocks et al. 2002; Bergeron
et al. 2004b). For example, even if 90% of all fires cover less than 50 ha in the
western boreal forest of Québec, these fires contribute to less than 1% of burned
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areas during the last 40 years (Lefort et al. 2004). Furthermore, 37% of the burned
areas resulted from fires affecting more than 15,000 ha (Kneeshaw et al. 2000).
On the other hand, it is more difficult to characterize spatial and configuration
features for insect outbreaks because they create extended and complex networks
of defoliated areas at diverse intensity levels through time that can occasionally
cover very large areas. However, the gap size distribution resulting from an out-
break has a negative exponential distribution like the one for fires (Kneeshaw
and Bergeron 1998; de Romer et al. 2007).

Characteristics related to the size of disturbances provide information on
the spatial configuration of the landscape such as the prevalence and maximum
size of regeneration areas. For example, simulation work conducted by Belleau
et al. (2007) suggests that the proportion of regeneration areas increases with
the fire cycle length. In summary, Belleau et al. (2007) showed that for a given
fire cycle, a fire regime dominated by large fires (which are less numerous) will
increase the distance between regeneration areas compared with a fire regime
dominated by small fires. Finally, the spatial distribution of all disturbance events
is a descriptor that provides information on the spatial configuration of the forest
landscape and on the availability of large forest tracts (see Perron et al.,
chapter 6).

Intrinsic Descriptors: Specificity and Severity

Specificity describes the selective nature of a disturbance agent in terms of a
particular habitat or species. For example, mature balsam fir stands are more
vulnerable to being severely defoliated during a spruce budworm outbreak
(MacLean 1980). Likewise, some tree species, such as balsam fir, are also more
vulnerable to windthrow in boreal forest stands (Ruel 2000).

The last descriptor illustrated here is severity. Severity can be measured by
direct impacts on living organisms or on the soil during a disturbance event.
Tree mortality within a forest stand or the depth of consumed organic matter
following a fire are two examples of severity indicators (Gauthier 2002).
Disturbance regimes are characterized by a variable range of disturbance event
severity and the severity gradient can be used to characterize the forest ecosystem
response after a disturbance event. Frelich and Reich (1998) have defined four
categories of disturbance severity, from low to very high (box 2.2). Fire is gener-
ally recognized as the most severe disturbance in the boreal forest as it frequently
exposes mineral soil and causes widespread mortality within the canopy over
large areas, which reinitiates stand succession with a return to the initial stage
of a stand (i.e., first cohort, sensu Bergeron et al. 1999). However, fire severity is
variable and some fires can have a lower impact on the soil or on the canopy,
which does not result in a response commonly observed following a severe dis-
turbance. Furthermore, the impact of fire on the soil and on the canopy is not
always correlated. For example, a spring fire can have a large impact on the
canopy, killing virtually all the trees, while it has a low impact on frozen soil.

When fire frequency is low within a given forest landscape, other
disturbances become major factors in the disturbance regime. Insect outbreaks,
windthrow, pathogens, and tree senescence can generate significant impacts but
rarely cause total mortality of stands over large areas. These disturbances do not
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Severity categories as defined by Frelich and Reich (1998)

Low severity: disturbance kills only a few scattered
trees, either in the overstory or understory, leaving
an essentially intact forest with a few gaps (e.g., indi-
vidual mortality, senescence).

Moderate severity: disturbance kills most of the
overstory or most of the understory, leaving either a
canopy layer or seedling/seedbank layer intact (e.g.,
surface fire that affects soil and regeneration but not

High severity: disturbance kills most of both the
overstory and understory, leaving only a few scattered
survivors and portions of the seedbank (e.g., intense
crown fire).

Very high severity: disturbance removes virtually all
individuals, including the seedbank and greatly affects
the environment (e.g., glaciation, landslide, and
volcanic eruption).
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overstory).

3.

generally affect soil as fire does, and seldom reinitiate secondary stand succession.
As for fire, there is a wide severity gradient caused by these disturbances, espe-
cially for insect outbreaks, that can have a severe impact on the canopy but no
impact on the soil. These disturbances are often called moderate severity distur-
bances or canopy gap disturbances (see Kneeshaw et al., chapter 9) depending
on their severity and the gap size created within the forest matrix.

Severity varies among disturbances but also within the same disturbance
event. For example, a great variation of severity levels can be observed within a
single burn. Living trees are dispersed in the burned area and scattered patches
of intact or lightly burned forests are observed (Van Wagner 1983; Kafka et al.
2001; Schmiegelow et al. 2006). Likewise, during a spruce budworm outbreak,
the resulting forest matrix shows patches with high mortality rates and patches
of partially affected stands as well as intact forest areas (D’Aoust et al. 2004).
Factors responsible for this severity variability are numerous. In the case of fires,
it can be explained by variables such as weather, forest composition (Cumming
2001), and topography (Turner and Romme 1994; Cyr et al. 2007). During spruce
budworm outbreaks, severity variability within an affected area can be in part
explained by species composition, as well as by forest age because of the specific-
ity of this disturbance agent (MacLean 1980; Bergeron et al. 1995; Su et al. 1996;
MacKinnon and MacLean 2004).

DISTURBANCE REGIME AND FOREST ECOSYSTEM MANAGEMENT

Every descriptor defined in table 2.1 and in the previous section is important
for the general understanding of disturbance regimes. However, they are not
all relevant in the development of ecosystem management strategies based on
natural disturbances as only a few of them can address the ecological issues
identified in the Introduction. One way of selecting the descriptors that are
more appropriate to use when defining forest management objectives is to
target those that have a strong impact on key forest attributes (i.e., forest com-
position, forest structure, coarse woody debris, and soil organic matter; see
Gauthier et al., chapter 1). It is worth noting that the disturbance regime
descriptors that are not retained at a given time are not necessarily useless. A
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better understanding may show that some descriptors have an important, as
yet underestimated, effect on forest dynamics. In this context, it is necessary
to work in an adaptive forest management framework to adjust management
objectives as knowledge develops.

Based on the main effects of two major disturbance agents in the forest —
i.e. crown fires and spruce budworm outbreaks — we suggest that the most relevant
descriptors for the development of ecosystem management strategies in regions
affected by these agents are: the return interval, the severity and the size and
spacing of disturbances, as well as the specificity with respect to spruce budworm
outbreaks. We illustrate in this section how the variation of these descriptors
has an impact on key forest attributes at different spatial scales (from stand to
landscape).

3.1. Effects of Disturbance Descriptors
on Key Forest Ecosystem Attributes

3.1.1. Return Interval and Annual Burn Rate

At the stand level, the return interval influences stand composition and structure,
as well as coarse woody debris availability and soil organic matter. A long fire
return interval can result in the transition from an even-aged stand to an uneven-
aged stand dominated by shade-tolerant species (Bergeron and Dubuc 1988; De
Grandpré et al. 2000; Gauthier et al. 2000). This structural transition is often
associated with an increasing coarse woody debris volume (Harper et al. 2005),
changes in understory plant (De Grandpré et al. 1993), bryophyte, and lichen
communities (Boudreault et al. 2002), as well as changes in stand productivity
(see Simard et al., chapter 11). Finally, the regional context can also influence
succession within a stand. For example, in a landscape with a long fire cycle,
shade-tolerant species prevail and there is a high probability of finding these
species in forest patches that escaped fire (Kafka et al. 2001). They can thus
reinvade a disturbed site earlier during succession than in a landscape characterized
by a short fire cycle.

At the landscape level, the variation of burn rates determines age structure
and influence landscape composition. For example, young forest stands prevail
in a region where the burn rate is high (short fire cycle) compared with one
characterized by a long fire cycle that is dominated by mature and old-growth
stands (Bergeron et al. 1999). Likewise, shade-intolerant species (e.g. trembling
aspen [Populus tremuloides Michx.] and white birch [Betula papyrifera Marsh.])
and fire-adapted species (e.g., jack pine [Pinus banksiana Lamb.]) are dominant
in a forest mosaic characterized by a high burn rate (short cycle) whereas shade-
tolerant species (e.g., balsam fir) dominate in a region where burn rate is low
(Bergeron and Dansereau 1993; De Grandpré et al. 2003). Annual burn rate will
help determine the proportion of a region to be managed under different man-
agement systems when implementing an ecosystem management framework
based on natural disturbances (see Gauthier et al., chapter 3). The portion to be
managed with even-aged silviculture should be reduced in landscapes character-
ized by low burn rates because the natural proportions of even-aged stands are
historically low.
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With regard to spruce budworm outbreaks, the interval between two
outbreaks at a same site affects the structure and dead wood recruitment at the
stand and landscape levels. However, since the cyclic interval seems to be specific
to the last two centuries and is closely linked to disturbance severity and speci-
ficity (see the following section), it is currently difficult to integrate this char-
acteristic into forest management practices. However, C6té and Bélanger (1991)
found that there can be a lack of regeneration in second-growth balsam fir stands.
Harvest rotations shorter than outbreak intervals could potentially reduce natural
stocking in balsam fir stands. The influence of outbreak return interval seems
to be less obvious than that of fire, but future knowledge could lead to management
targets based on this characteristic.

3.1.2. Spatial Configuration: Size and Spacing of Disturbance

Disturbance size has an impact on forest composition, structure, and coarse
woody debris availability. In the case of fires, mean fire size influences the size
of regeneration areas (thus, age structure and stand composition) and the spacing
between them. Considering two regions of the same size and annual burn rate,
the one with a lower mean fire size will have smaller regeneration areas that are
closer to each other (the number of fires will be higher). On the other hand, in
the region with a higher mean fire size, fires will be less frequent and farther
from each other (Bergeron et al. 2004b; Belleau et al. 2007). In that case, large
areas of mature forest are generated within the landscape.

At the regional level, the spatial distribution of disturbances shapes the
landscape structure. In an ecosystem management framework, annual burn rate
helps to determine the landscape age structure, but we must know the size dis-
tribution of disturbance events and how they are spatially distributed. As seen
earlier, fire frequency is a guide for even-aged management proportion, whereas
mean fire size is a guide for determining the size variability of regeneration areas
that we aim to recreate within a forest management regime and their spacing
across the landscape.

Fire cycle can interact with spruce budworm outbreak severity. For example,
a forest dynamic driven by frequent fires maintains a composition dominated
by fire-adapted species (Blais 1983; Anderson et al. 1987). On the other hand,
shade-tolerant species like balsam fir — the most vulnerable species to spruce
budworm - prevail in regions characterized by a long fire cycle. Thus, the size
and spatial distribution of regeneration areas created by spruce budworm out-
breaks are mainly determined by the severity and specificity attributes (pre-
disturbance composition) of this type of disturbance. A light outbreak that
generated small openings is less likely to lead to a massive recruitment of shade-
intolerant species as a severe one would. On the other hand, small openings
contribute to increasing horizontal structure complexity, whereas large openings
tend to homogenize and simplify stand structure. Availability of coarse woody
debris also increases with gap size. By using silvicultural treatments like careful
logging that protects regeneration, we maintain and increase balsam fir in the
understory of forest stands, which creates conditions similar to those following
a spruce budworm outbreak, rather than those following fires (Baskerville 1975).



Ecosystem Management in the Boreal Forest

Other ecosystem management aspects with regard to spruce budworm outbreaks
are found in the second part of the book (Morin et al., chapter 7; Kneeshaw et al.,
chapter 9; De Grandpré et al., chapter 10).

3.1.3. Severity

Severity affects the majority of forest ecosystem key attributes. Fire severity in the
overstory will determine the proportion of live and dead trees within the disturbed
area. In the case of large fires, the variability in severity within an event results
in patches of forest that escaped fire, which adds to the structural complexity of
disturbed forest stands (Kafka et al. 2001). Variability in canopy mortality and
duff consumption affects stand regeneration (Arseneault 2001; Jayen et al. 2006).
For example, intense fire that consumes most of the duff layer influences forest
composition and post-fire stand structure (Johnson 1992; Ryan 2002).

Live and dead trees (snags) are the two main residual structures following
a disturbance. In contrast to fire, few residual structures remain following
clearcutting. Comparing fire and clearcuts is thus essential for establishing reten-
tion targets for live and dead trees within even-aged management systems
(Sougavinski and Doyon 2002; Serrouya and D’Eon 2004) as well as for salvage
logging activities. Furthermore, fire severity at the soil level is not reproduced
by careful logging practices. In the context of ecosystem management, soil inter-
ventions — such as scarification and prescribed burning — must be considered to
maintain fire ecological processes (see Simard et al., chapter 11).

For spruce budworm outbreaks, severity and specificity (because of the
selective nature of this insect towards host species) will influence forest composi-
tion and structure, as well as coarse woody debris availability. Because specific
stands show higher vulnerability (e.g. mature balsam fir stands), pre-outbreak
forest composition is a good predictor of the severity level and the impacts on
key attributes during the outbreak. A severe outbreak generates an increased
amount of coarse woody debris and promotes shade-intolerant species establish-
ment both at the stand and landscape levels (Kneeshaw and Bergeron 1998;
MacLean 2004). In the case of a moderate outbreak (i.e., in a forest mosaic where
balsam fir stands are few or immature), a complex forest mosaic is created, with
patches of forest showing high mortality distributed according to balsam fir
stand distribution (MacLean 1980; D’Aoust et al. 2004). Following a light out-
break, the forest mosaic generally consists of stands with complex structures and
composition patterns because of the gaps created throughout the landscape.

Regions characterized by long fire cycles and for which forest dynamics are
driven mostly by insect outbreaks must develop forest management systems
integrating treatments that maintain residual structures typical of those found
in post-disturbance forest stands. For example, one can consider reserves of green
patches composed of non-host species and reserves of residual trees distributed
throughout managed areas, which emulates a higher severity level. Proportion
and distribution of residual structures can vary according to stand age and com-
position (depending on vulnerability). Such practices could contribute to mini-
mizing forest vulnerability during future insect outbreaks and reducing outbreak
phases in comparison with those observed during the last century (see Morin
et al., chapter 7).
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4. NATURAL DISTURBANCE REGIME VARIABILITY:
REGIONAL AND HISTORICAL PERSPECTIVES

The main objective in establishing the natural variability of a disturbance regime
is to understand how disturbances vary across sites and regions and how the
underlying processes have shaped the ecosystem in the past, how they will today
and in the future (Landres et al. 1999). To delimit this natural variability, two
fundamental elements need to be taken into account: the time period and the
geographic range considered.

4.1. Historical Variability

Disturbance regimes vary greatly through time. This historical variability can
be an advantage in an ecosystem management context, especially when current
conditions are intermediate compared with the total range of variability (see
Gauthier et al., chapter 3, where this situation is illustrated with regard to fire
frequency). However, knowledge on historical variability must be available and
relevant in the forest management context. To achieve that, the description and
quantification of this temporal variability should be done on an appropriate
time scale. To define the adequate time period - i.e. the period when current
ecosystems were well adapted — we need to determine a period when species
were similar, large-scale climatic changes did not occur, and human influence
was negligible.

Determining historical variability requires a great amount of information
on current and past disturbance regimes. Current conditions can be quantified
using inventories and archive data (on fires, insect outbreaks; aerial photographs,
data bases, etc.) whereas historical variability requires complex methods such as
dendrochronology (see Girardin et al., chapter 4) or paleoecology (see Morin et
al., chapter 7). Once the necessary information is gathered, it is possible to
quantify characteristics such as fire frequency or outbreak severity during the
past and to compare them with current disturbance regime characteristics.

When the time comes to establish management targets using historical
variability, several elements must be considered. The range of historical variability
is inevitably made up of extremes (very high severity, very large area affected,
etc.). Since these events are particularly extreme and rare, it is not relevant to
consider them as maximum and minimum ranges when establishing natural
variability in the context of sustainable management (Cyr et al. 2009). First,
extreme disturbance events will happen in the future even though there are
active suppression programs and, second, human interventions of such magni-
tude would not be acceptable from a social perspective (see box 21.1).

Knowledge on historical variability consists of a starting point for ecosystem
management because it allows the establishment of the range within which
management objectives will be determined. After considering the social, ecologi-
cal, and aesthetic values we want to maintain, a subset of this variability will
ensure that management practices respect past conditions, i.e. those under which
forest has developed.
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4.2. Regional Variability

In addition to temporal variations, disturbance regime, for a given disturbance
agent and within a similar ecosystem, will show significant regional variations.
This complexity is explained by several physical (e.g., climate and topography)
and biological variables (e.g., soil development, forest composition and structure).
Because of these variations, natural disturbance regime characterization must
be done for a region where climate is relatively homogenous. This arbitrarily
defined area must be large enough to contain two to three times the largest dis-
turbance documented (Johnson 1992). A given region will therefore be charac-
terized by a unique disturbance regime that consists of the combined action of
several disturbance agents.

In central and eastern Canada, a general pattern of decreasing burn rate is
observed from Manitoba to eastern Québec (see Gauthier et al., chapter 3).
Although this is a rough trend and significant intra-regional variations can be
observed (see De Grandpré et al., chapter 10), this fire risk gradient involves sig-
nificant variation in the prevalence of disturbance agents like insects, pathogens,
windthrow, and senescence. In the following chapter, we will see how fire fre-
quency can be a basis for ecosystem management framework implementation
(Gauthier et al., chapter 3). In addition, regional examples involving different
disturbance regimes, including some where fire frequency is low, are presented
in part 2 (see Kneeshaw et al., chapter 9; De Grandpré et al., chapter 10), and
regional implications of ecosystem management strategies suggested for these
regions are discussed.

5. CONCLUSION

Boreal forests are complex systems because of their numerous components and
their interactions. Consequently, simple and unique solutions cannot be applied
universally without affecting essential functions that contribute to maintaining
productivity and biodiversity. Natural disturbances are inherent processes that
modify forest ecosystems and the responses observed following different levels
of alteration provide reliable information. Thus, natural disturbances can be used
as guides to determine the forest conditions we wish to recreate with forest
management practices in order to respect ecosystem resilience.

Natural disturbance regimes are variable in time and space. Using homog-
enous silvicultural treatments over large forest landscapes — no matter which
kind of treatment (clearcuts, partial cuts, plantations, etc.) is used — will result
in an increasing risk of altering ecosystem functions. Diversifying forestry prac-
tices and basing management systems on disturbance regime and natural vari-
ability (spatial and temporal) knowledge is the way that has been widely adopted
to maintain a viable forestry industry over the long term while preserving other
ecological and social values.
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1. INTRODUCTION

"

+ The term “careful logging
is used to designate all
types of cut that aim at
protecting established
regeneration, for example,
the CPRS (cut with
protection of regeneration
and soil) in Québec and
the CLAAG (careful
logging around advanced
growth) in Ontario.

In the first chapter of this book, several questions were raised with regard to the
impact of current forest management practices. The quasi-exclusive use of
clearcutting combined with a short rotation period result in more or less drastic
changes in age-class distribution of forest landscapes. These changes are especially
important in natural forest landscapes where fire cycles are longer than opera-
tional harvest rotations (Bergeron et al. 2001, 2006). Because forest harvesting
targets mature and old-growth stands, logging activities rarefy these development
stages while creating a loss or a fragmentation of large interior forest areas at the
landscape level. Important changes are also anticipated at the stand level. A
younger forest cover implies a decline of key attributes essential to biodiversity
conservation, including the loss of snags, down woody debris, and large diameter
trees (also known as wildlife trees). The important differences between managed
and natural landscapes raise questions as to the potential impact of forest man-
agement on biodiversity, which in turn leads to the implementation of mitigation,
protection or even restoration measures for landscapes that have been deeply
modified by harvesting.

Fires play a predominant role in eastern Canadian boreal forest dynamics
because of their severity and spatial distribution over large forest areas. Until
recently, the idea that boreal forests were almost exclusively composed of post-
fire even-aged stands was commonly held (Johnson 1992). This idea has often
been used to justify the general use of clearcutting. Indeed, in the Canadian
boreal forest clearcutting and careful logging practices® are perceived as regenera-
tion mechanisms that are similar to fire (Natural Resources Canada 2004).
However, two conditions must be met in order to replace a fire regime by an
even-aged management system: 1) wildfires must be entirely suppressed to main-
tain a constant harvesting level through time; and 2) the patterns and processes
created by fires must be reproduced using management strategies (landscape
level) and silvicultural practices (stand level).

Forest landscapes managed using even-aged silvicultural systems, which
are widely used as fire substitutes, are different from those historically driven
by fire. In this chapter, we explain why harvesting systems that are mostly based
on even-aged practices are neither possible nor desirable to manage eastern
Canadian boreal forests in a sustainable manner. First, we compare the age struc-
ture of natural landscapes controlled by wildfires to the age-class distribution
generated by an even-aged system in order to highlight the main differences.
Second, we identify potential solutions with respect to the loss of mature and
old-growth forests as well as the loss of large forested landscapes. For these
solutions to work, natural disturbance knowledge must be integrated into the
development phase of the different management strategies. This aspect will be
discussed more deeply in the following chapters.
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2. FOREST MANAGEMENT PRACTICES ARE CONSIDERABLY ALTERING
AGE-CLASS DISTRIBUTION

The conditions created by even-aged management can be similar to those resulting
from natural disturbances such as fire and insect outbreaks when the harvesting
rate is similar to the natural disturbance cycle. However, the age-class distribu-
tion generated by forest management is not equivalent to that observed in natural
ecosystems. In fact, the objective of even-aged management is to standardize the
age structure in order to produce a constant supply of mature stands through
time. In theory, a forest area managed under a 100-year rotation cycle will not
include stands older than 100 years and will have an average stand age of 50 years.
However, a forest area characterized by a fire cycle of 100 years will have a very
different age-class distribution. This difference can be explained by the quasi-
random nature of fire events: over a 100-yr period, some forest stands of a land-
scape may escape from forest fire and become older, while others can be affected
by fire several times. If we consider that the probability to burn is independent
of stand age, which is what boreal forest studies generally report (van Wagner
1978; Johnson 1992), more than 35% of all forested areas should include stands
that are older than 100 years. In other words, when comparing a fire cycle with
an equivalent forest rotation length, forest harvesting will cause the loss of almost
all stands that are older than 100 years whereas fire will maintain a large part
of these stands in the landscape.

While older stands disappear, in most cases, regeneration areas that result
from logging activities add up to the ones already created by fire. Indeed, it is
now generally recognized that complete fire suppression has some limits. Fire
suppression is not very efficient in large forested landscapes with limited access
and when fires are ignited during very dry seasons, i.e. when fire risk is high
(Leduc 2002; Le Goff et al. 2005). Large fires will inevitably affect northern forest
areas in the future, thus contributing to forest rejuvenation. Additionally, salvage
logging practices are limited in those areas because of restricted road access and
the presence of wood-boring insects that affect timber quality. Besides, as mature
and old-growth stands decrease in size and numbers because of harvesting, fire
will affect younger stands and will make salvage logging non-profitable (see Le
Goff et al., chapter 5). In short, harvesting pressures associated with both fire
and logging result in important changes in age-class distribution (loss of older
age-class and strong increase in the abundance and areas of young age classes)
compared with what is observed in natural forest landscapes.

3. PAST AND CURRENT FIRE REGIMES IN EASTERN CANADIAN
BOREAL FOREST

The difference observed between forest landscapes managed under an even-aged
system and those managed under a natural fire regime is fundamental. It implies
either the loss of old-growth forests that are essential to biodiversity conserva-
tion, or a reduction in allowable cuts when the forest rotation period is extended
(Burton et al. 1999). This apprehension of old forests decline is well justified by
the fact that many boreal forest regions comprise large proportions of forest
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stands that have escaped fire for longer time periods than the usual rotation
period and also because there is a variety of regional contexts (Gauthier et al.
2001; Lefort et al. 2004). To provide a global idea of fire regime variations across
eastern Canada, we compiled the historical fire regime reconstructions conducted
over vast forest regions to obtain annual burn rates (i.e., mean annual proportion
of burned area) (figure 3.1). Different periods were evaluated: the historical
period, which covers at least 200 years (except for northwest Ontario), and the
recent period that generally covers years 1940 to 2003 (see table 3.1 for details).
With regard to the historical period, we estimated annual burn rates using the
mean time since fire that was derived from the age-class distribution observed

Figure 3.1
Study site locations in different bioclimatic regions of eastern and central Canada

km

Region numbers correspond to those indicated in table 3.1. Map produced by |. Morissette, CFS.
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in these study sites. According to Gauthier et al. (2002) and Bergeron et al. (2004),
mean time since fire is equivalent to the global burn rate (i.e., for the time frame
analyzed and the whole region studied) and takes into account temporal varia-
tions induced by climate variations. Thus, mean time since fire includes part of
the variations in burn rate caused by climate change and is more stable than the
fire cycle. As for the current annual burn rates, they were calculated using record
data from Québec for this province’s ecological regions whereas the Large Fire
Database (Stocks et al. 2002) was used for Ontario and Manitoba’s ecozones.

The data presented in table 3.1 show that all regions covered by the
compiled studies currently have lower annual burn rates (based on the last 40
to 60 years) compared with past burn rates (measured for the last 200 to
400 years). The majority of the 13 study areas surveyed have a proportion of
old stands (=100 years) higher than 50%. In fact, when past burn rates are low,
the old-growth forest proportion is high. On the North Shore (9) and in South
Témiscamingue (6), for instance, this proportion is higher than or equal to 70%
whereas in other regions it exceeds 50%, except for northwestern Ontario (12)
and Mid-boreal Uplands in Manitoba (13) where the proportion of old-growth
forest is 15 and 45%, respectively. It is therefore obvious that the decline or
disappearance of old-growth forests in these regions could pose a threat to
biodiversity conservation.

4. CHANGES IN THE FIRE REGIME PROVIDE OPPORTUNITIES...
BUT IT IS NOT ENOUGH

The lower annual burn rates currently observed in several boreal regions across
eastern Canada compared with past rates (table 3.1) seem to result from climate
change (see Girardin et al., chapter 4) and also in part from improved fire control
strategies. Additionally, the forest landscape fragmentation resulting from agri-
culture and road network development has increased accessibility and created
fire breaks. The recent reduction in fire frequency makes it possible to use even-
aged forest management to reproduce part of the age structure associated with
forests that were shaped by shorter fire intervals in the past. This situation pro-
vides some flexibility because it becomes possible to “replace” the proportion
that would have burned in the past by forest areas created using even-aged man-
agement systems. However, it is worth noting that although the differences
observed in burn rates justify the use of even-aged management, its exclusive
use is not recommended. In fact, for the majority of the compiled studies, past
burn rates are less than 1%. Such a rate (1%), which is equivalent to a rotation
period of 100 years, implies that, for instance, on a 300,000-ha management
unit, an average of 3,000 ha would burn annually. The observed rates, which are
lower than 1%, indicate that pre-industrial landscapes were characterized by an
important proportion of forests older than the rotation length (70 to 100 years)
commonly used in commercial forests. This proportion is even higher if we
consider that fires affect forest stands in a random fashion in contrast to forest
management that systematically targets mature stands. Considering an annual
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Figure 3.2
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burn rate of 1%, more than a third of the forest stands would be over 100 years
old in a territory driven by wildfires whereas no forest stands would be this old
in an entirely managed area.

Figure 3.2 shows the proportion of the study area available for even-aged
management annually, taking into consideration past and current burn rates in
various regions across Québec, Ontario, and Manitoba. This proportion takes
into account the fact that even if the current burn rates are lower than the his-
torical ones, fire still affects some areas every year. If we take the northwestern
Abitibi region (1) as an example, the past burn rate was 0.528 (illustrated by the
entire bar). This rate has now dropped to 0.238, which represents the mean
amount of forest that currently burns annually. The proportion of this study
region available for even-aged management aiming at emulating fire would be
0.289 (illustrated by the gray portion of the bar). For all regions represented in
figure 3.2 (except for northwestern Ontario [12]), if we take into account the
current burn rates the annual even-aged management objective should be
modified from the current 1 to 1.4% rate to one that varies between 0.20
and 0.54%.

Annual land area proportion available for even-aged harvesting (%)

1.8 O Burn rate

1.6 @ Even aged-harvest rate

1.4

1.2

0.8

Proportion (%) / year

0.4 A

0.2

Regions

Each complete bar represents the historical proportion of forest burned annually for
each region. The white portion corresponds to the current burn rate (1940-2003). The
gray portion corresponds to the proportion of the area available for even-aged harvest-
ing. The halftone rectangle represents the current even-aged harvest rate. Region
numbers correspond to those indicated in table 3.1.
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4.1. Constraints Related to the Partial Substitution of Fire
by Forest Management

The possibility to replace the historical proportion of regions affected by fire
with areas managed according to clearcutting practices and the impact of such
a change on old-growth forest conservation must be evaluated jointly. To this
end, we developed a simple model based on the comparison between past and
current burn rates that takes into account the constraints related to biodiversity
conservation and those related to wood production (yield constraint) (figure 3.3A).
The x axis of the model corresponds to the current annual burn rate. It also
represents a yield constraint as fire competes with logging more intensively when
the average burn rate increases (Armstrong 1999). The y axis corresponds to the
past burn rate. Low values indicate that a higher proportion of old-growth forest
has historically been observed, thus resulting in a “biodiversity constraint” related
to old-growth forests conservation. Indeed, it becomes more difficult to reproduce
past age-class distributions in those areas through the sole use of even-aged
management strategies, and it is therefore more difficult to conserve their
associated indigenous species assemblages and stand structures.

The diagonal line shown in figure 3.3A (line 1:1) indicates cases where past
and current annual burn rates are equal. The area below this line shows situa-
tions where the current burn rate is higher than the past one, which decreases
the potential for even-aged management substitution. At the opposite, the area
over the diagonal corresponds to situations where the current burn rate is lower
than the past one, which makes it possible to replace fire with even-aged man-
agement. The dotted lines that cut the two axes at their middle correspond to
an arbitrary annual harvest rate of 1%, which is roughly what is used in boreal
forests. These lines separate the graphic in four quadrants representing different
constraint levels:

= Northwestern Ontario is located in the zone with low constraints (upper
left; table 3.1) because the past burn rate of 2% is higher than the current
rate, possibly because of climate change, land-use changes, and more
efficient fire suppression. In such a situation, even-aged management
practices would make it possible to maintain the historical forest age
structure while having few biodiversity constraints.

= The western balsam fir bioclimatic subzone of Québec is located in the
lower left quadrant because the past burn rate is lower than 1% and has
been decreasing (table 3.1). This situation represents a risk for biodiver-
sity conservation should clearcutting be widely used because the past
and current burn rates are lower than the desired 1%.

= The lower right zone represents the least desirable scenario because a
historical burn rate lower than the current one means that the pre-
industrial landscape was mainly composed of mature and old-growth
forests but that climate change, land-use changes, and other factors have
resulted in a higher current burn rate. This situation generates a lot of
pressure on biodiversity. Additionally, logging is competing with fire in
this zone, which is accelerating changes in the forest age structure.
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Figure 3.3
Simple graphic model based on the comparison between past and current burn
rates illustrating biodiversity and wood production constraints (A), and comparing
past and current burn rates for compiled study areas in the same model (B)
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A) Over the 1:1 line, the current burn rate is lower than the past one; it is therefore
possible to substitute fire by logging. As we go further above the 1:1 line, biodiversity
constraints are replaced with production constraints. B) The majority of the regions
studied have a biodiversity constraint. Region numbers correspond to those indicated in
table 3.1.
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= Finally, the upper right zone corresponds to a scenario of high yield
constraints because the past and current burn rates are higher than the
desired harvest rate (1 to 1.4%) and even-aged management is competing
with fire.

All the study areas analyzed, except for the one studied by Suffling et al.
(1982) in northwestern Ontario, are located in the lower left quadrant (figure 3.3B),
i.e. in a biodiversity constraint scenario. For all these regions, it would not be
possible to maintain the historical proportion of old-growth forests using a man-
agement system based exclusively on even-aged regeneration practices and short
rotations. In those areas where forest management is limited by objectives related
to the maintenance of old and irregular forests characteristics, it is essential to
develop approaches that allow timber harvesting while also maintaining the
structural characteristics associated with mature and old-growth forest at the
stand and landscape levels.

5. PROPOSED SOLUTIONS: COHORT MANAGEMENT USING
ADAPTED SILVICULTURAL PRACTICES

Since almost all eastern Canadian boreal regions fall in the lower left quadrant
of the model presented in the previous section (figure 3.3B), the ecosystem
management approach, as defined in chapter 1, prompts the adoption of a lower
even-aged harvest rate. This must be done jointly with the establishment of old-
growth forest conservation targets (including the use of longer forest rotations)
and the development of silvicultural treatments that allow timber harvesting in
mature and old-growth forests while also maintaining their associated key attri-
butes. The data presented in the previous section makes it possible to fix targets
in terms of the amount of old-growth forests (100 years old and more) that should
be maintained in the region (table 3.1). This implies that young forests that have
structural and compositional attributes that are similar to those of old-growth
forests can also contribute to reach this objective. The proportion of old-growth
forests exceeds 45% in all the regions presented here except for northwestern
Ontario, where the past burn rate is considerably high compared with the other
study areas.

In regions where the age structure has not yet been too altered there exist
several means of minimizing the differences between a managed forest landscape
and one that is under a natural fire regime. In western Canada, the suggested
approach was to increase the forest rotation length (Burton et al. 1999; DeLong
2007), thus allowing stands to become older. However, because boreal species of
eastern Canadian forests have a shorter longevity than those of western Canada,
the general use of this approach is not desirable from an economical standpoint.
Silvicultural practices aiming at maintaining old-growth stands structure char-
acteristics in managed stands could promote biodiversity conservation while
barely modifying allowable cut estimates. The Three-Cohort Model initially
proposed by Bergeron and Harvey (1997) and Bergeron et al. (1999) was developed
along those lines (see figure 3.4). Briefly, this concept is based on the use of
various adapted silvicultural treatments aimed at maintaining the forest
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Figure 3.4
Schematic representation of the natural dynamics and associated silvicultural
treatments according to the Three-Cohort Model developed for the western boreal
forest of Québec (Coniferous and Mixedwood)
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composition and structure associated with the different development stage
characteristics of the forest of the studied region. In this model, cohorts consist
of forest stands at different development stages following fire. Stands of the first
cohort are composed of pioneer species that colonize stands after fire and that
quickly reach the canopy. Stands of the second cohort still harbour pioneer trees
in the canopy, but these are being gradually replaced by other individuals that
reach the canopy as first cohort trees begin to die. Finally, the third-cohort stage
is reached when there are no more surviving post-fire individuals within the
forest canopy.

Figure 3.4 illustrates the natural dynamics observed in the Black spruce

+ These forest domains and Balsam fir-white birch bioclimatic domains.* To obtain detailed scenarios,
are part of the Québec interested readers can consult Harvey et al. (2002) and Gauthier et al. (2004).

hierarchical ecological
classification as defined
by Saucier et al. 1998.

The natural dynamics of black spruce forests can be summarized as follows:

= Provided that fires are severe, especially with regard to their effects on
the soil organic matter layer, and that post-fire regeneration is dominated
by black spruce, the first cohort is characterized by a dense and even-
aged black spruce stand stemming from seeds.

= In the absence of fire, black spruce trees reach maturity and begin dying.
They are gradually replaced by a forest that is more open and that still
comprises a portion of the post-fire trees. The regeneration mainly origi-
nates from layering. This stage corresponds to second-cohort stands.
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= Still in the absence of fire, these stands will evolve towards an uneven-
aged structure mainly sustained by layering. The stand is characterized
by a complex vertical structure and the accumulation of coarse woody
debris. This stage corresponds to third-cohort stands.

With respect to the Balsam fir-white birch domain, forest development is
characterized by a replacement of species:

= First-cohort stands generally show an even-aged structure and are
composed of shade-intolerant deciduous species with an understory
regeneration composed of shade-tolerant conifer species.

= When pioneer trees reach maturity, the trees in the canopy are gradually
replaced by conifers, which results in mixedwood transition stands. This
stage corresponds to second-cohort stands.

= Finally, still in the absence of fire, conifer and shade-tolerant species
will prevail in the forest cover, forming stands characterized by a complex
vertical structure and important amounts of dead wood. This stage
corresponds to third-cohort stands.

Note that in this model, cohorts are seen as groups of trees and species that
will successively dominate the canopy rather than groups of stems that chrono-
logically establish themselves in the understory.

In boreal mixedwood forests, an overabundance of first-cohort stands
generated by even-aged forest management will result in an excess of deciduous
species in the forest cover (Grondin et al. 2003; Boucher et al. 2006). To overcome
this problem, various silvicultural treatments could be used to maintain stands
that have a structure and composition similar to first-, second-, and third-cohort
stages (figure 3.4). For example, using clearcutting or careful logging practices
followed by seedling or planting would make it possible to maintain first-cohort
stands that are generally composed of shade-intolerant species (e.g., aspen, white
birch, jack pine). Another part of the forest unit could be managed using adapted
silvicultural treatments that emulate the natural development (succession) of
old-growth stands (second-cohort stands). The remaining part could be managed
using selection logging or other treatments aimed at maintaining a continuous
forest cover to simulate old-growth forest dynamics. Moreover, it is worth noting
that some silvicultural treatments should be used to create a transition from
first-cohort stands to second- or third-cohort stands (stand-tending treatments)
whereas others can be used to maintain a stand in the same cohort (see also
Bouchard, chapter 13; Harvey et al., chapter 18; Harvey et al. 2002).

Cohort proportions to be maintained in the landscape can be established
as a function of past and current annual burn rates, as explained in the previous
sections. The proportions of first cohorts to be maintained is easily determined
because it is directly derived from burn rates (figure 3.2). Second- and third-cohort
proportions are however more difficult to establish because the rate of transition
between cohorts 1 and 2 and between cohorts 2 and 3 can vary depending on
the region, stand composition (and understory regeneration), and site. Furthermore,
natural disturbances other than fire (e.g. insect outbreaks, windthrow) can con-
siderably affect forest landscapes in some regions. This will have important effects
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on second- and third-cohort stand characteristics. Under such regimes, specific
adjustments with regard to silvicultural treatments may be necessary (see Kneeshaw
et al., chapter 9 for an example).

Lastly, it is worth stressing that the Three-Cohort Model deals with a long-
term strategic planning that makes it possible to determine the landscape pro-
portion that will be managed under even-aged and uneven-aged systems with
respect to the fire regime and other disturbances affecting the area. Various
operational tactics can be adopted in order to meet the general objectives. The
simplified version of cohort management presented here will be described in
more detail and adapted to regional situations in several subsequent chapters
(Simard et al., chapter 11; Bouchard, chapter 13; Fenton et al., chapter 15; Harvey
et al., chapter 18; Belleau and Légaré, chapter 19).

5.1. Even-Aged Harvesting Rate vs. Burn Rate:
Minimizing the Differences

In the previous section it was suggested to develop silvicultural practices that
could maintain the composition and structure characteristics typical of second-
and third-cohort stands. Under an even-aged management system (first cohort),
it is also important to ensure that the regenerating forests maintain their quality.
Both at the stand and landscape levels, even-aged treatments (such as clearcut-
ting, careful logging, regular shelterwood cutting) and fire have different eco-
logical effects (see McRae et al. 2001). At the landscape level, the spatial configu-
ration of cutblocks does not reproduce the natural spatial patterns created by
fire (see Perron et al., chapter 6). Such management practices can lead to land-
scape fragmentation and to the loss of mature and old-growth forest landscapes
(DeLong and Tanner 1996). Forest management solutions that address these
concerns are suggested in chapter 13 (Bouchard).

At the stand level, even-aged management can lead to the rarefaction of
essential structural features for biodiversity (e.g. large-diameter trees, snags,
winter shelter, and escape structures) (Franklin et al. 2000). Various retention
strategies can however be used to maintain these structures within managed
areas (see Drapeau et al., chapter 14). Additionally, the absence of soil disturbance
in those stands during winter logging poorly reproduces fire processes (e.g.
organic-layer reduction, mineral soil exposition) and can contribute to reducing
productivity and have a negative impact on fire-adapted species (McRae et al.
2001; Haeussler et al. 2002). This phenomenon is particularly preoccupying for
the Claybelt region in northwestern Québec and northeastern Ontario where
organic matter accumulates rapidly following fire (Lecomte et al. 2006). This
process cannot be reversed by logging and can lead to a decrease in forest pro-
ductivity (Fenton et al. 2005; Lavoie et al. 2005; see Simard et al., chapter 11).
Thus, fire and logging effects on ecological processes must be carefully assessed
in order to define guidelines with respect to low-retention harvesting in the
context of sustainable forest management (OMNR 2001; Bergeron et al. 2002).
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6. CONCLUSION

Recent studies comparing past burn rates show that an important proportion of
eastern Canadian pre-industrial forests were composed of mature and old-growth
forests that current forest practices tend to rarefy. The fact that current annual
burn rates are lower than in the past provides some flexibility by allowing the
use of even-aged management practices over large areas, although this approach
alone will not make it possible to maintain pre-industrial forest characteristics.
The Three-Cohort Model is proposed to overcome this difficulty in order to
maintain the key characteristics associated with mature and old-growth forests
while also allowing timber harvesting. It is now essential and urgent to imple-
ment strategies that take into consideration regional specificities in the eastern
and central Canadian boreal forests by adopting adapted silvicultural practices
for territories that are mainly composed of pristine forests. Adopting this approach
will certainly be less costly than having recourse to restoration strategies such
as in the case of Fennoscandia (Kuuluvainen 2002). Moreover, the suggested
approach remains appropriate for areas that have already been managed and
could be implemented with the use of restoration strategies, especially to
reintroduce mature and old-growth forests’ key attributes.
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Ecosystem Management in the Boreal Forest

Over the past few years, the understanding of natural dynamics with regard to major
disturbance regimes affecting the boreal forest — especially fire and insect outbreaks —
has greatly increased. Impacts and landscape structures created by these disturbance
agents can guide the development of alternative forest management strategies aimed
at minimizing the differences observed between natural and managed landscapes.
The first chapters of this book have illustrated how natural disturbances can serve as
the basis of forest ecosystem management development and implementation. This
can be done by using knowledge of main characteristics of disturbance regimes
(e.g., return interval, severity, and size) and their impacts on forest conditions. Thus,
establishing forest ecosystem management targets that are ecologically relevant
requires a good knowledge of the conditions created by major disturbance regimes
affecting the ecosystem and also of their regional and historical variability (chapters 2
and 3).

MAJOR DISTURBANCE REGIMES IN BOREAL FOREST

The first chapters of this second part focus on the variability of three important
disturbance agents in the boreal forest: fire, spruce budworm (Choristoneura fumiferana
Clem.), and forest tent caterpillar (Malacosoma disstria Hibner). Disturbance regime
variability is caused by numerous factors. In the case of fire regimes, climate plays
an important role at both the regional and temporal levels (chapter 4). In the context
of ecosystem management, knowledge of the proximal link between climate and
the fire frequency leads to the possibility of predicting future variability under climate
change and adapting forest management practices in order to cope with the changes
to come (chapter 5). Characteristics that are linked to fire regime variability for a
given region will influence spatial distribution of regenerating areas and residual
forests that escaped fire (chapter 6). Thus, by comparing spatial distribution of
regenerating areas under a fire regime and a forest management regime, it is possible
to define ecosystem management objectives that aim to reduce these differences
and thereby minimize potential threats on biodiversity.

Insect outbreak regimes in eastern Canada generally have a specific impact
that is less severe than fire but can affect very large tracts of forests. Two chapters
in this section will present a portrait of current knowledge with regard to the char-
acteristics and the regional and historical variability of spruce budworm regimes
(chapter 7) and forest tent caterpillar regimes (chapter 8), two major defoliator
insects in the eastern boreal forest of Canada that affect respectively softwood and
hardwood species.

DISTURBANCE REGIMES AND FOREST DYNAMICS: REGIONAL EXAMPLES

The second half of this part of the book will present regional examples from various
localities of eastern and central Canada to illustrate the role of disturbance regimes
in shaping forest dynamics and regional specificities. Their disturbance regimes vary
in terms of disturbance agent preponderance and variability, which inevitably gen-
erate specific forest dynamics characteristics, which involves adopting different
management strategies and targets in the context of ecosystem management.
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The general pattern of fire cycle lenghtening from west to east in eastern and
central Canada (see chapter 3) allows us to illustrate the resulting forest dynamics.
In Gaspésie and the North Shore, two regions of eastern Québec where fires are not
frequent, we observe a prevalence of “smaller-scale” disturbances such as spruce
budworm, windthrow, pathogens, and senescence (chapters 9 and 10). The Clay
Belt region of Québec, which lies in the boreal forest in northeastern Ontario and
northwestern Québec, is characterized by a specific soil problem. Paludification,
which consist of an accumulation of organic matter in forest stands through time,
is a common process in this region and is part of a reduction in forest productivity
(chapter 11). Finally, the Duck Mountain region in Manitoba was characterized by a
short fire cycle in the past that has considerably lengthened during the last century.
This has generated changes in forest dynamics and has consequences for the timber
supply, especially for companies that use mainly hardwood species (chapter 12).

Throughout this part, avenues for the development of ecosystem management
strategies that meet the various challenges caused by specific forest dynamics are
presented.
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1.

INTRODUCTION

The past decades has seen an increasing interest in forest management based on
historical or natural disturbance dynamics. The rationale is that management
that favours landscape compositions and stand structures similar to those found
historically should also maintain biodiversity and essential ecological functions
(see Gauthier et al., chapter 1). For instance, in fire-dominated landscapes, a
substitution of fire by even-aged forest management could occur without elevat-
ing the overall frequency of disturbance or affecting forest ecosystem function-
ing. This approach is feasible only if current and future fire activities are suffi-
ciently low compared with pre-industrial fire activity (see Gauthier et al.,
chapter 3; Le Goff et al., chapter 5). In the advent of greater fire activity, other
adaptation options exist to assist forest management to cope with new con-
straints and their consequences (see Le Goff et al., chapter 5). Reconstructing
past, understanding current, and forecasting future fire-conducive climate and
fire activities is thus of central importance for effective implementation of
ecosystem management. The development and implementation of strategies
appropriate for ecosystem management require a thorough understanding of
the relationship between climate and disturbances, their features (past and
present) and a better anticipation of their future development, particularly with
respect to forest fires.

Wildfire is a primary natural process organizing the physical and biological
attributes of the forest, shaping landscape diversity and influencing biogeochemi-
cal cycles (Weber and Flannigan 1997; Bourgeau-Chavez et al. 2000). The mosaics
of different vegetation types are to a large extent an expression of their respec-
tive fire regimes and many boreal tree species show adaptation to fire. Fire activity
responds rapidly to changes in weather and climate in comparison to vegetation —
the rate and magnitude of fire-regime-induced changes to the boreal forest land-
scape can greatly exceed anything expected from climate change alone (Weber
and Flannigan 1997).

Weather consists of short-term (minutes to days) variations in the atmo-
sphere. Usually, weather is thought of in terms of temperature, humidity, pre-
cipitation, cloudiness, visibility, and wind (American Meteorological Society
2000). Weather influences daily fire characteristics because of its impact on fuel
moisture and the effects of precipitation (particularly its frequency), relative
humidity, air temperature, wind speed, and lightning (Flannigan and Harrington
1988; Flannigan and Van Wagner 1991; Harrington et al. 1991; Johnson 1992;
Agee 1997; Weber and Flannigan 1997; Bergeron et al. 2001). Weather is particu-
larly important as a control on the occurrence of forest fire; fires spread rapidly
when the fuels are dry and the weather conditions are warm, dry, and windy.
Despite the increasing importance of human activity as a source of fire ignition
over the last few decades (Stocks et al. 2003), dry forest fuels and wind remain
critical factors influencing the occurrence of large stand-replacing fires (e.g.
Johnson et al. 1990; Masters 1990; Johnson 1992; Westerling et al. 2006). Nearly
81% of all burned area in Canada is caused by lightning-ignited forest fires.
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As distinguished from weather, climate is typically characterized in terms
of suitable averages of the climate system over periods of a month or more,
taking into consideration the variability in time of these averaged quantities
(American Meteorological Society 2000). Climate is not constant, but rather
consists of warming and cooling cycles at intervals of several decades. As climate
varies, the corresponding weather variables can vary in magnitude and direc-
tion. As such, climate change can be defined as any systematic change in the
long-term statistics (average or variability) of climate elements (such as tempera-
ture, pressure, and winds) sustained over several decades or longer (American
Meteorological Society 2000). Climate change may be due to 1) natural external
forcing, such as changes in solar output or slow changes in the Earth’s orbital
elements, 2) natural internal processes of the climate system, or 3) anthropogenic
forcing (American Meteorological Society 2000; IPCC 2001; Meehl et al. 2003;
Scafetta and West 2006). For instance, the net progressive warming of the
Northern Hemisphere after the 1850s, the cooler-than-average temperatures
from the late 1930s to mid-1960s and the steady temperature increase since 1970
are indications of the existence of a dynamic climate system (Mann et al. 1998;
IPCC 2001; Cook et al. 2004; Esper et al. 2004; Moberg et al. 2005; Smith and
Reynolds 2005).

With a dynamic climate and the strong linkage between climate, weather,
and forest fires, variations in historical observations of fire activity due to changes
in the climate are expected (Flannigan and Harrington 1988; Johnson 1992;
Swetnam 1993; Carcaillet et al. 2001; Gillett et al. 2004; Flannigan et al. 2005;
Girardin et al. 2006a; Girardin 2007). In the past four decades or so, significant
progress has been made in characterizing the fire-weather and fire-conducive
climate variability in Canada. These advances include the development of a
Fire-Weather Index system (FWI), which allows monitoring fire weather across
Canada on a daily basis (Van Wagner 1987). Additionally, the gathering of fire
statistics has led to a number of fire studies relating numerous fires to climate
variability over many years (e.g., Flannigan and Harrington 1988; Skinner et al.
1999, 2002, 2006; Flannigan et al. 2005; Girardin 2007). These fire studies have
spatial domain ranges from hundreds of square kilometres to continental scale
and a temporal range of 10 years to about 100 years. The temporal scale in fire
studies is often limited by the availability of fire statistics and meteorological
data. In this matter, much work has been done on the long-term estimation of
past fire-conducive climate variability and fire activity variability from tree rings
(e.g., Girardin 2007; Girardin et al. 2004a, 2006a, 2006b), time-since-fire maps
(e.g., Van Wagner 1978; Johnson and Larsen 1991; Larsen 1997; Weir et al. 2000;
Bergeron et al. 2001, 2004; Tardif 2004), proxy climate records (Westerling and
Swetnam 2003; Girardin et al. 2006c), and charcoal in lake sediments (e.g.
Gajewski et al. 1993; Larsen and MacDonald 1998; Carcaillet et al. 2001). These
studies were conducted to increase our understanding of the link fluctuations
in climate and fire activity over centuries at local, regional, and national scales
(Campbell and Flannigan 2000).

The objective of this chapter is to highlight the connection between climate,
weather, and forest fires. We have used examples primarily from eastern boreal
Canada to illustrate our points. The chapter is divided into sections that describe
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the methodological approaches for monitoring fire-conducive weather, including
ground and upper-atmospheric features. The coupling of fire-weather conditions
to global ocean temperatures is briefly presented. We also try to identify key
knowledge gaps in the fire and weather/climate relationship, with particular
emphasis on the limited temporal coverage of fire statistics and climate record-
ings. The chapter closes with a discussion about the contribution of tree-ring-
based drought and fire activity reconstructions and time-since-last-fire maps to
fill these gaps.

2. MONITORING FIRE WEATHER

Wildfire occurrence and spread follow the day-to-day variations in weather and
are often the result of complex interactions between precipitation, temperature,
humidity, solar radiation, ignition agents, and wind (Van Wagner 1987; Flannigan
and Harrington 1988). Also, these features depend largely on the horizontal and
vertical state of the atmosphere. The strength, location, and movement of surface
anticyclones (high-pressure systems) and cyclones (low-pressure systems) and
associated warm/cold fronts are functions of the three-dimensional atmosphere.
Thus surface weather conditions at the fire site are greatly influenced by upper
air features. Additionally, many large forest fires are not constrained to the
ground surface in that these fires may have convection columns that extend
many kilometres into the atmosphere (a convection column is the thermally
produced, ascending column of gases, smoke, and debris produced by a fire).
The interaction between the convection column and the vertical structure of
the atmosphere can have a significant impact on fire behaviour and fire growth
(Jenkins et al. 2001).

Although this chapter has a strong focus on weather and climate, it is
important to emphasize that several other factors can influence fire activity,
notably ignition sources (human or lightning), fuel characteristics and vegeta-
tion (Hély et al. 2000; Krawchuk et al. 2006), land use (Westerling et al. 2006),
topography, and other physiographic features (Turner and Romme 1994; Cyr et
al. 2007). Discussion of these factors is beyond the scope of this chapter.

2.1. Surface Weather

In the 1920s, J.G. Wright began research on fire danger rating systems by tracking
day-to-day susceptibility of the forest to fire (Van Wagner 1987). In the following
decades, four different fire danger systems were developed for various regions of
Canada, with each version based on field research on the fuel types of local
importance. During the late 1960s there was an increasing demand by forest fire
control agencies for the development of a new fire danger rating index. The result
was called the Canadian Forest Fire Weather Index (FWI) system (see box 4.1).
This system retained a solid link with previous systems by building on their best
features and adding new components where necessary (Van Wagner 1987). Today,
the FWI system is used daily across Canada by fire management agencies to
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monitor forest fire danger and expansion of the monitoring system has begun
in other countries (Fire Ecology Research Group 2005). Forest fire researchers
from Canada, Russia, and Germany have recently developed methodologies for
electronically gathering daily weather data and producing daily fire weather
and fire behaviour potential maps for large portions of northern Europe and
northern Asia.

The remainder of this chapter will often refer to the Drought Code (DC)
component, which is the “seasonal” drought component of the FWI system. The
DC was specifically developed to serve as an index of the water stored in the
soil, on average about 20 cm deep, and to warn when lower layers of deep duff
may be drier than the upper ones. At this soil depth, drought is a determining
factor for forest fire severity because it allows deep burn and smouldering.
Therefore, via its influence on fire severity, it becomes an important controlling
factor of post-fire ecosystem structure and function through a direct impact on
underground plant roots, reproductive tissues, and soil seed banks (Weber and

Flannigan 1997).

Box 4.1

Description of fire weather indices and the Fire Weather Index (FWI) system

The FWI system consists of six components that
account for the effects of fuel moisture and wind on
fire behaviour (see figure 4.1). The first three com-
ponents are the fuel moisture codes:

¢ Fine Fuel Moisture Code represents the numeric
ratings of the moisture content of litter and other
fine fuels in a forest stand, in a layer of dry
weight ~0.25 kg m-2 (time constant about 2/3
days). It is an indicator of sustained flaming
ignition and fire spread.

¢ Duff Moisture Code represents the average mois-
ture content of loosely compacted, decompos-
ing organic layers of moderate depth weighing
~5 kg m-2 when dry (time constant about
12 days). It relates to the probability of lightning
ignition and fuel consumption.

@ Drought Code (DC) represents the average mois-
ture content of deep, compact organic layers
(about 10 to 25 cm from surface) weighing
~25 kg m=2 when dry (time constant about
52 days). It relates to the consumption of heavier
fuels and the effort required to extinguish a fire.

The remaining three components are fire behaviour
indices and are computed from the preceding indices

and wind velocity. Their values rise as the fire danger
increases:

¢ Initial Spread Index combines the effects of wind
and the Fine Fuel Moisture Code. It is a numeri-
cal rating of fire spread.

¢ Build-Up Index combines the Duff Moisture
Code and the DC, and measures the fuel avail-
able for combustion.

& Fire Weather Index combines the Initial Spread
Index and the Buildup Index. It is a numeric
rating of frontal fire intensity.

Many drought indices rely on the same principle and
basic mathematical functions, but substantially vary
in terms of water-holding capacity, drying rates, and
weather input. This is the case in the FWI components
relative to other numerical drought indicators used in
hydrology and agriculture, such as the Crop Moisture
Index (Palmer 1968) and the Palmer Drought Severity
Index (Palmer 1965). The FWI system, by being par-
ticularly sensitive to daily weather, is more realistic for
determining the fire danger because it is the distribu-
tion of rainfall events, rather than the total amount,
that is important when monitoring fire weather
conditions (Flannigan and Harrington 1988).
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Figure 4.1

Components of the Fire Weather Index (FWI) system
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Calculation of the components is based on consecutive daily observations of
temperature, relative humidity, wind speed, and 24-hour rainfall. The six standard
components provide numeric ratings of relative potential for wildland fire. Modified
from Van Wagner (1987).

Fire and the Upper Air Level

Atmospheric circulation plays a key role in creating drought conditions that are
conducive to fire and can also act as a determining factor for fire ignition. Area
burned relates to upper air features in two ways: atmospheric circulation at
500 hectopascals (hPa; also often expressed in millibars [mb]) and the vertical
structure of the atmosphere.

Atmospheric Circulation

Large forest fires in boreal Canada are associated with prolonged blocking high-
pressure systems in the upper atmosphere over or upstream from the affected
regions (Skinner et al. 1999, 2002). These systems are defined by the American
Meteorological Society (2000) as “anomalous” circulation patterns that typically
remain nearly stationary or move slowly westward and persist for a week or more.
The relationship to atmospheric circulation is most often expressed with 500-hPa
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on the atmosphere can
be obtained by consulting
the Environment
Canada Web site:
<www.qc.ec.gc.ca/Meteo/
Documentation_e.htm>.

Figure 4.2

Ecosystem Management in the Boreal Forest

geopotential height composite and correlation charts (figure 4.2). Composite
charts are often used in synoptic climatology to reveal wind-flow patterns during
signature years (for instance, during years of high fire activity, figure 4.3).
Correlation charts are produced to represent the typical relationship between
temporal distributions in fire events and climate variability for the entire period
studied (covering several years).

Geopotential height at the 500-hPa level approximates the height above
sea level of the 500-hPa pressure surface, which is roughly at 5.5 km.* As indi-
cated in figure 4.2, the mean height of this pressure surface tends to increase
as one moves toward the equator. Also, winds at the 500-hPa level tend to flow
parallel to the isohypses (height contours) and their velocity (speed) tends to
be proportional to the height gradient. Thus, wind velocity is greatest where
the isohypses are narrowly spaced (Ahrens 2003). Looking at figure 4.2, we
deduce that the velocity of upper winds is higher over the North Pacific Ocean
and New England. In meteorology, winds are also defined according to their

Mean composite map of atmospheric circulation (500-hPa geopotential height)
over North America during May and June for the reference period 1968-1996

The thin lines are 50-m contour intervals; the 500-hPa pressure surface is thus at a
higher altitude closer to the equator. Note the long wave pattern from west to east, and
the direction of major westerlies indicated with arrows. Thick vertical lines indicate the
location of the main features affecting the North American climate. From west to east
these are the West Coast Trough (WCT), the Continental Ridge (CR), and the Canadian
Polar Trough (CPT). This map was obtained from the Climate Explorer of the Royal
Netherlands Meteorological Institute (KNMI) (<climexp.knmi.nl>) using the NCEP/
NCAR reanalysis data (Kalnay et al. 1996). Daily composite maps in figure 4.3 should be
compared with this climatology.
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flow. The winds are called meridional when the isohypses form a strong wave-
like pattern, and zonal when the isohypses are nearly parallel to the lines of
latitude (Ahrens 2003).

The term “long-wave” is used with respect to atmospheric circulation to
denote northward or southward displacements in the major belt of westerlies
characterized by large wavelength and significant amplitude, also known as
planetary or Rossby waves. Typically, 3 to 5 long waves can be found encircling
the Northern Hemisphere at any given time. Within these waves, an elongated
area of positive height anomalies is known as a ridge and an elongated area of
negative height anomalies is a trough (figure 4.2). The mean features of the upper
atmospheric circulation over Canada include the presence of troughs located
over the North Pacific (West Coast Trough, WCT) and northeastern Canada
(Canadian Polar Trough, CPT) and a ridge across the northeastern Pacific to the
West Coast (Continental Ridge, CR) (figure 4.2). It is during strong meridionality
(i.e., increased wave-like pattern) that obstruction of the normal west-to-east
movement of migratory storms occurs. The ridges cause air subsidence in the
upper atmosphere resulting in typically sunny, warm days that create dry fuel
conditions that can extend over several hundreds of kilometres (Newark 1975;
Johnson and Wowchuk 1993; Bessie and Johnson 1995; Skinner et al. 1999, 2002).
The breakdown of these upper ridges is often accompanied by convective activity
leading to numerous lightning strikes, as much shorter waves or a cold front
move along the west side of the ridge. Additionally, as the ridge breaks down,
strong and gusty surface winds are common.

The example shown in figures 4.3 and 4.4 illustrates the relationship between
upper-level ridging and weather at the surface conducive to wildfire. It is the daily
changes in weather conditions that led to the 2005 fire season in Québec. This
fire season ranked about fourth in importance since 1922 and the largest since
that of 1941 (reference period: 1922 to 2005; MRNFQ 2006). After high indices
of fire weather severity in northern Québec and several days (May 23 to 28) under
blocking ridges, more than 38,000 thunderbolts struck part of Québec from
May 30 to June 6, igniting 141 fires (MRNFQ 2006). This period of intense light-
ning activity occurred after the breakdown of the ridge (May 29 and 30; figure 4.3)
with the passage of a short wave in the upper atmosphere. The sectors most
affected by the fires (figure 4.4) were between Matagami and the Manicouagan
Reservoir (northeast corner of the map), more specifically north of Lac Saint-Jean.
The critical period of fire activity went beyond June 6 and continued until June
19. The 141 fires burned 345,679 hectares of forest (MRNFQ 2006).

2.2.2. Vertical Structure of the Atmosphere

Wildfires may be either convection-column driven or wind driven (Nelson and
Adkins 1988; Nelson 1993). Fires for which the convection column is well devel-
oped are more sensitive to the atmospheric decrease in temperature with height
(lapse rate) because these columns extend further up into the atmosphere.
Conversely, wind-driven fires are influenced by strong winds at the surface and
typically have a rapid change of speed and/or direction in any direction, which
is called vertical wind shear. Typically there is a significant increase in wind
speed with height above the ground as friction reduces the wind speed near the
Earth’s surface. Under such conditions, the convection column is sheared and
as such does not play a significant role in fire spread and behaviour.
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Figure 4.3
Daily 500-hPa composite maps

The maps show the movement of weather patterns over eastern Ontario and Québec from May 23 to June 6,
2005. Direction of wind vectors of magnitude greater than 12 m/s is indicated with arrows. Compare these maps
with the average climatology in figure 4.2. Weather conditions at the surface are analyzed in figure 4.4. Images
were provided by the NOAA-CIRES Climate Diagnostics Center, Boulder, Colorado (<www.cdc.noaa.gov>) from
the NCEP/NCAR reanalysis data (Kalnay et al. 1996).

Additionally, there is a dynamic interaction between the fire and the atmo-
sphere that can lead to some erratic fire behaviour (Jenkins et al. 2001) such as
fire whirls, horizontal roll vortices, spotting (by transport of sparks or embers)
and the development of pyrocumulus clouds including thunderstorms generated

+ Fire whirls are spinning by the fire (Stocks and Flannigan 1987; Jenkins et al. 2001). In the absence of
‘;‘S’C’;‘;’;fn‘g“r:';’t’ :-i rising strong winds, dry and unstable air promotes a well-developed convection column,
from a fire and having the ~ Which may produce spotting and fire whirls.* When wind speeds are strong near
;t:“;::;:jeoa';gr':’;:;";‘l’gfft"f the Earth’s surface, the instability created by convection and turbulence due to
smoke, debris, and flame  {riction allows these high winds to be mixed with those at the surface. This mixed

over several meters high.  Jayer promotes fire spread and horizontal roll vortices (Haines et al. 1983).
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Figure 4.4

Maps of hot spots and daily severity of Fire Weather Index (FWI)
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The FWI intervals of 10, 20, and 30 units are given (a high index level is an indication of
conditions conducive to fire). A hot spot is a pixel of a satellite image with an infrared
intensity typical of the vegetation being burned. The maps were obtained from Natural
Resources Canada Web site (<fire.cfs.nrcan.gc.ca>).

2.2.3. Influence of the Oceans

+ The Boreal Shield is a
broad U-shaped zone that
extends from northern
Saskatchewan east to
Newfoundland, passing
north of Lake Winnipeg,
the Great Lakes, and the
St. Lawrence River.

It is now becoming clearer that the oceans exert a significant influence on fire
activity in Canada through their effect on large-scale atmospheric circulation.
The most pronounced relationship occurs between the Pacific Ocean sea surface
temperatures (El Nifio, La Nifia, and the Pacific Decadal Oscillation) and fire
weather and climate conditions across Canada (Skinner et al. 2006). The relatively
high temporal variability of weather and climate parameters over land masses
and the associated area burned are related to the more slowly varying ocean.
Atmospheric response to sea surface temperature anomalies in the equatorial
Pacific determines ocean conditions over the remainder of the world’s oceans
and ultimately affects the large-scale atmospheric circulation over land (Schneider
et al. 2002; Kumar and Hoerling 2003; Wu and Liu 2003; Yang and Zhang 2003;
Lau et al. 2004; Shabbar and Skinner 2004). However, effects from this interac-
tion are still uncertain. By means of fast atmospheric transport and/or slow
overturning circulation in the upper ocean, extratropical-tropical linkages could
also act as conveyors for transporting extratropical climatic anomalies (poleward
of ~30°) to the tropics (Wu et al. 2007). The example shown in figure 4.5 dem-
onstrates that years of high fire activity on the Boreal Shield* are synchronous
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to ocean surface temperatures warmer along the West Coast and cooler in the
centre of the Pacific Ocean. The opposite situation is found during years of low
fire activity. A similar pattern of reversal of ocean surface temperatures takes
place in the North Atlantic Ocean.

The relationships established between fire signature years and ocean
conditions are promising for long-range forecasting of fire-conducive weather
(Flannigan and Wotton 2001; Skinner et al. 2006). Weather prediction limits
based on the intrinsic variability in the atmosphere are thought to be on the
order of 2 weeks. However, ocean variability occurs on a much slower time scale;
it mainly affects seasonal climate, and, as such, implies that seasonal fire danger
prediction may be possible several months in advance(Uppenbrink 1997; Skinner
et al. 2006).

Figure 4.5
Mean March to May sea surface temperature departures (°C) from the reference
period 1959-1999 for the 6 years of highest (A) and lowest (B) area burned
on the Canadian Boreal Shield (C) (expressed in millions of burned hectares)

A)

B) 9]

Based on this analysis, high area burned on the Boreal Shield is, on average, positively related to warm sea surface
temperatures (P: positive departures) along the coast and cooler ones (N: negative departures) in the interior
North Pacific, and vice versa for low fire years. Note also the changing pattern of sea surface temperatures over
the North Atlantic basin. Images were created using the Royal Netherlands Meteorological Institute (KNMI)
Climate Explorer and the Kaplan sea surface temperature data (<climexp.knmi.nl>). Adapted from Skinner et al.
(2006); area burned data from Stocks et al. (2003).
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3. FIRE AND CLIMATE

3.1. The Recent Period (1920 to Present)

Area burned in Canada has been steadily increasing since 1970 and it was
suggested that the trend reflects a detectable influence of human-induced
climate warming (Gillett et al. 2004). Trends in area burned are consistent
across the boreal region, although western regions experienced greater increases
in larger fire years compared with eastern regions (Kasischke and Turetsky
2006). Much of the area-burned trend is due to increases in the frequency of
large fire years.

There remain nonetheless uncertainties about the atmospheric factors
responsible for the increase in area burned. Indeed, area burned in Canada varies
more with temperature on long-term time scales (decades to centuries) than it
does on interannual time scales (Gillett et al. 2004). Hence, in terms of statistical
confidence, the current fire records (1920 to present) are too short to verify if
large-scale temperature variations are indeed linked to variations in area burned.
Fire records of area burned have also been criticized because of changing fire
reporting and suppression practices over the past century (Van Wagner 1988;
Bourgeau-Chavez et al. 2000; Podur et al. 2002). It is thus inherently difficult
to relate trends in climate, increased weather variability, or some other factor,
to the area-burned trend.

In addition, while the progress in characterizing the spatial and temporal
variability of fire and fire-conducive weather and climate in Canada is significant
(e.g., Skinner et al. 1999, 2002, 2006; Amiro et al. 2004; Girardin et al. 2004b),
the information is based upon observational data and limited to periods not
exceeding a few decades. However, for some Canadian regions, fire statistic
recording began during the second half of the 20th century, i.e. well after the
advent of the ecological processes that shaped the land as we see it today. The
boreal forest structure rises from climatic conditions and ecological processes
spreading over periods of 30 years and going beyond 500 years. This is the case
in northwestern Québec boreal forests, where forest inventories show that over
80% of forest stands originated from forest fires that took place prior to 1920
and over 47% prior to 1850 (Bergeron et al. 2004). Furthermore, the period of
largest area burned, the 1910s-1920s (approximately 22% of total forested area),
has no equivalent in the present day in terms of extent (see Bergeron et al. 2004),
and its climatic cause is confounded by the increase in ignition potential that
followed intensive European colonization (Lefort et al. 2003). While over short
time periods we understand fire events very well, our current knowledge of fire
regimes might not reflect the true amplitude of fire disturbance. Thus, our under-
standing of current and recent fire regimes provides only a partial portrait of
how they are influenced by climate and of their magnitude. We have to go back
further in the past to gain a better understanding of the relationship between
fire and climate.
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3.2. Fire and Climate of the Past: Contributions from Tree Rings

Tree rings can serve as biological substitutes for past fire-conducive climate and
thereby provide information that enhances the limited temporal coverage of
observational records. Trees growing in temperate regions produce annual radial
increments, where changes in ring width from one year to the next reflect
changes in precipitation, temperature, and drought, as well as other factors (Fritts
2001). Trees can also sense climate variability that promotes fire activity (Girardin
2007; Girardin et al. 2006a). This may be the case for variations in the amplitude
of the major belt of westerlies (figures 4.2 and 4.3) and their effect on severity
of fire weather indices (figure 4.4; Girardin and Tardif 2005).

Because of mortality (including that caused by wildfires), most of the trees
sampled on the Boreal Shield for dendroclimatic purposes are less than 160 years
old (Contributors to the International Tree-Ring Data Bank 2004; Girardin et al.
2006b). However, trees from species like red pine (Pinus resinosa Ait.) and jack
pine (Pinus banksiana Lamb.) can survive fires over periods of several centuries
(see examples in figure 4.6). Tree species well adapted to wetlands, such as black
spruce (Picea mariana [Mill.] B.S.P.) and white-cedar (Thuja occidentalis L.), can
also reach honourable ages (sometimes over 300 years; Girardin et al. 2006b).
The use of dead trees can also help in extending tree-ring records further back
in the past.

From patterns of year-to-year changes in ring width as documented across
well-replicated networks of tree-ring data, one can infer fire-conducive climate
variability (known as dendroclimatic reconstruction) and extend records back
to times during which there was no weather and fire reporting. Tree-ring sub-
stitutes for past fire-conducive climate variability can provide valuable means
for understanding past changes in fire activity (Bergeron and Archambault 1993;
Larsen 1996; Westerling and Swetnam 2003) and establishing future fire regimes
under the projected warming of the Northern Hemisphere.

Recent achievements in dendroclimatology include the development of five
reconstructions of the July DC and one reconstruction of mean July to August
temperature going back to the early 1700s (figure 4.7; Girardin et al. 2006b).
Note that the DC is a “seasonal” component of the Fire-Weather Index (FWI)
system. Moisture losses in the DC are the result of daily evaporation and tran-
spiration, while daily precipitation accounts for moisture gains. Each year, the
period of melting snow is simulated and it is assumed that the deep layers of
organic matter are completely recharged with water. Evaporation and transpira-
tion losses are first estimated as maximum potential evapotranspiration based
on temperature and seasonal day length. Second, this maximum potential evapo-
transpiration value is scaled by the available soil moisture to reflect the fact that
as soil moisture content is reduced, evaporation becomes increasingly difficult
(Turner 1972). In the process of water recharge, 2.80 mm of total precipitation
are withdrawn per 24-hour period to accommodate canopy and surface fuel
interceptions. The scale of the DC is cumulative, with each unit representing a
decrease of 0.254 mm of water available in the soil. The maximum holding
capacity of the soil is 100 mm for an organic layer whose dry weight is 25 kg-m-2,
which equates to approximately 400% of water per unit dry mass. There are no
absolute guidelines as to the meaning of the DC values but generally speaking,
values below 200 are considered low and 300 may be moderate in most parts of
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Figure 4.6

Cross-section of a jack pine tree from eastern Ontario dating back to 1763 (A) and
ring width measurements along increment cores collected from three live red pine
trees (Pinus resinosa Ait.) on a neighbouring site (B)

A)

B)

The longest measurement series dates from 1605 to 2002. A section of a tree trunk is
made up of rings, each of which corresponds to the growth of the tree during a year.
The inter-annual variability in the thickness of the rings reflects a climate favourable or
not to the growth of that tree, and therefore provides information on temperatures and
precipitation that took place during the years the rings were formed. Note that this vari-
ability should not be confused with the long-term trend linked to the age of the tree, or
to changes in forest cover. The study of tree rings makes it possible to reconstruct par-
ticular climatic parameters, such as temperature, precipitation, and drought indices.

Canada. A DC rating of 300 or more indicates that fire will involve burning of
deep sub-surface and heavy fuels. Because of its cumulative scale, the July DC is
a rough estimate of water content of deep organic layers for a period ranging
from about May to July. In Canada, 78% of the area burned from 1959 to 1998
occurred in June and July, while 8% occurred during May and 13% during August
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Figure 4.7
Reconstructions of the July mean of the daily Drought Code (DC) for a corridor
covering boreal Manitoba to Québec (a to e)

Thin lines represent inter-annual variability in DC estimates; inter-decadal variability is expressed using thick lines.
Dotted lines represent DC observations over the 1919-1998 period. The DC scale (a unitless index) ranges from
soil saturation (zero) to severe drought (greater than 300). (f) Reconstruction of mean July to August temperatures
for southwestern boreal Québec (TEMP, expressed in °C).

(Stocks et al. 2003). Therefore, the season covered by the reconstructions may
be a good proxy for fire weather conditions at the time of greatest area burned.
More details on the DC can be obtained by consulting Van Wagner (1987) and
Girardin et al. (2004Db).

The six reconstructions presented in figure 4.7 were developed from a
network of 120 well-replicated site tree-ring width chronologies distributed
mainly on the Boreal Shield and extending back to at least AD 1866. Site tree-
ring width chronologies are defined as averages of annual ring width measure-
ments for one to several cores per tree and for several trees growing on similar
ecological sites. The development of these tree-ring records represents the achieve-
ment of over a decade of research, sampling efforts, and laboratory work by a
number of researchers. In total, over 4,400 ring width measurement series from
13 species were gathered. Most sampled trees belonged to the genus Pinus (pines;



4 — Climate, Weather, and Forest Fires 95

45% of all sites). The genus Picea (spruces; 27% of all sites) and Thuja occidentalis
L. (white cedar; 15% of all sites) also contributed to a large proportion of the
total network (Girardin et al. 2006b).

Indications from these tree-ring-based reconstructions (figure 4.7) suggest
high variability in the year-to-year and decade-to-decade drought severity across
the boreal forest of Manitoba, Ontario, and Québec. Historically, multi-year
droughts have always covered vast land areas. Notable drought episodes include
the 1730s and 1790s that covered much of the boreal corridor (table 4.1). But
what is intriguing is the absence of prolonged drought in the western part of
boreal Québec since the 1850s (with the exception of the 1910s-1920s), as opposed
to eastern Manitoba and western Ontario (table 4.1; figure 4.7). Based on the
synoptic characteristics of recent droughts, the change in variability may translate
into a response to an increasing frequency of upper-level ridging (troughing) over
western (eastern) Canada since ca. 1850 (Girardin et al. 2006b). Specifically, this
suggests an amplification of the long wave illustrated in figure 4.2. Increasing
cyclonic activity (deeper troughing) in eastern Canada and incursion of moist
air masses may have favoured climate conditions that are less suitable to fires.

The change in drought variability across the corridor is also well correlated
with past changes in North Pacific sea surface temperatures (figure 4.8; see also
Girardin et al. 2004a, 2006b; Skinner et al. 2006). Biological substitutes for Pacific
sea surface temperatures and western coast air temperatures did suggest striking
changes in variability around 1850 (D’Arrigo et al. 2001; Evans et al. 2002; Finney
et al. 2000; Wilson and Luckman 2003), which is similar in timing to docu-
mented changes in fire activity across eastern boreal Canada (see Gauthier et al.,
chapter 3; Bergeron et al. 2001, 2004). The timing leads us to believe that these
two phenomena are embedded in a context of climate change at a relatively
global spatial scale (Girardin et al. 2006b).

Table 4.1
Prolonged drought episodes for a corridor covering boreal Manitoba-Québec
Eastern boreal Western boreal Central boreal Eastern boreal Western boreal Southwestern
Manitoba Ontario Ontario Ontario Québec boreal Québec
1735 to 1743 N/A 1736 to 1744 N/A 1734 t0 1738 N/A
N/A N/A 1748 to 1754 N/A

1838 to 1843

1887 to 1892

1936 to 1940
1958 to 1963

1791 to 1795

1838 to 1842

1860 to 1867

1908 to 1911

1932 to 1937

1973 to 1983

1787 to 1795
1806 to 1809

1907 to 1911
1920 to 1923
1934 to 1938

1991 to 1995

1790 to 1795
1807 to 1811

1837 to 1840

1889 to 1892

1905 to 1909

1919 to 1922
1933 to 1937

1992 to 1995

1789 to 1792

1819 to 1822
1837 to 1849

1917 to 1922

1791 to 1795

1876 to 1882

1909 to 1916

1971 to 1978

This table was inferred from the six tree-ring-based drought reconstructions (see figure 4.7). From Girardin et al. (2006c). N/A: not available.



Ecosystem Management in the Boreal Forest

Figure 4.8
Normalized eastern boreal Manitoba minus normalized western boreal Québec
smoothed Drought Code reconstructions (figure 4.7a minus figure 4.7¢) versus
the leading principal component of North Pacific sea surface temperatures
(SST, in standardized departures) north of 20°N

Note the increasing contrast in drought severity between the two regions since 1850
and the striking similarity with the North Pacific SST over their common period. Data
from Girardin et al. (2006a).

3.3. Reconstruction of Past Fire Activity

The relative effect of climate changes over the past two centuries with regard to
annual fire activity on the Boreal Shield has recently been translated by rescaling
the tree-ring-based Canadian Drought Code reconstructions to the mean and
variance of the fire activity on the Boreal Shield (Girardin et al. 2006¢). This
“statistical reconstruction of the fire activity” indicated striking changes in vari-
ability in the course of the past 200 years, namely, extensive fire activity was
estimated for 1789-1796, 1820-1823, 1837-1841, 1862-1866, 1906-1912, 1919-
1922, 1933-1938, and 1974-1977 (figure 4.9). The most notable changes were
seen with the occurrence rates of extreme fire years, with the prevalence of a
period of low occurrence of extreme fire years from the 1850s to the early 1900s.
The second half of the 20th century was also marked by low occurrence of
extreme fire years.

These variations were validated with a stand age distribution derived from
a regional time-since-last-fire map from the western boreal Québec region
(figure 4.9). Indeed, the stand age distribution shows the recruitment of several
forest stands during the decades 1810 to 1840 and 1910 to 1920. For these periods,
dendroclimatic estimates suggest several successive years of high fire activity.
Interestingly, the strong coherence between the fire activity estimates of the
Boreal Shield and the stand age distribution derived from the time-since-last-fire
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Figure 4.9
A) Statistical reconstruction of the area burned on the Boreal Shield.
B) Occurrence rate of extreme-area-burned events (n = 24) on the Boreal Shield
with 90% confidence bands; high values (1800-1850 and 1910-1940) are indicative
of periods during which many years of extreme wildfire risk have occurred.
C) Stand age distribution for an area of 15,000 km2 located at the transition zone
between the mixedwood and coniferous boreal forests of southwestern Québec
(vertical bars) in 10-year age classes (expressed in % of total study area)

A)

B)

0

The negative exponential curve shows the theoretical stand age distribution expected
under a constant fire regime. Values of area burned below the theoretical curve (notably
during the late 20th century) are indicative of low fire activity, and vice versa. Modified
from Girardin et al. (2006b).
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map suggested that the 1910s-1920s fires in the Abitibi Plains occurred at a time
when the climate was very conducive to fire. Although human activities may
have contributed to the high fire activity by acting as an ignition source, atmo-
spheric conditions (persistent ridging) and drought have certainly been decisive
factors.

In contrast, the period 1950-2000 saw rather low fire activity compared
with historical levels, as illustrated by the stand age distribution (figure 4.9¢).
Further dendroclimatological work done in Ontario highlighted the period
1940-1969 as not conducive to fire (Girardin et al. 2006a). Despite greater efforts
to suppress fire, the area burned in this province, as in several other Canadian
regions, has increased since the late 1970s (Podur et al. 2002). Climatic variability,
particularly in conjunction with geopotential heights, seems to be the main
factor associated with this increase (Skinner et al. 1999; Kasischke and Turetsky
2006; Girardin 2007). Other studies indicate that this trend would be a percep-
tible effect of the climate change in progress, known to be associated with
increased greenhouse gas concentration in the atmosphere (Gillett et al. 2004).
Indeed, on an ongoing basis, simulations of present and future rates of burning
associate anticipated climate change with increases in fire activity (Flannigan
and Van Wagner 1991; Flannigan et al. 1998; Stocks et al. 1998; Wotton et al.
2003; Flannigan et al. 2005; Bergeron et al. 2006). These predictions are in
agreement with predicted increases in intensity, frequency, and duration of
blocking high-pressure systems over North America (Meehl and Tebaldi 2004).

4. CONCLUSION

Studies on the relationship between fire and climate, and on the historical
perspectives of these relationships (such as illustrated with the growth rings of
trees and time-since-fire maps), show the extent to which climate affects regional
fire regimes. Persisting upper-level ridges (figure 4.3) result in extreme fire condi-
tions and often in large areas burned. Despite increased fire suppression efforts,
areas burned in several regions of Canada have increased steadily since 1970.
During extreme fire years, it is unlikely that fire suppression has had a major
influence on area burned by large fires (Bridge et al. 2005). Although we antici-
pate an increase in area burned in a warmer climate, it is possible that for some
regions the future burn rates will be lower than those seen during the period
preceding our observations (see Le Goff et al., chapter 5). As shown in this
chapter, boreal forests have always evolved with the presence of fire and some
periods have experienced particularly high fire activity. The next chapter (Le
Goff et al.) discusses the usefulness of paleoecological data illustrated in this
chapter with the objective of developing adaptation strategies to fire in a context
of climate change. The authors place particular emphasis on ecosystem manage-
ment and solutions that exist to help forest managers to cope with new climate
constraints and their consequences.
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1.

INTRODUCTION

The forestry sector hesitated for a long time over integrating the problem of
climate change into its policies and planning. Given the uncertainty about pre-
dictions of climate change effects at the forest management unit level, such
hesitation is understandable (Burton 1998; Johnston et al. 2006). However, forest
industries already face operational difficulties resulting from climate change,
such as a shorter season for use of winter roads and longer forest fire seasons.
Moreover, the planning horizon for forest management involves a time scale at
which the effects of climate change are predictable (Spittlehouse 1997). The
forestry sector must better integrate future climate change into its planning to
avoid the economic cost that will result if it does not introduce measures to adapt
to climate change (Johnston et al. 2006).

While a great deal of research has been devoted to the study of the potential
impact of climate change on ecosystems, the implementation of concrete solu-
tions to deal with such impacts has too often been neglected (Hulme 2005). As
a result, the consequences of climate change for the management of forestry
resources have been seen unclearly and unavoidably harmful. However, manage-
ment tools already exist that will help us to deal with climatic conditions and
their expected impacts on managed forests. In spontaneously adapting to certain
climatic limitations in the past, forest managers have already begun to build a
capacity to adapt to future climate change. Routine management practices such
as fire suppression, salvage logging, and artificial regeneration can reduce the
vulnerability of forest management to fires that are mainly determined by climate
and its variations.

This chapter considers the impacts of climate change on the boreal forest
as well as the measures that could be implemented to adapt to new climate con-
ditions based on the example of the changes these new conditions will impose
on fire regimes. Fire is one of the main natural disturbances in the boreal forest.
Climate and weather conditions are determining factors that regulate fire activity
(Girardin et al., chapter 4). Numerous paleoecology studies, as well as analysis
of recent fire records, show that past climate variability has modified regional
fire regimes (Girardin et al., chapter 4), and simulations of future climate changes
indicate that they will continue to affect fire activity. In the first part, we describe
how regional fire regimes will be affected by climate change; then we look at
concrete solutions that will enable us to deal with either an increase or a decrease
of fire activity due to climate change. While this study deals with the example
of forest fires to evaluate one aspect of forest management vulnerability to climate
change, a true risk analysis would require consideration of all the components
that affect the vulnerability of forests and forest management to the effects of
climate change.

Adaptation is a concept that is broader than and complementary to the
mitigation of the climate change impacts (Le Goff et al. 2005). While mitigation
consists in reducing concentrations of greenhouse gases by reducing sources and
developing sinks, the concept of adaptation applies to systems that must deal
with the impacts of climate change in a shorter time frame. Adaptation involves
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understanding and reducing the negative impacts of climate change, but also
identifying and taking advantage of the benefits of the new climate conditions
(McCarthy et al. 2001; Burton et al. 2002). Whether speaking of adaptation or
mitigation, the concept of a long-term adaptive strategy is a basic principle for
dealing with climate change. Such a strategy implies an iterative assessment
framework that allows for adjusting strategies and practices on the basis of devel-
opments in our knowledge and results achieved by the measures implemented
(figure 5.1).

The possibilities for adaptation depend on the vulnerability of a system to
climatic conditions. Vulnerability (i.e. the degree to which a system is incapable
of coping with the adverse effects of climate change, including variability and
extreme conditions; McCarthy et al. 2001) depends on the nature and magnitude
of the climate change, the sensitivity of the system to such change, and the ability
of the system to adjust to the change (its adaptive capacity). It is recognized that
the adaptive capacity of a system depends not only on available scientific and
technical knowledge, but also on the social, economic, and political aspects of
implementing planned adaptation strategies (Yohe and Tol 2002). However, in
this chapter, the focus is on scientific and technical aspects of adaptation.

Conceptual framework illustrating adaptation to climate change

Climate variability
and change

A
Vulnerabilities to
climate change

Initial impacts

Mitigation Autonomous

Management adaptations Planned
of greenhouse i

: ; adaptations
gases sources Residual impacts y
and sinks
y
A

4{ Policy responses }7

The adaptive capacity of a system facing climate variations and changes depends on
initial impacts (determined by climate change magnitude and by the sensitivity of the
system to these changes) and spontaneous adaptations of the system facing these
changes (natural resilience of the system to the variation in environmental conditions).
Political answers will thus concern the residual impacts. Adaptation is a political response
complementary to mitigation measures. It aims at reducing the system’s vulnerability to
climate change. Modified from IPCC (2001).
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2. CLIMATE CHANGE AND ITS IMPACTS

The changing seasons and their varying lengths set the pace for the growth and
dynamics of our forests. Climate change disrupts the length and intensity of the
seasons and this is especially clear in winter. In the northern hemisphere, winters
have grown shorter and milder, with a reduced period of snow cover (about 10%
shorter than in the late 1960s) and two weeks less of ice cover on lakes than was
seen in the early 20th century (Consortium Ouranos 2004). Average global
temperature increased by 0.74°C (0.56-0.92°C) between 1906 and 2005 (IPCC
2007). Eleven of the past 12 years (1995-2006) are ranked among the 12 warmest
years recorded since 1850. In addition, there has been an increase in total
precipitation since 1900 in eastern North America (IPCC 2007).

According to climate simulation models, temperatures will continue to rise
and the increase will be greater in northern regions than in more southern regions
(IPCC 2007; Plummer et al. 2006). Boreal forests are therefore particularly exposed
to the impacts of climate change. For boreal forests in central and eastern Canada
(from Manitoba to the Atlantic provinces), recent simulations using the Canadian
Regional Climate Model predict an increase in average temperature of about
3.5°C in winter, 2°C in spring and fall, and 2.5°C in summer, as well as an increase
of about 5% in precipitation in all seasons (Plummer et al. 2006). Johnson et al.
(1999) reported that the fire season in Saskatchewan (Prince Albert National
Park) would start earlier in the spring, compared with 1945. According to simula-
tions carried out with atmospheric general circulation models, this trend toward
a longer fire season could continue under the influence of the climate conditions
predicted for Canada. Thus, for a 2xCO, scenario (corresponding to the period
2040-2060), the length of the fire season could increase by 16 to 17% (about
235 days) in central and eastern Canada, starting earlier in the spring and extending
further into the fall (Wotton and Flannigan 1993; Stocks et al. 1998).

Climate change affects not only average conditions but also variability and
climate extremes, such as the frequency of droughts or heavy rains (IPCC 2007).
While species are generally well adapted to average climate conditions, they are
especially sensitive and vulnerable to extreme conditions (Burton 1998; Parker
et al. 2000). Forest fire activity is mainly affected by extreme weather conditions.
In Canada, only 3% of forest fires account for 97% of the area burned over the
past 30 years (Stocks et al. 2003). These very large fires occur most frequently
during periods of extreme drought (Flannigan and Harrington 1988).

The influence of climate on forests is very complex and involves a variety
of mechanisms (see box 5.1):

= direct mechanisms, such as the influence of temperature or season
length on growth, reproduction success and species migration;

= indirect mechanisms, through changes in natural disturbance regimes
(fires, insect epidemics, windfall, and disease).

The effects of changes in disturbance regimes on the structure and
composition of forest stands are much more immediate than the direct effects
on the distribution, extinction or migration of species (Weber and Flannigan
1997). That is why fire regimes are considered to be agents of change in the
boreal forest.
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Examples of direct or indirect impacts of climate change on vegetation

The influence of climate on forests is complex, involv-
ing direct mechanisms, such as the influence of tem-
perature or season length on growth, reproduction
success, and species migration, and indirect mecha-
nisms, through changes in the natural disturbance
regime (fire, insect outbreaks, windfall, and disease).
The effects of changes in disturbance regimes on the
structure and composition of stands are much more
immediate than the direct effects on the distribution,
extinction or migration of species (Weber and
Flannigan 1997).

Examples of direct impacts

The influence of warmer temperatures on tree growth
and on the net primary productivity of forests is
complex, because it depends on many factors. Longer
growing seasons and a smaller number of summer
frost periods in the boreal forest have a particularly
beneficial effect on net growth of trees in cooler
regions by prolonging the period of photosynthetic
activity. Earlier warming may also encourage early
bud burst (Raulier and Bernier 2000). However, the
tree populations subjected to weather conditions
warmer than those to which they are adapted may
not be able to obtain maximum benefit from these
more temperate conditions (Beaulieu and Rainville
2005). The benefits of climate change on forest pro-
ductivity also depend on the degree of interference
with natural disturbances, such as forest fires and
insect outbreaks, which are also modified by climate
change (Johnston et al. 2006). Changes in tempera-
ture and precipitation will also modify other param-
eters of forest dynamics, such as reproductive success,
distribution and abundance of species, species assem-
blages, and species migration.

The current forest management system is based on a
constant long-term yield, even though the calculation

of allowable cut does not take into account the con-
sequences of future climate change for forest pro-
ductivity. Yield tables used to calculate allowable cut
reflect the spatial variations resulting from historical
climate but do not reflect future climate conditions
that regenerating stands will have to face. That is
why researchers are now developing models such as
3PG (Landsberg and Waring 1997), Standleap (Raulier
et al. 2003), and TRIPLEX (Peng et al. 2002), which
will make it possible to calculate the effects of future
climate change on forest productivity.

Examples of indirect impacts

It is generally accepted that climate change will have
an impact on disturbance regimes and that this indi-
rect impact of climate change on vegetation will be
very considerable (IPCC 2007). It is believed that the
incidence and the size of areas affected by insect defo-
liation and disease could increase under warmer and
drier weather conditions (Volney and Hirsch 2005;
Candau and Fleming 2005). However, the effect of
climate change on these two types of disturbance is
complex, since variations in weather conditions can
change the development cycle of pathogens and
insects (see Carroll et al. 2006 on the pine beetle),
the resistance of host species or the distribution range
of the pathogen or the host species (Johnston et al.
2006).

Weather events such as drought, ice storms, cycles
of frost and thaw, and wind storms will also change
in magnitude and frequency under the influence of
climate change. These events have their own impact
on vegetation, but they may also interact with other
natural disturbances such as insect outbreaks and fire.
Drought, for example, could make some individuals
weaker and more vulnerable to disease.

Climate change leads to a longer growing season, which generally also
implies a longer fire season (Wotton and Flannigan 1993). However, season
length is not the only parameter of the fire regime that will be affected by climate
change. Flannigan et al. (2005) expect an increase in annual area burned all
across Canada. Price and Rind (1994) report that the number of lightning fires
could rise as a result of increased lightning activity. However, other studies suggest
that climate conditions favourable to fire could remain at the same level or even
decrease in eastern Canada (Flannigan et al. 1998, 2001). All these studies agree
that the effects of climate change on fires will vary from one region to another,
because while a fire regime is mainly governed by climate, which varies from
region to region, it also depends on more local characteristics such as fuel (struc-
ture and composition of forest stands), topography, and hydrography (presence
of a fire break).
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3. HOW WILL CLIMATE CHANGE AFFECT FUTURE FOREST FIRE
ACTIVITY IN EASTERN CANADA?

We have used the model presented by Gauthier et al. in chapter 3 to compare
past, current, and future annual burn rates in different regions of central and
eastern Canada (figures 5.2 and 5.3A; see box 5.2 for notes on methodology). The
response of fire regimes to future climate change varies from one region to another
in terms of magnitude (table 5.1, figures 5.3B and 5.4), but for most of the

Figure 5.2
Location of study areas for which past, current, and future annual burn rates
are compared

km

See table 5.1 for the names of numbered study areas and for ecological regions in which they are located (map
produced by ). Morissette, CFS).
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Figure 5.3
A) Basic graphic model for the comparison of past, current, and future annual burn
rates illustrating the constraints relative to biodiversity conservation and

sustaining fibre yield. B) Current rates (black), and future 2xCO, (gray) and 3xCO,
(white) rates as a function of past burn rates

Current and future burn rates

A)

Current
2xC02
3xC02

Current and future burn rates

B)

Numbers correspond to sites presented in table 5.1. For site locations, see figure 5.2.
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Box 5.2

Comparing annual burn rates: past, present, and future

The disturbance rate is the proportion of a territory
disturbed by fire or harvesting. We have calculated
the annual burn rate and the proportion of forests
older than 100 years old for different future reference
periods in order to compare them with current and
historical values:

1. The historical relation between monthly burned
areas and the Fire Weather Index (FWI) compo-
nents (Van Wagner 1987; Girardin et al., chapter 4)
was calculated with weather data (temperature,
precipitation, relative humidity, and wind speed)
from the nearest stations, using stepwise linear
regressions for each ecological unit (see below).

2. The values of the FWI components were calculated
from weather variables (temperature, precipita-
tion, relative humidity, and wind speed) calculated
using the Canadian Atmospheric General Circula-
tion Model for two future reference periods:
2xCO, (doubling of the present CO, atmospheric
concentration, corresponding to the period 2040
to 2060) and 3xCO, (during the period from
2080 to 2100). This weather model includes the
forcing of both greenhouse gases and sulphate
aerosols, which contribute to a 1% increase in CO,

Figure 5.4

per year. The FWI components were then inte-
grated into the regional regression models previ-
ously established to determine future burn rates.

3. The relationships between current and future FWI
values (2xCO, or 3xCO,) were applied to current
burn rates to calculate projected future rates.

Current burn rates were calculated for the period
1940-2003 using fire data from the Ministere des
Ressources naturelles for sites in Québec, and from
the Canadian Forest Service’s Large Fire Database
(fires > 200 ha, 1959-1999) for the three other sites.
Current burn rates and regression equations were
calculated at the following scales:

¢ Dbioclimatic sub-domains for Québec (Saucier et
al. 1998),

& ecoregions of the Ontario Land Classification
System (Van Sleeuwen 2006) for areas in the
Lake Abitibi Model Forest and for northwestern
Ontario,

¢ the Mid-Boreal Uplands ecoregion of Canada’s
Ecological Land Classification for the Duck
Mountain site (Ecological Stratification Working
Group 1996).

Proportion of study area occupied by forest stands older than 100 years
for the past, current, and future (2xCO, and 3xCO0,) periods

These proportions were calculated as a function of burn rates (table 5.1) using the
negative exponential formula (Van Wagner 1978). The proportion of stands older than
100 years decreases as burn rate increases. For site location, see figure 5.2.
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territories considered, future burn rates for a 2xCO, period are higher than current
burn rates (figure 5.3B). However, they remain lower than past rates (figure 5.3B).
Four major types of response to climate change can be distinguished:

1. For the western black spruce-feather moss forest and for northwestern
Ontario (regions 1, 3, 7, and 12), a 3xCO, period would lead to annual
burn rates higher than past rates. However, it must be noted that the
western black spruce forest is one of the largest ecological regions used
in calculating current annual burn rates (figure 5.2), and there are there-
fore great spatial variations in fire activity. In addition, this region is
intersected by the boundary of the intensive fire protection zone. The
northern part of the region includes forests where fire activity is much
greater than in the south (MRNQ 2000). Thus, it is difficult to interpret
results for the whole of this region, since the great spatial variability
may have led to an overestimation of burn rates for certain parts of the
region, and underestimation for other parts. Moreover, in places where
tuture rates are likely to be very high, there could potentially be major
impediments to maintaining biodiversity and sustained yield, since fire
activity would be competing with harvesting for mature stands.

2. Where burn rates remain lower than past rates (points located above
diagonal 1:1 line in figure 5.3B), the historical impact of fire on forest
management is reduced, in part, by the effects of climate change
(regions 2, 4, 5, 8, and 11). This situation could represent an attractive
opportunity for implementing forest strategies and practices that will
maintain the historical age-class distribution at the landscape scale
(Gauthier et al., chapter 3). However, even if the risk of loss of harvest
volume does not arise from fire, other disturbances could dominate the
forest dynamics and present new risks of volume loss.

3. In the case of Témiscamingue South, the model suggests that the future
burn rate could be equal to or lower than the past burn rate. This result
is at first surprising since even though regional fire regimes do not
respond with the same magnitude, one would expect them to show the
same trend in response to a global climatic stimulus. Drever et al. (in
press) foresee a slight increase in future burn rates using regressions
based on a larger area. Many factors could contribute to this result:
accessibility of fire suppression methods, a history of earlier colonization,
and a greater deciduous component than in other regions considered.
These factors all contribute to older and more efficient fire suppression
than in the other regions studied. The small amount of fire activity in
the historical period limits our ability to estimate future burn rates.

4. Finally, we find areas with an intermediate situation, such as the North
Shore, the Gaspésie, and Duck Mountain, where the future burn rate
could be equivalent to past rates (figure 5.3B). In that situation, it would
be difficult to adapt the harvest system to make up for decreased fire
disturbance, since the proportion of forest stands more than 100 years
old for 3xCO, period remains essentially the same as for the historical
period (figure 5.3). Fire suppression and salvage logging would have to
be based on an integrated strategy designed to avoid adding the effects
of fire to those of forest management.
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These results, arising as they do from climate simulations, must be inter-
preted with caution. Above all, they give a qualitative idea of the effects of climate
change (e.g., direction, order of magnitude; Flato et al. 2000). Simulations of
future values of the Fire Weather Index (Van Wagner 1987; Girardin et al.,
chapter 4) for different climate change scenarios carried out to date anticipate
maintenance of current values or a reduction in the frequency of fires depending
on the regions considered (Flannigan et al. 1998, 2001). In contrast, regression
methods that use burned areas as predictive variables (as presented in this
chapter) suggest that annual burned area will increase in all of Canada’s ecozones
(Flannigan et al. 2005). Simulation results suggest that the effects of climate
change on fire activity are complex and that they vary from one region to
another. By themselves, warmer temperatures would lead to an increase in fire
activity. However, at the local level, changes in precipitation regimes modulate
the response of fire activity to an increase in temperature. Indeed, increases in
total precipitation could compensate for and even exceed the effect of warmer
temperatures, thereby leading to a fire risk that is equivalent to or lower than
the current risk in some areas (Flannigan et al. 1998; Bergeron et al. 2006).

While the models allow us to anticipate future trends in fire activity on a
large scale, a great deal of uncertainty remains at the management unit level.
Thus, it is unlikely that there would be a uniform decrease in fire frequency in
black spruce forests in Québec. Western areas might react differently from those
in the east, because of topographic and climatic differences. For that reason, at
the forest management unit level, one must be prepared for either an increase
or decrease in forest fire activity, and responses for both situations must be
developed. A first step would probably involve adapting forest management to
current burn rates. Despite the protection system, fires will likely continue to
affect large areas, whether dry seasons are more or less frequent.

4. ADAPTATION OPTIONS TO FACE CHANGING FIRE ACTIVITY

4.1.

Fires represent a risk of loss of merchantable volume that is difficult to predict
locally because of their random occurrence and variability from year to year. The
risk should nevertheless be considered when calculating annual allowable cut
because of the weather dependence of fires and their impact on timber supply.
Including fire risk into the calculations would also make it possible to regulate
timber supply (Armstrong et al. 1999; Fall et al. 2004). Fire represents a risk that
increases the vulnerability of managed forests to climate change and variability.

Re-examining Current Practices

Adaptation starts with a review of routine practices, followed by development of
new strategies such as Fire-Smart Management or a Triad approach, which have
been developed to improve our ability to react more effectively to changes in a
fire regime (see also box 5.3, p. 119).
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4.1.1. Fire Suppression

In studies on the capacity of the forestry sector to adapt to climate change,
increased fire suppression is often recommended as a means of reducing losses
in allowable cut resulting from increased forest fire activity (Dale et al. 2001;
Spittlehouse and Stewart 2003). Our fire suppression system was developed at a
time when fire activity was lower than it is today, and fire activity has been
continually increasing (1960-1970, see Girardin et al., chapter 4). Across Canada,
fire frequency has been increasing for the past 30 years (Skinner et al. 1999,
2002; Gillett et al. 2004), which contributes to increase overflowing situations
for fire protection agencies. The initial attack is considered to be the best practice
to reduce the burned area (Hirsch et al. 1998; Lemaire 2002). However, McAlpine
and Hirsch (1999) suggest that even with massive investment in forest fire sup-
pression, 3 to 4% of forest fires would still burn out of control. Such fires would
leave behind large burned areas, because they occur under extreme weather
conditions (Larsen 1997; Drolet 2002; Gauthier et al. 2005). As a result, in years
when the Fire Weather Index is high, burned areas remain large in spite of sup-
pression efforts (McAlpine and Hirsh 1999; Leduc et al. 2002). Our current ability
to suppress forest fires already faces economic, logistical, and ecological limits
(Hirsch et al. 2001; Wheaton 2001; Chapin et al. 2003). These limits suggest the
need for a greater rationalization of suppression efforts rather than a simple
increase of these efforts everywhere, because fire regimes vary from one region
to another (Lefort et al. 2004; Stocks et al. 1998; Parker et al. 2000; Wheaton
2001). In 2005, the Canadian Council of Forest Ministers formulated a national
strategy for forest fire management that recognized the logistical limits of sup-
pression and the ecological role of fire (CCFM 2005). This document also estab-
lished criteria for rationalizing fire suppression efforts. While fire control is one
available adaptation tool, adopting a strategy for total exclusion of fire is not
only ecologically undesirable, but also economically unrealistic. Strategies must
therefore be developed that give priority to interventions in zones of high eco-
nomic, social, and ecological value while options have to be envisioned to take
advantage of fire occurrence in other places.

Finally, recognizing that forest fires will always occur, even with our
suppression efforts, it is frequently being suggested that fire risk be included in
the calculation of annual allowable cut. When this is done, annual timber supply
is stabilized even if it is reduced (Armstrong et al. 1999; Fall et al. 2004).

4.1.2. Salvage Logging

In evaluations of the forest sector’s adaptation to climate change, general and
systematic salvage logging operations are often recommended as a step to adapt-
ing to anticipated increases in fire activity (Wheaton 2001; Spittlehouse and
Stewart 2003; Johnston et al. 2006). However, it must be emphasized that in the
wake of a fire, the salvage rate depends directly on the age structure of the forest:
the higher the proportion of mature and over-mature stands, the higher the
proportion of burned forest suitable for salvage will be. Traditional forest man-
agement, with its overall effect of rejuvenating the forest through harvesting,
reduces the number of stands suitable for salvage logging (Leduc et al. 2004),
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since many burned trees will not have reached commercial size at the time of
the fire. Despite a persistent belief that fire particularly affects mature forests,
fire in the boreal forest acts independently of stand age (Johnson 1992). Thus it
must be recognized that a large portion of stands that have been burned will
not be suitable for salvage logging.

As in other provinces that practice salvage logging, when Québec’s
commercial forests are affected by fire, the Ministére des Ressources naturelles
et de la Faune (MRNF) evaluates the volumes to be harvested and develops special
salvage plans for the areas affected by the fire. Priority is given to the most acces-
sible locations. In addition, holders of Timber Supply and Forest Management
Agreements must comply with the special plan. Failing implies that the timber
volume allocated under the contract will be reduced by an amount equal to the
volume that would have been salvaged under the special plan (MRNFQ 2006).
The compulsory nature of these special plans led to an increase in volumes of
timber salvaged after fires from 3 m3/ha in 1991 to 10 m?/ha in 1996 (Purdon
et al. 2002). In Québec, between 1995 and 1998, 13 to 40% of burned commercial
forest areas over 1,000 ha were subject to salvage logging operations. During the
same period, the intensity of salvage logging in burned areas increased by more
than 50% (Nappi et al. 2004). Since then, the salvage rate has varied in line with
the annual area burned. For 2005-2006, which was marked by many large fires,
the figure was more than 6 million cubic metres, the equivalent of about 30%
of total harvest volume in Québec during that period.

Salvage logging must take place soon after a fire, since the quality of timber
is reduced once insects start to colonize it. Emergency salvage plans for burned
areas affect operating costs by disrupting established forestry plans (Martell
2002). For example, they involve construction of forest roads that were not
planned and the use of specific equipment to avoid contaminating traditionally
managed forest products (Patry 2002). These plans, which are often developed
in great haste after a fire, would be more effective if they were part of a strategy
established well before fire occurs (Lindenmayer et al. 2004). Efforts are now
underway in Québec, Ontario, Saskatchewan, and Alberta to improve planning
for salvage logging and to carry out such logging on the basis of ecosystem
management criteria (Schmiegelow et al. 2006).

Several studies emphasize the ecological limits of salvage logging as it is
now practised (Lindenmayer et al. 2004; Brais et al. 2006; Donato et al. 2006;
Greene et al. 2006; Lindenmayer 2006). Salvage logging can act as an additional
disturbance to soil and vegetation, at a particularly critical stage since the opera-
tion takes place during the first stages of post-fire regeneration (Johnston et al.
2006). While species and ecosystems are generally well adapted to the recurrence
periods of forest fires with which they have evolved, a fire followed by a harvest-
ing operation could exceed the limits of their resilience, resulting, for example,
in regeneration accidents. Salvage logging can also act as an additional distur-
bance to soils that have been made particularly fragile by a reduction in the
thickness of organic matter as a result of combustion. Forest stands that have
been subjected to salvage logging present a different array of available nutrients
from stands that were burned but not harvested (Brais et al. 2000; Purdon et al.
2004). Finally, as currently practised, salvage logging reduces the availability of
post-fire habitat and also limits the availability of prey for insect-eating birds
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(Morissette et al. 2002). In an ecosystem approach to forest management, the
negative impacts of salvage logging would have to be mitigated in order to set
management objectives that are not limited to regeneration.

In some cases, salvage logging produces ecological benefits in addition to
its economic benefits. For example, if a burned area has not been naturally
regenerated because the fire interval is too short, or the fire was not sufficiently
severe, salvage logging followed by reforestation will limit the loss of forest
cover. This aspect is especially important at the limit of the commercial forest
(Jasinski and Payette 2005). In short, salvage logging is a potential tool for
adapting to climate change but it does have related logistic, economic, and
ecological limitations.

4.1.3. Improving Regeneration

Some stands regenerate well after fire, especially when the fire has been severe
enough to release seeds and create suitable germination beds (by burning suffi-
cient organic matter on the ground). In such cases, artificial regeneration may
be unnecessary and the machinery used for it could hinder natural regeneration
(Donato et al. 2006; Greene et al. 2006). In contrast, other stands affected by
less severe fires will regenerate poorly and require artificial regeneration (Jayen
et al. 2006). Regeneration accidents generally result from interaction between
the regeneration potential of the species at the time of the fire (stand age) and
the characteristics of the fire. The fire interval and the severity determine both
the regeneration potential of the species at the time of the fire (Le Goff and Sirois
2004), and the quality and quantity of germination beds (Jayen et al. 2006).
Weather conditions after a fire will influence germination and seedling establish-
ment (Thomas and Wein 1985; Lavoie and Sirois 1998). Since the regeneration
potential of species at the time of the fire is an essential factor, it should be noted
that the younger the forest, the more susceptible it will be to regeneration acci-
dents, a fact that necessarily demands an increased plantation effort (Leduc et
al. 2004). In areas where fire activity increases because of climate change, the
interval between two consecutive fires in the same location could become shorter,
which would increase the probability of regeneration accidents.

If regeneration accidents increase under the influence of climate change,
the need for artificial regeneration will be more frequent. Genetically improved
seedlings could be used to restock stands after harvest, using better performing
individuals (Grossnickle and Sutton 1999). Recent advances in technology also
make it possible to consider varietal forestry in order to achieve much better
productivity than what can be achieved through improved first generation seed
trees (Park 2002). In addition, advances in ground preparation methods (Hébert
et al. 2006) and proper characterization of sites allow for better selection of
species for replanting that are more suited to conditions at the regeneration site.
For example, in some regions, planters work with a mixed basket of plants that
allows them to select pine seedlings for sites where mineral soil is uncovered and
on well-drained small hills, and spruce seedlings for rich microsites where the
litter layer is intermediate and the soil remains moist during the summer (micro-
site planting, Lieffers et al. 2003). Finally, in zones of frequent fire occurrence,
the use of species such as jack pine (Pinus banksiana Lamb.), which is able to
regenerate effectively after fire at a very young age, should be encouraged.
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4.1.4. Prescribed Burning

Prescribed burning is a tool that can serve different management and conservation
objectives:

= Reducing the amount of available fuel, which reduces the risk of fire.
For example, in British Columbia, in 1988, two prescribed burns were
used on 37,000 ha of near-urban forest (Forest Practices Board 2006).

= Improving regeneration conditions of many pioneer species (Weber and
Taylor 1992), by making nutrients available through elimination of com-
peting vegetation (Tellier et al. 1995) and creating suitable germination
beds (Nguyen-Xuan et al. 2000).

= Restoring or maintaining a pyrophilous species or community (Johnston
and Elliott 1996; Whittle et al. 1997; Quenneville and Thériault
2002).

= Controlling invasive exotic species (DiTomaso et al. 2006).

» Maintaining wildlife habitat (Weber and Taylor 1992). The British
Columbia Ministry of the Environment uses prescribed burns for this
purpose on some 200,000 ha each year (Forest Practices Board 2006).

In Québec, prescribed burning is only used to achieve conservation objec-
tives. For the past 15 years, Parks Canada has used prescribed burning as part of
its program to restore stands of eastern white pine (Pinus strobus L.) in La Mauricie
National Park (Quenneville and Thériault 2002). There has been a great deal of
resistance to the use of fire as a management tool. This resistance is chiefly due
to a heritage of European forest management and a policy of systematic exclusion
of fires (Blanchet 2003). This mistrust of fire was strongly reinforced by a great
increase in forest fire activity across Canada in the years from 1980 to 1990.
However, the International Crown Fire Modelling experiment has considerably
advanced our understanding of fire behaviour (Stocks et al. 2004).

The eastern boreal forest is subject to a crown fire regime that has little
dependence on ground fuel accumulation (Hély et al. 2000). For this reason, it
is generally recognized that fire risk does not depend on the age of the stand
(Johnson 1992). Since fuel accumulation does not increase the risk of severe fire
as a function of the time elapsed since the previous fire, prescribed burning has
little attraction for reducing fuel loads in the boreal forest of western Québec.
However, Lavoie et al. (2005) suggest that it could be used in northern Abitibi,
alone or in combination with drainage activities, to reduce the accumulation of
organic matter where forest litter is moderately thick, and this would contribute
to improved timber productivity (see Simard et al., chapter 11).

In the case of reduced fire frequency, prescribed burning could be consid-
ered a means of maintaining the ecological benefits of fire. It could also find
many applications in ecosystem forest management, particularly in promoting
biodiversi