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Foreword I

The field of wildland fire science is more complex than one may think. Not only
must one know the intimate details of combustion science and fire behavior, but that
knowledge must then be interpreted in the context of fire ecology and wildland fuel
dynamics. Many believe that this extremely wide continuum of topics needed to
understand wildland fire sciences only spans chemistry, combustion physics, heat
transfer, fuel moisture dynamics, smoke transport, emissions, climate, weather, and
wind for fire behavior. But, the really important topics critical to wildland fire
science are those that cover the full breadth of ecology, such as phenology, eco-
physiology, and morphology. It is fire ecology that gives us the deep understanding
needed for solving the myriad problems in fire behavior and subsequently fire
management. To further complicate matters, each of these diverse wildland fire
disciplines, whether it be fire behavior or ecology, includes intrinsic hierarchically
nested time and space scales that overlap and interact. Fuel moisture, for example,
depends on both knowledge of the water diffusion process (dead biomass) and plant
phenology (live biomass) at the plant, community, stand, and landscape scales.

I have studied fire and its ecology for over 30 years at the Missoula Fire Sciences
Laboratory in Montana, USA, and I have found that this “soup to nuts” coverage of
wildland fire science is rare in the diverse books that have been written on the
subject. Too often, the complexity of fire science precludes comprehensive coverage
of all relevant topics; most authors tend to cover only those areas in which they have
the greatest knowledge or the topics that are the most studied. Some books, for
example, are quite detailed in their description of fire physics but totally over-
generalize wildland fuel dynamics. Others focus on fire ecology without a compre-
hensive coverage of the elements of fire behavior. Some fire behavior books tend to
focus only on the physics of combustion and ignore fuel moisture dynamics. This is
important because over-generalizing some wildland fire science topics breeds bias in
scientific study and fire management approaches. Wildland fuels, for example, were
historically described using fire behavior fuel models—an abstraction supposed to
represent expected fire behavior. Today, we use more comprehensive classifications
of fuels to describe and communicate, and to use as inputs to models.
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This textbook, in three parts, appears one of the few that provides the broad
spectrum of coverage across all subjects that are needed to fully understand the
dynamics of wildland fire science. In the introduction, the authors provide a detailed
overview of wildland fire science that introduces the reader to the book and its
subjects. Then in Part I, we learn of fine-scale dynamics of fire chemistry and the
reactions that lead to ignition processes, especially the concept of flammability
(Chap. 1). I especially liked the addition of moisture dynamics related to ignition
processes. Combustion processes are covered from the breaking of chemical bonds
to the heat of combustion along various pyrolysis pathways. In the next chapter
(Chap. 2) we learn about how this chemistry and pyrolysis eventually result in
smoke, and in Chap. 3 we learn how the breaking of chemical bonds generates
heat, specifically the heat of combustion, along the pyrolysis highways. I especially
was grateful for the coverage of char creation in combustion because char is now a
major carbon pathway in fire ecology. Then in Chap. 4 we learn of the pre-ignition
processes, requirements for ignition, and the breakdown of fuels to release the
volatile gases using a wonderful example. And last, in Chap. 5, we move out of
the sphere of chemistry and on to physics and heat transfer, where the four primary
modes are introduced—convection, radiation, conduction, and mass transport—
replete with equations, interpretations, and examples. Readers should have a won-
derful grasp on the mechanistic processes that govern combustion science.

In Part II, we move up in scale from the fine-scale dynamics of combustion to
fuels, fire behavior, and fire effects. The descriptors of fuels and fire behavior are
covered in Chap. 6 including the components of a fuelbed, physical fuel character-
istics, and fuel classifications. A mélange of fuel characteristics are presented but
most are used for fire behavior prediction. Missing are the important ecological
processes that control these characteristics, but they are described in later chapters.
The five phases of fire spread are then discussed in Chap. 7 from fire geometry to
acceleration. Fire propagation has always been important to fire management
because of its influence on fire safety, but it is also one of the most difficult to
predict of all fire behavior processes. The chapter also includes fire growth and
two-dimensional spread. Then, unlike many other wildland fire books, there is a
chapter on extreme fire behavior (Chap. 8), which is becoming incredibly important
in fire management because it results in our greatest social and biological impacts.
There is a wonderful treatment of large fires and their consequences. Crown fires are
covered in this chapter in great detail with great reverence to Charlie van Wagner,
the pope of crown fire behavior and effects. I especially like the inclusion of canopy
moisture dynamics in crown fire spread and the thorough treatment of firebrands and
embers and their lofting and dispersal, along with other major topics in this exhaus-
tive chapter. Since I am a fire ecologist, I was finally rewarded with a delightful
chapter (Chap. 9) on fire effects on plants, soils, and animals. A boatload of
information was synthesized in this chapter from fire effects on plant stems, seeds,
and roots; a comprehensive review of fire and soil heating; and animal responses
to fire. Another novel addition in this book is the coverage of contemporary society
and its role in fire science (Chap. 10). Protecting people and homes from heat and
smoke is the primary thrust of this chapter, including such diverse topics of safe
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zones, smoke inhalation, the wildland-urban interface, and impacts on ecosystem
services. I appreciated the juxtaposition of the costs and effects of fire
suppression vs. benefits gained from society by suppression. Societal and ecosystem
resilience to fire impacts is also presented in this chapter.

In Part III, we learn about wildland fire science at landscape scales and how to
manage fuels and fire across all relevant scales. In Chap. 11, we find out what drives
fuel dynamics and how these fuels can be appropriately managed over time. It is in
Chap. 12 where this book separates itself from most of the others. Fire regimes and
their measurements are covered first; fire regimes are spatio-temporal expressions of
fire and many feel that this is a very complicated subject because fire regimes are
created by the complex interactions of vegetation, fuels, climate, topography, and
ignitions. The authors delved into ways that fire regime information can be inte-
grated into management using concepts of historical ranges of variability, refugia,
and self-organized criticality. This is very useful information for planning and
implementing various treatments, which are then covered in the next chapters.
Integrated landscape fire management is discussed in detail in Chap. 13 using
various examples and case studies. Objectives for integrated fire management are
covered (e.g., biodiversity, fuel reduction) along with the tools needed for
implementing actions (e.g., prescribed fires).

The book ends with a look to the future. Chapter 14 covers climate change, global
change, development, exotics, and a variety of other issues facing fire management.
Included in this chapter is a very timely treatment of the Australian fire season of
2019–2020 and its importance to global fire. Also covered in this chapter are nascent
technologies that will serve to advance fire science across the globe including new
remote sensing platforms, LiDAR, wireless networks, big data, and simulation
models. New education and integrated approaches to fire science are also discussed.

There are four underlying themes embedded in this book that, in my opinion, set it
apart from many other fire books. First is the concept of integration—everything in
fire science must be integrated to reach the fullest potential from designing fuel
treatments to building models, to managing fire. This book does a great job of
emphasizing integration in fire sciences. Next is the concept of scale. Scale issues
are uniquely highlighted across all pages of this book from chemical bonds to heat
transfer to fuel ignition to fire spread to stand conditions to landscape processes.
Third, the authors have integrated the anthropologic influences on wildland fire
science including human ignitions, health concerns, community resilience, and
historical peoples and their use of fire. And last is the concept of “learn by doing,”
where there are useful examples, case studies, and, most importantly, spreadsheets to
understand the content of this book. I thoroughly enjoyed this book and feel it is
destined to be a solid reference for wildland fire scientists and managers and a
textbook for all students studying fire.

Missoula, MT, USA Bob Keane
April 2021
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Foreword II

Fire management practice has been dominated by developing country reactions to
fires, with a focus on damaging wildfires. This has stimulated and established a long
and deep body of research and operational practice that middle income and wealthy
nations have benefitted from. Bringing that knowledge together in one place is an
enormous and sustained effort, undertaken by four highly experienced and esteemed
members of the fire community. It is timely and very very welcome.

As reflected in this book, fires have been used by humans for millennia and play a
critical role in many ecosystems. People are the cause of ~90% of fires globally
through a combination of limited access to alternative approaches to fire, poor
practice, accidents, weak understanding of fire risk, machinery, negligence, and
carelessness. In developing countries the dominant factor in fires starting is the
need to use fire as a tool where there are no viable alternatives to the use of fire
for hunting, favoring preferred plants for food or fiber, clearing for agriculture and
grazing, easing travel, and controlling pests, all of which continue today.

For that context, and also for developed countries, where fires are damaging, they
are a landscape problem. They are not a problem resulting only from insufficient or
inadequate means of suppression but also from the situation of fuel continuity and
accumulation of fuels from vegetation, human activities, and sources of ignition. The
solution is resilient landscapes that balance the hazards, reduce fire risks, and can be
sustained. This is Integrated Fire Management, a key chapter in this book. Under-
pinning that is the need to understand fire, fuels, and landscapes starting from the
fundamentals; something this book provides well.

Key to successfully integrating ecology, society, and fire management with
methods and technologies is an effective analysis of the situation. What is the
ecological role and impact of fire; the social, cultural, and economic context; who
is starting fires and why; what are the characteristics of the fuels in the area and how
does fire behave in them under different burning conditions; and what other factors
or threats are exacerbating the fire problem, such as land tenure, illegal logging,
invasive species, or climate change?
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In working and collaborating with colleagues, agencies, students, and interested
fire and land management staff in developing countries on all continents, there has
always been a problem when they request texts, information, and guidance to
improve their understanding of fire management.

Sound practice in fire management has been well documented but mainly focused
on descriptions of needs, requirements, and approaches for readiness to fight fires
and fire suppression that date from 1953 by FAO. There are reference books on fire
management that present the thinking and approach to a suite of fire management
topics. The material that underpins a sound understanding of fire management
tended to be scattered among key texts, and studying it required access to a series
of books, most of which pre-date the digital era and nearly all of which are out of
print. Not all topics were set down well or completely; where the physical was well
covered the ecology may not be and where ecology was covered people were not.

Obtaining the knowledge of science, process, and systems that provide the basis
for this sort of analysis is not simple or easy and requires access and time to a
multitude of reference materials and the time to process them. This book brings this
together, first fire as a chemical and physical process; then fuels, fire behavior, and
effects followed by managing fuels, fires, and landscapes. That the chapters set out
learning outcomes and in many cases are accompanied by interactive spreadsheets
reinforces the concepts and deepens understanding of processes, inputs, and
outcomes.

Having these four experienced fire sector actors create that all in one place is a
wonderful contribution. I very much look forward to directing interested parties to a
single volume that covers chemistry, physics, fuels, fire behavior, managing fuels,
and landscapes, rather than a pile of sections in multiple texts.

My congratulations to Francisco Castro Rego, Penelope Morgan, Paulo
Fernandes, and Chad Hoffman on the book and deep thanks for its preparation. It
will have an important place in informing and educating fire managers, students, and
interested individuals with particular value for those in developing countries.

Rome, Italy Peter Moore
April 2021
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Introduction

Photograph by Kari Greer

Why We Wrote This Book

We are fascinated by fires, their power, and their beauty, and by peoples’ attitudes
about fires. We love to teach about fires and to learn about fires from the observing
fires themselves, and the many conversations, science, and stories about fires. Like
all humans, we are fire people.
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Globally, almost every place has a fire history, reflecting the fire environment in
which we live. Globally, many fires have and will occur. Some will be large, and
both flames and smoke will affect people. Fires shaped and will continue to shape
ecosystems, with substantial implications for people and nature. Science can help
inform the challenging complexities of fire-related issues today, including global
change, escalating firefighting costs, threats to people and property, ecological
values, and impacts of fire. As we adapt, we will shape future fires and smoke, as
well as the ecosystems and ecosystem services that are influenced by fires. We must
grapple with the ecological imperative of fire and manage ways to live with and
use fire.

Fire is a good servant and a bad master (one of our favorite proverbs). Because
fire has an essential and pervasive influence in forests, woodlands, shrublands, and
grasslands, many plants and animals have evolved with fire. Many species are
dependent on fire or similar disturbances to survive and thrive. Fires have so shaped
vegetation that Bond and Keeley (2005) described fires as global herbivores in many
ecosystems, for the vegetation biomass present is far less than the biomass expected
based on climate and site productivity alone. Fires have shaped the structure,
composition, and diversity of vegetation (Fig. 1). The ecological roles of fire include
rejuvenating habitats by consuming live and dead vegetation, releasing nutrients and
space for new growth, and favoring some plants and other life over others, adding to
landscape composition. Because fires burn differently from place to place, fires can
foster biodiversity at multiple scales. Thus, fire is central to life on Earth (Fig. 2).
However, fires can also threaten people, their property, and ecosystem services they
value. Ever since humans first used fire, humans have used fire to manage vegetation
and for many other cultural purposes. Humans can use and manage fires to get more
of the positive benefits and fewer negative outcomes when areas burn.

Fire is many things. For us, fire is the manifestation of coupled human-natural
systems. For example, where there is fire there is smoke. The particulates in smoke
pose a health hazard to people while also affecting visibility. Concerns about
protecting people and property from fires are often disincentives to reintroducing
fire and yet our path forward needs to embrace fire to create resilience and lower fuel
loads and potential future smoke impacts. It is a paradox that the more we suppress
fires, the more intensely the next fire will likely burn as fuels accumulate, and the
subsequent fires will likely produce more particulates. Another example is how fire
is often an agent of climate change. Climate influences many aspects of where and
how fires burn, and then how vegetation responds, and in some areas that have
recently become too hot and dry, forests are not regenerating after fires. Without fire,
the transition from forest to shrublands, woodlands, or grasslands might happen
more slowly. However, many trees and other plants are more likely to survive fires if
the area burned in a prior fire that thinned vegetation, consumed biomass and fuels,
and stimulated plants and nutrient cycles.

Fire science has made major strides forward in the last few decades—just in time
to face the many fire challenges and opportunities ahead. We draw upon the many
different ideas from global fire science. We have learned much about fire behavior,
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more recently about the ecological effects of fire, and even more recently how fire
and smoke affect people and respond to social, political, and economic conditions.
Still, we struggle to clearly connect fire behavior to fire effects. Part of the challenge
is fire metrology (Kremens et al. 2010), as we seldom have spatially and temporally
coincident measurements of before, during, and after fires. Without that, fire ecology
is severely limited because we often don’t know what was present before fires and
how they burned and how that legacy influences the vegetation response that fire
ecologists are trying to understand and predict.

Humans are fire species. We have used fire almost as long as humans have been
able to walk (Fig. 2). Humans need fire. At the same time, people have changed both
fires and the environment greatly, enough so that we are now in the Anthropocene.
Many fires are burning in novel environmental conditions.
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Fig. 1 Fire has implications across multiple scales in time and space, for the heat of fire travels up
into the air, down into the earth, and across space and time to influence almost all terrestrial
landscapes. Certainly fire is central to vegetation management and to many of the ecosystem
services people care about. Fire is part of social-ecological systems

Introduction xvii



How This Book Is Organized

This book has three parts. Each of these can be read independently of the others, but
they are designed to build logically from one to the other. Thus, the book is
organized around the fire triangles at different scales (Fig. 3).

• Part I focuses on combustion and heat transfer processes. The first two chapters
are chemistry-based, as they cover the chemical conditions required for ignition
and combustion as a chemical reaction with implications for smoke. The follow-
ing three chapters focus on the production of heat through combustion, the heat
required for pre-ignition and flames, and the physical processes by which that
heat transfers away from fires.

• Part II addresses fuels, fire behavior, and effects. We start with fuel and fire
behavior descriptors and then address how fires propagate. What makes some
fires extreme? We address fire effects on plants, soils, and animals in ecosystems
from all over the Earth. The ways fire affects people and people affect fires are
covered in one chapter. By necessity, the chapters in Part II are longer and have
fewer equations. We also emphasize more applications and implications.

• In Part III, we address managing fuels, fires, and landscapes. This part begins with
a chapter on fuels dynamics and management. Our discussion of fire regimes and
landscape dynamics leads us to examples of landscape management. We cover
integrated fire management with examples from all around the world. We use
eight global success stories as case studies, and then we discuss lessons learned.
In our last chapter, we discuss the trends globally that are influencing fires and

Fig. 2 Fires have been part of the Earth’s system for millennia. Fires have shaped and responded to
the atmospheric oxygen essential to combustion, and vegetation provides the fuels when the climate
is conducive to fire spread. While lightning ignites fires, globally it is humans who shape when and
where and how fires burn. (From Bowman et al. 2009)
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their effects now and in the future. We especially focus on social trends, fire
science trends, and the implications for education and training about fires. These
trends all pose both challenges and opportunities for the future.

Every chapter includes learning outcomes to help guide you. All of the references
cited in the text are listed at the end of each chapter. In lieu of a glossary, terms are
defined in the text, often with examples that provide valuable context for under-
standing. The index will guide readers to where key terms are discussed in detail and
used in examples.

Our book is about both fire behavior and fire effects AND how they are linked.
We hope it will inform integrated fire management. This is not a book about
firefighting and suppression and their related activities such as ignition control, fire
detection, or the organization of fire management. We include prescribed burning
and other fire management strategies, as well as relevant social science. The straight-
forward learning path incorporates multiple fire models and links them to historical
fires as case studies, and practical, current applications. Our approach is strongly
process-based, comprehensive, and quantitative. We provide interactive spread-
sheets that our students have found valuable for learning and understanding without
requiring that students program the models. Change the inputs and immediately see
how the graphical display of the outputs changes. This problem-solving approach
with practical applications makes the science approachable. Case studies and many
examples enable learners at multiple levels. We envision this book as useful to
students in undergraduate courses at the middle to upper levels, in graduate classes,
and for learners who are practitioners. In short, this book is for anyone who wants to
learn more about wildland fires. Parts can be readily incorporated into professional

Fig. 3 Fire triangles illustrate how this book is organized. Different temporal and spatial scales are
associated with different fire and heat variables. These triangles are nested within each other
showing that all fire characteristics are related and interdependent
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training courses. Indeed, we draw upon all we have learned from and with practi-
tioners of fire. Throughout this book, we emphasize the logical progression of ideas.
We quickly build from concepts to engaging applications from around the world to
ground the concepts in reality. We are honest about the many challenges and
heartened by the many different solutions people have developed. The text is
designed to be engaging, highly relevant to students and practitioners of wildland
fire science and applications, and readable by any student of fire.

Why We Need to Live With and Use Fire Now

Society faces many fire challenges today and in the future, including many large fires
that threaten people and property, smoke that poses a health hazard, and fire seasons
around the globe that are almost 20% longer than they were three decades ago. At the
same time, fire is used to suppress fires, and in the conservation of wildlife habitat,
livestock grazing, fuels management, and ecological restoration. To live with fire as
a good servant, rather than a bad master, we must understand it. Understanding is
critical to forecasting the implications of global change for fires and their effects. Fire
science has burgeoned and technology is rapidly changing, and we will need to adapt
as the world itself is rapidly changing.

Addressing the fire challenges of today and tomorrow will require engaging with
fire. This is more than living with or coexisting with fire, for we must also embrace
fire in all the complex ways in which fire, people, and environments interact.
Throughout our book, we emphasize concepts and encourage critical thinking
central to being innovative and effective.

As we were writing this book, wildfires were burning worldwide with conse-
quences that should concern all people. Examples follow. With 20 million ha burned
in Siberia (Alberts 2020), climate change is favoring fires that in turn advance
changing climate in this and other far northern regions. Some of the 18.6 million
ha burned in Australia in 2020 (See section 14.2.3) burned in ecosystems not well
adapted to fires, suggesting that fires will burn in novel ways in novel places in the
future. In the Amazon and elsewhere, land use and people have contributed to
extensive and numerous fires that have threatened and displaced many Indigenous
people and animals. Many people were evacuated and came back to burned homes
when more than 2.3 million ha burned in 2020 in California, Oregon, and Wash-
ington (Whang and Maggiocomo 2020) with more elsewhere in the western USA.
Many millions of hectares burned in Indonesia with smoke visible from space. The
smoke from these and other fires blanketed cities and threatened peoples’ health.
Globally, the fire season has lengthened by almost 20% in the last three decades
(Jolly et al. 2015) with warmer droughts. Societal costs are high, including both the
direct costs of suppression and the ecosystem services that are affected. The fires
highlight and make more imperative the need for society to understand and find ways
to live well with fire. Understanding fire behavior and effects well can inform
innovative, integrated fire management to increase the positive effects of fire (fuel
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reduction, enhanced habitat for many plants and animals, key ecosystem services
increased) while reducing the negative impacts of fire (loss of human lives, smoke
emissions that threaten human health, carbon emissions that threaten global health,
etc.). We hope readers of our book will learn where and how fire can be a good
servant rather than a bad master. The ideas in our book become more relevant with
every fire and with every discussion about fire and fuels policy.

We wrote this for all of you who are students of fire. Some will seek the basic
concepts, while others will read for the linkages between concepts and applications.
All of the chapters include examples, with colorful and meaningful figures. We have
taught fire science in leading international fire education programs, and we have
communicated with fire professionals and other people affected by fires. The core
content for this book, including case studies and interactive spreadsheets for illus-
trating and comparing tools, has been used in teaching applied fire science courses at
the University of Idaho and Colorado State University in the USA, and Instituto
Superior de Agronomia and Universidade de Trás-os-Montes e Alto Douro, in
Lisbon and Vila Real in Portugal, as well as in many training programs for pro-
fessionals. We draw from experience successfully teaching these key concepts and

Fig. 4 Burned areas in (a) Siberia, (b) California, Washington, and Oregon in the USA, (c) the
Amazonian region of Bolivia, Brazil, and Paraguay, and (d) Indonesia between October 2019 and
October 2020. Maps of burned areas (red) interpreted from MODIS and VIIRS NRT satellite
imagery as part of the Global Wildfire Information System, https://gwis.jrc.ec.europa.eu/static/
gwis_current_situation/public/index.html
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applications. Our examples come from forests, grasslands, and woodlands from
around the world—these case studies make the science relevant and meaningful.

We hope that you too will find beauty, possibility, and the means to make a
difference in fires.

References

Alberts, E. C. (2020). Photos show scale of massive fires tearing through Siberian
forests. https://news.mongabay.com/2020/07/photos-show-scale-of-massive-
fires-tearing-through-siberian-forests/n. Accessed 29 Oct 2020.

Bond, W. J., & Keeley, J. E. (2005). Fire as a global ‘herbivore’: the ecology and
evolution of flammable ecosystems. Trends in Ecology and Evolution, 20(7),
387–394.

Bowman, D. M., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane,
M. A., D’Antonio, C. M., DeFries, R. S., Doyle, J. C., Harrison, S. P., &
Johnston, F. H. (2009). Fire in the Earth system. Science, 324(5926), 481–484.

Jolly, W. M., Cochrane, M. A., Freeborn, P. H., Holden, Z. A., Brown, T. J.,
Williamson, G. J., & Bowman, D. M. (2015). Climate-induced variations in
global wildfire danger from 1979 to 2013. Nature Communications, 6(1), 1–1.

Kremens, R. L., Smith, A. M., & Dickinson, M. B. (2010). Fire metrology: Current
and future directions in physics-based measurements. Fire Ecology, 6(1), 13–35.

Whang, O., Maggiocomo, T. (2020). Western wildfires have now burned an area
bigger than New Jersey. National Geographic. https://www.nationalgeographic.
com/science/2020/09/western-wildfires-have-now-burned-area-bigger-than-new-
jersey/. Accessed 29 Oct 2020

xxii Introduction

https://news.mongabay.com/2020/07/photos-show-scale-of-massive-fires-tearing-through-siberian-forests/n
https://news.mongabay.com/2020/07/photos-show-scale-of-massive-fires-tearing-through-siberian-forests/n
https://www.nationalgeographic.com/science/2020/09/western-wildfires-have-now-burned-area-bigger-than-new-jersey/
https://www.nationalgeographic.com/science/2020/09/western-wildfires-have-now-burned-area-bigger-than-new-jersey/
https://www.nationalgeographic.com/science/2020/09/western-wildfires-have-now-burned-area-bigger-than-new-jersey/


Contents

Part I Combustion and Heat Transfer Processes

1 Chemical Conditions for Ignition . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.1 What Conditions Are Required for Ignition? . . . . . . . . . . . . . . . 7
1.2 Ignitability and Flammability . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Ignitability Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Mixing Between Fuel Gases and Air . . . . . . . . . . . . . . . . . . . . 13
1.5 Ignitability of Wildland Fuels . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.6 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 From Fuels to Smoke: Chemical Processes . . . . . . . . . . . . . . . . . . . 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Combustion at the Level of Atoms and Molecules . . . . . . . . . . . 20
2.3 Combustion of Solid Fuels . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Combustion Completeness and Emission Factors . . . . . . . . . . . 25
2.5 From Emissions to Smoke Composition . . . . . . . . . . . . . . . . . . 32
2.6 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.7 Interactive Spreadsheet: COMBUSTION . . . . . . . . . . . . . . . . . 35
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Heat Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.1 Heat Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 The Net Energy Release in Combustion and the Strength

of Chemical Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Energy Release and Heat of Combustion . . . . . . . . . . . . . . . . . 47
3.4 Estimating Heat Release from Fuel Composition . . . . . . . . . . . . 50
3.5 Estimating Heat Yield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.6 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.7 Interactive Spreadsheet: COMBUSTION . . . . . . . . . . . . . . . . . 60
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

xxiii



4 Heat for Pre-ignition and Flames . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2 From Heat Supply to Temperature Rise: Specific Heat

Capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 From Heat Supply to Phase Changes: Latent Heat

of Vaporization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.4 Evaluating the Heat of Pre-ignition for Wildland Fuels . . . . . . . 67

4.4.1 Estimating the Main Components of the Heat
of Pre-ignition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.4.2 Combining the Components of the Heat
of Pre-ignition of the Fuel . . . . . . . . . . . . . . . . . . . . . . 69

4.5 Flame Temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.6 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.7 Interactive Spreadsheet: COMBUSTION . . . . . . . . . . . . . . . . . 75
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 Heat Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.2 Modes of Heat Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.4 Conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.5 Convection and Solid Mass Transport . . . . . . . . . . . . . . . . . . . 92
5.6 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.7 Interactive Spreadsheets: RADIATION_Fireline_Safety,

CONVECTION, CONDUCTION_Soils_Plants, and
MASS_TRANSFER_Spotting . . . . . . . . . . . . . . . . . . . . . . . . . 94

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Part II Fuels, Fire Behavior and Effects

6 Fuel and Fire Behavior Description . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
6.2 The Wildland Fuel Hierarchy . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.3 Fuel Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.4 Fire Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.5 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

7 Fire Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
7.2 Initial Fire Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.2.1 Models of Acceleration of Fire Fronts . . . . . . . . . . . . . 119
7.2.2 The Practical Use of Understanding Initial

Fire Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.3 The Steady-State Spread Rate of a Fireline . . . . . . . . . . . . . . . . 125

7.3.1 Heat Balance and Fire Spread . . . . . . . . . . . . . . . . . . . 126
7.3.2 Estimating Fire Spread . . . . . . . . . . . . . . . . . . . . . . . . 128
7.3.3 The Effects of Wind and Slope on Fire Spread . . . . . . . 133

xxiv Contents



7.3.4 The Effect of Physical Fuel Properties on Fire
Spread . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

7.3.5 The Effect of Fuel Moisture on Fire Spread . . . . . . . . . 148
7.4 Spatial and Temporal Variability of Fire Spread . . . . . . . . . . . . 156

7.4.1 Spatial Variability in Fuels or Topography
in the Landscape . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

7.4.2 Integrating the Variability of Weather, Fuel,
and Topography in Fire Spread Prediction . . . . . . . . . . 159

7.5 Limitations, Implications, and Applications . . . . . . . . . . . . . . . . 164
7.6 Interactive Spreadsheets: FIRE_GROWTH,

FIRE_RATE_OF_SPREAD, and WIND_PROFILE . . . . . . . . . 167
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

8 Extreme Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8.1 Introduction: Extreme Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
8.2 Extreme Fire Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . 178

8.2.1 Extreme Fire Size: The Statistical Approach . . . . . . . . . 178
8.2.2 Extreme Fire Behavior: The Resistance

to Control Approach, Features, and Drivers . . . . . . . . . 182
8.3 Crown Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

8.3.1 Crown Fire Initiation . . . . . . . . . . . . . . . . . . . . . . . . . 189
8.3.2 The Conditions for Active Crown Fire Spread . . . . . . . 195
8.3.3 Crown Fire Rate of Spread . . . . . . . . . . . . . . . . . . . . . 200

8.4 Spotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
8.4.1 Buoyancy and the Fire Plume . . . . . . . . . . . . . . . . . . . 205
8.4.2 Firebrand Generation . . . . . . . . . . . . . . . . . . . . . . . . . 213
8.4.3 Lofting of Firebrands . . . . . . . . . . . . . . . . . . . . . . . . . 214
8.4.4 The Transport and Fall of Firebrands:

Searching for the Maximum Spotting Distance . . . . . . . 220
8.4.5 The New Ignitions from Firebrands . . . . . . . . . . . . . . . 221
8.4.6 The “Optimal” Firebrand for Long-Range

Spotting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
8.5 Complex Fire-Atmosphere Interactions . . . . . . . . . . . . . . . . . . . 226

8.5.1 The Relative Strength of Buoyancy and Wind . . . . . . . 226
8.5.2 Downdrafts Associated with Firestorms . . . . . . . . . . . . 227
8.5.3 Complex Interactions Between the Environment

and Fire, and Between Fires . . . . . . . . . . . . . . . . . . . . 229
8.5.4 Other Hypotheses for Unexpected Fire Behavior . . . . . 232

8.6 Anticipating and Predicting Extreme Fire Behavior . . . . . . . . . . 235
8.6.1 Predictions on a Daily Basis: Fire Danger Rating . . . . . 235
8.6.2 Predictions on an Hourly Basis . . . . . . . . . . . . . . . . . . 239
8.6.3 Forecasting Conditions for Blowup Fires . . . . . . . . . . . 240

8.7 Limitations and Implications . . . . . . . . . . . . . . . . . . . . . . . . . . 244
8.8 Interactive Spreadsheets: CROWNFIRE and

MASS_TRANSFER_Spotting . . . . . . . . . . . . . . . . . . . . . . . . . 246
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Contents xxv



9 Fire Effects on Plants, Soils, and Animals . . . . . . . . . . . . . . . . . . . . 259
9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
9.2 Heat Transfer Has Implications for Plant Survival

and Post-fire Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
9.2.1 Fire Effects on Plant Crowns . . . . . . . . . . . . . . . . . . . . 264
9.2.2 Fire Effects on Stems, Especially Vascular

Cambium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
9.2.3 Fire Effects on Roots and Buds . . . . . . . . . . . . . . . . . . 266
9.2.4 Heat and Smoke Effects on Seeds, Including

Serotiny . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267
9.3 Predicting Immediate Fire Effects on Plants . . . . . . . . . . . . . . . 269
9.4 Environmental Conditions and Spatial Heterogeneity

in Fire Effects Influence Plant Diversity . . . . . . . . . . . . . . . . . . 272
9.5 Ecological Implications of Soil Heating . . . . . . . . . . . . . . . . . . 273

9.5.1 Consequences of Soil Heating . . . . . . . . . . . . . . . . . . . 273
9.5.2 The Fate of Organic Matter Influences Soil

Processes and Plant Survival . . . . . . . . . . . . . . . . . . . . 278
9.5.3 Carbon, Pyrogenic Carbon, and Fires . . . . . . . . . . . . . . 280
9.5.4 Nitrogen and Other Soil Nutrients Are Affected

by Soil Heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
9.5.5 Hydrophobic Soils . . . . . . . . . . . . . . . . . . . . . . . . . . . 287

9.6 Burn Severity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
9.7 Fire Effects on Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
9.8 Implications and Management . . . . . . . . . . . . . . . . . . . . . . . . . 300

9.8.1 Vegetation Trajectories . . . . . . . . . . . . . . . . . . . . . . . . 302
9.8.2 Post-fire Soil and Vegetation Treatments . . . . . . . . . . . 305
9.8.3 How Much High Severity Fire Is Natural

or Desirable? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307
9.9 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
9.10 Interactive Spreadsheet: CONDUCTION_Soils_Plants . . . . . . . 309
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310

10 Fire and People . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
10.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
10.2 Different Perspectives About Fire . . . . . . . . . . . . . . . . . . . . . . . 320

10.2.1 Fire as a Disaster and Change Agent:
Vulnerability, and Resilience . . . . . . . . . . . . . . . . . . . . 321

10.2.2 The Economic Perspective: Costs of Pre-suppression,
Suppression, and Net Value Changes . . . . . . . . . . . . . . 323

10.2.3 The Environmental Perspective: Focusing on
Ecosystem Services . . . . . . . . . . . . . . . . . . . . . . . . . . 326

10.2.4 An Integrated Fire Risk Framework . . . . . . . . . . . . . . . 327
10.3 Protecting People from Fires . . . . . . . . . . . . . . . . . . . . . . . . . . 329

10.3.1 Fire and Skin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

xxvi Contents



10.3.2 Safe Distances from Fires for Fire Personnel
and Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

10.3.3 Protecting Peoples’ Homes . . . . . . . . . . . . . . . . . . . . . 335
10.4 Smoke Can Compromise Human Health . . . . . . . . . . . . . . . . . . 340

10.4.1 Smoke from Prescribed Fires and Wildfires . . . . . . . . . 342
10.4.2 Smoke Management . . . . . . . . . . . . . . . . . . . . . . . . . . 343
10.4.3 Future Opportunities and Challenges . . . . . . . . . . . . . . 345

10.5 Communities Becoming Fire-Adapted . . . . . . . . . . . . . . . . . . . 346
10.5.1 Learning Together Through Collaboration . . . . . . . . . . 348
10.5.2 Learning from Traditional Practices and Scientific

Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
10.6 Implications and Management Considerations . . . . . . . . . . . . . . 350
10.7 Interactive Spreadsheet: RADIATION_Fireline_Safety . . . . . . . 352
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353

Part III Managing Fuels, Fires, and Landscapes

11 Fuel Dynamics and Management . . . . . . . . . . . . . . . . . . . . . . . . . . 363
11.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

11.1.1 Dynamics of Fuel Load and Structure . . . . . . . . . . . . . 364
11.1.2 Disturbances, Fuels, and Fire . . . . . . . . . . . . . . . . . . . 367
11.1.3 Modeling Fuel Accumulation . . . . . . . . . . . . . . . . . . . 370
11.1.4 Fuel Dynamics and Plant Life Cycle . . . . . . . . . . . . . . 373

11.2 Fuel Moisture Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
11.2.1 Dead Fuel Moisture . . . . . . . . . . . . . . . . . . . . . . . . . . 376
11.2.2 Live Fuel Moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . 382

11.3 Fuels Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
11.3.1 Fuels Management Strategies . . . . . . . . . . . . . . . . . . . 387
11.3.2 Fuel Reduction Principles and Techniques . . . . . . . . . . 390
Case Study 11.1 Mastication as a Fuels Treatment.
By Penelope Morgan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
11.3.3 Fuels Treatment Effectiveness . . . . . . . . . . . . . . . . . . . 397
11.3.4 Decision Support and Optimization . . . . . . . . . . . . . . . 400

11.4 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406
11.5 Interactive Spreadsheets: FUEL_DYNAMICS and

CROWNFIRE_MITIGATION . . . . . . . . . . . . . . . . . . . . . . . . . 408
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409

12 Fire Regimes, Landscape Dynamics, and Landscape
Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
12.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 421
12.2 Fire Regime Descriptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423

12.2.1 Temporal Fire Regime Descriptors and Metrics . . . . . . 424
12.2.2 Spatial Fire Regime Descriptors and Metrics . . . . . . . . 429
12.2.3 Magnitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432
12.2.4 Perspective on Fire Regimes . . . . . . . . . . . . . . . . . . . . 434

Contents xxvii



12.3 Data Sources for Describing Fire Regimes . . . . . . . . . . . . . . . . 438
12.3.1 Tree Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440
12.3.2 Charcoal and Pollen from Sediments . . . . . . . . . . . . . . 445
12.3.3 Historical Documents . . . . . . . . . . . . . . . . . . . . . . . . . 447
12.3.4 Remote Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 449
12.3.5 Simulating Fire Regimes . . . . . . . . . . . . . . . . . . . . . . . 454
12.3.6 Combining Methods to Characterize Past,

Present, and Possible Future Fire Regimes . . . . . . . . . . 454
12.4 Changing Fire Regimes Through Time and over Space . . . . . . . 456

12.4.1 Climate, Fuels, and People How and Where Fire
Regimes Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457

12.4.2 Historical Range of Variability (HRV),
Future Range of Variability (FRV), and Resilience . . . . 467

Case Study 12.1 The Grass-Fire Cycle is Fueled by Invasive
Species and Positive Feedback with Fire.
By Penelope Morgan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469

12.5 Landscape Dynamics and Landscape Management . . . . . . . . . . 474
12.5.1 Modeling Landscape Dynamics to Inform

Landscape Management . . . . . . . . . . . . . . . . . . . . . . . 477
Case Study 12.2 Landscape Dynamics and Management:
The Western Juniper Woodland Story.
By Stephen C. Bunting and Eva K. Strand . . . . . . . . . . . . . . . . 478
12.5.2 Landscape Restoration, Resilience to Future Fires,

and Changing Climate . . . . . . . . . . . . . . . . . . . . . . . . 487
Case Study 12.3 Post-Fire Tree Regeneration
in a Changing Climate. By Camille Stevens-Rumann
and Penelope Morgan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489

12.6 Landscape Management Perspectives . . . . . . . . . . . . . . . . . . . . 492
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496

13 Integrated Fire Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509
13.1 What Is Integrated Fire Management and Why Do

We Need It? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509
13.2 Global Success Stories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 510

13.2.1 Prescribed Fires Alter Wildfires . . . . . . . . . . . . . . . . . . 512
Case Study 13.1 Managing with Fire in Forests
of Southwestern Australia. By Neil D. Burrows . . . . . . . . . . . . . 512
13.2.2 Conserving Biodiversity Using Integrated Fire

Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
Case Study 13.2 Prescribed Burning: An Integrated
Management Tool Meeting Many Needs
in the Pyrénées-Orientales Region in France.
By Eric Rigolot and Bernard Lambert . . . . . . . . . . . . . . . . . . . 520
Case Study 13.3 Integrated Fire Management
in Kruger National Park. By Navashni Govender . . . . . . . . . . . 528

xxviii Contents



13.2.3 Working with Partners Through Shared
Stewardship and Cooperatives . . . . . . . . . . . . . . . . . . . 537

Case Study 13.4 Integrated Fire Management: Landscape
Fire on the Payette National Forest in Idaho, USA. By Dustin
Doane, Phil Graeve, Patrick Schon, and Erin Phelps . . . . . . . . 537
Case Study 13.5 From Normal to Scary to Necessary:
Innovations in Great Plains Fire Use. By Pete Bauman,
Joe Blastick, and Sean Kelly . . . . . . . . . . . . . . . . . . . . . . . . . . 549
13.2.4 Addressing Contemporary Challenges by Adapting

Traditional Burning Practices . . . . . . . . . . . . . . . . . . . 559
Case Study 13.6 Contemporary Fire Management
in Australia’s Fire-Prone Northern Savannas.
By Jeremy Russell-Smith and Brett P. Murphy . . . . . . . . . . . . . 559
Case Study 13.7 Indigenous Cultural Burning and Fire
Stewardship. By Frank K. Lake, Mary R. Huffman,
and Don Hankins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 566
13.2.5 Burning in Highly Urbanized Landscapes . . . . . . . . . . 576
Case Study 13.8 Pioneering, Progressive, and Persistent:
Florida’s Fire Management Is Fire Use. By Leda Kobziar
and J. Morgan Varner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576

13.3 Applying Integrated Fire Management Effectively . . . . . . . . . . . 585
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 590

14 Futuring: Trends in Fire Science and Management . . . . . . . . . . . . . 599
14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 599
14.2 Global Changes Already Influence Fires and Fire Effects . . . . . . 602

14.2.1 Climate Change: More Extreme Wildfires
with More Severe Impacts . . . . . . . . . . . . . . . . . . . . . 604

14.2.2 Social Changes: New Challenges and Opportunities . . . 606
14.2.3 Global Change and the Australian “Black Summer”

Fires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 609
14.3 Developing Technology and Bigger Data . . . . . . . . . . . . . . . . . 612

14.3.1 Increasing Resolution of Spatial, Spectral,
and Temporal Data from Satellite Imagery . . . . . . . . . . 613

14.3.2 Light Detection and Ranging (LiDAR) . . . . . . . . . . . . 613
14.3.3 Digital Aerial Photogrammetry and Unmanned

Aircraft Systems (UAVs) . . . . . . . . . . . . . . . . . . . . . . 614
14.3.4 Wireless Sensor Networks . . . . . . . . . . . . . . . . . . . . . 615
14.3.5 “Big Data” and Simulation . . . . . . . . . . . . . . . . . . . . . 615

14.4 Integrating Fire Science and Management . . . . . . . . . . . . . . . . . 618
14.5 Advancing Education and Training . . . . . . . . . . . . . . . . . . . . . 619
14.6 The Future of Fire . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 622
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633

Contents xxix



About the Authors

Francisco Castro Rego is Professor and Former Director of Centro de Ecologia
Aplicada Prof. Baeta Neves, Instituto Superior de Agronomia in Lisbon, Portugal.
Dr. Rego was lead of the Fire Paradox project (http://www.fireparadox.org/) funded
by the European Union with 36 partners from 16 countries that advanced fire science
and fire policy. Dr. Rego’s research spans the ecological effects, behavior, and
management of wildfires: http://comparatistas.academia.edu/FranciscoRego. He is
currently serving on the commission to investigate and recommend policy changes
to address recent large fires in Portugal. He is the lead author of Applied Landscape
Ecology published in 2019 by Wiley.

Penelope Morgan is Emeritus Professor in the Department of Forest, Rangeland,
and Fire Sciences, University of Idaho, Moscow, Idaho, USA. Dr. Morgan’s exten-
sive teaching and research are in the ecological effects of wildland fires, with
implications for fire management. She is certified as Senior Fire Ecologist and was
recently recognized with Lifetime Achievement Award by the Association for Fire
Ecology. In 2021, the International Association for Wildland Fire gave her the
Ember Award for Fire Science in recognition of sustained excellence. She was
deeply honored to contribute thanks to learning from and with many students,
collaborators and professionals in fire. May those embers ignite the world!

Paulo Fernandes is Associate Professor in Departamento de Ciências Florestais e
Arquitetura Paisagista at Universidade de Trás-os-Montes e Alto Douro, Vila Real,
Portugal. Dr. Fernandes is an internationally recognized expert in fuels and fire
science. His research focuses on both basic fire science and applications in fire
ecology and fire management, especially for wildland fire in forests: https://publons.
com/researcher/453867/paulo-m-fernandes/.

xxxi

http://www.fireparadox.org/
http://comparatistas.academia.edu/FranciscoRego
https://publons.com/researcher/453867/paulo-m-fernandes/
https://publons.com/researcher/453867/paulo-m-fernandes/


Chad Hoffman is Associate Professor in the Department of Forest, Rangeland and
Watershed Stewardship, and Co-director of the Western Forest Fire Research Center
at Colorado State University, Fort Collins, Colorado, USA. Dr. Hoffman teaches and
conducts research related to wildland fire and fuel dynamics. His research lab works
on a variety of questions related to how interactions among fire, fuels, topography,
and the atmosphere influence fire behavior and effects across spatial and temporal
scales using a combination of field, laboratory, and modeling approaches: https://
scholar.google.com/citations?user¼EEOXuBQAAAAJ&hl.

PENELOPE MORGAN, FRANCISCO REGO, PAULO FERNANDES and CHAD HOFFMAN
(LEFT TO RIGHT)

xxxii About the Authors

https://scholar.google.com/citations?user=EEOXuBQAAAAJ&hl
https://scholar.google.com/citations?user=EEOXuBQAAAAJ&hl
https://scholar.google.com/citations?user=EEOXuBQAAAAJ&hl


List of Symbols

Roman Symbols
a, a1, a2 Empirical coefficients (Coefficients )
Af Flame angle (Degrees �, radians)
AT Flame tilt angle (Degrees �, radians)
Ap Fire plume angle (Degrees �, radians)
A Area, sectional area, projected area (cm2, m2, hectare)
AC Atmospheric stability component for the Haines index

(Dimensionless)
ai Area of the element i (single fire or single patch) (km2, hectares, acres)
Aland Area of a landscape (km2, hectares, acres)
b, b1, b2 Empirical coefficients (Coefficients)
bfc Minimum buoyancy to generate the pyrocumulonimbus (m)
BC Atmospheric moisture component for the Haines index

(Dimensionless)
BA Stand basal area (m2 ha�1)
c Speed of light (3.00 � 108 m s�1)
C Costs of suppression and pre-suppression (Euros, dollars)
CBD Canopy bulk density (kg m�3)
CBH Canopy base height (m)
CFB Crown fraction burned (Proportion)
Cd Drag coefficient (Dimensionless)
C-Haines C-Haines index (Dimensionless)
Ck Fraction of the crown killed (Dimensionless, ratio)
Cp Specific heat capacity at constant pressure (J K�1 g�1, kJ K�1 kg�1)
Cpa Specific heat capacity of air at constant pressure (J K�1 g�1,

kJ K�1 kg�1)
Cpd Specific heat capacity of the dry fuel (J K�1 g�1, kJ K�1 kg�1)
Cpi Specific heat capacity of gas i (J K�1 g�1, kJ K�1 kg�1)

xxxiii



Cpwl Average specific heat capacity of liquid water (J K�1 g�1,
kJ K�1 kg�1)

Cpwv Average specific heat capacity of water vapor (J K�1 g�1,
kJ K�1 kg�1)

d Diameter of a cylinder or a fuel particle (m)
D Flame depth (m)
DBH Diameter at breast height (1.27 m above ground) (cm)
DC Drought code (%)
DMC Duff moisture code (%)
dNBR differenced Normalized Burn Ratio (Ratio, dimensionless)
DT850 Dewpoint temperature at the atmospheric height of 850 hPa (�C, K)
erf The complement of the Gauss error function (Function)
E(NVC) Expected net value change (Euros, dollars)
EFFM Estimated fine dead surface fuel moisture (%)
EMC Equilibrium moisture content (%)
EOFR Equivalent oxygen to fuel ratio (Ratio)
Fab View factor between surface a and b (Ratio, dimensionless)
FFMC Fine fuel moisture code (%)
FMC Fuel moisture content (equivalent to M but in %) (%)
FR Fire rotation, a measure of fire frequency (Years)
FRP Fire radiative power (kW, MW)
FSG Fuel strata gap (m)
g Gravity acceleration constant (9.8 m s�2)
Gi Mass of gas i per unit mass of fuel (Ratio, dimensionless)
h Convection heat transfer coefficient (W m�2 K�1)
hc Heat of combustion, the same as low heat of combustion ΔHL

(kJ kg�1)
hP Planck’s constant (6.626 � 10�34 J s)
H Flame height (m)
HA Heat release (kJ m�2)
Haines Haines index (Dimensionless)
HDW Hot-Dry-Windy Index (Dimensionless)
HT Tree height (m)
IB Fireline intensity, Byram’s intensity (kW m�1)
I0s Critical surface fireline intensity (kW m�1)
Imin Critical minimum horizontal heat flux (kW m�2)
Ip Propagating heat flux (kW m�2, kJ m�2 s�1)
Ip0 Propagating heat flux for no-wind no-slope condition (kW m�2,

kJ m�2 s�1)
IR Reaction intensity, combustion rate, area-fire intensity (W m�2,

kW m�2)
k Thermal conductivity of a given material (W m�1 K�1)
kB Boltzmann constant (1.381 � 10�23 J K�1)
L Flame length (m)

xxxiv List of Symbols



LFL Lower flammability limit (g m�3, %)
LFLT Lower flammability limit at temperature T (g m�3, %)
Lv Latent heat of vaporization (J g�1)
m Mass (g, kg, t or ton)
m/A Surface density (kg m�2, g cm�2)
M Fuel moisture in relation to fuel dry weight (Ratio [the same as FMC if

expressed as %])
Mx Moisture of extinction (Ratio, %)
MCE Modified combustion efficiency (Ratio)
MFR Mass flow rate (kg m�2 s�1)
MFRmin Critical minimum value for the mass flow rate (kg m�2 s�1)
MIR Mid-infrared band reflectance (Ratio, dimensionless)
n Number (of moles, or fires) (Count)
NBR Normalized burn ratio (Ratio, dimensionless)
NBRoffset Average NBR in unchanged areas outside the fire perimeter (Ratio,

dimensionless)
NBRpostfire NBR after fire (Ratio, dimensionless)
NBRprefire NBR before fire (Ratio, dimensionless)
Nc Convective number (Dimensionless)
NIR Near Infrared band reflectance (Ratio, dimensionless)
NT Number of trees (count)
NVC Net value change (Euros, dollars)
pi Probability of fire of intensity i (Dimensionless, probability)
P Pressure (atm)
Pb Total radiative power of a black body (kW m�2)
Pg Total radiative power of a grey body (kW m�2)
Pchar Proportion of char from combustion (Proportion in fuel dry weight)
Pi Proportion of constituent i in the fuel (Proportion in fuel dry weight)
PFT Pyrocumulonimbus firepower threshold (GW)
PM Particulate matter (emission factor) (Grams per 1000 g of fuel)
Pm Probability of tree mortality (Dimensionless, probability)
PWR Power of the fire (MW)
qcond Heat flux by conduction between two surfaces (W m�2)
qconv Convective heat flux (W m�2)
qrad Radiative heat flux received at a surface (W m�2, kW m�2)
Q Heat supply (J g�1)
Qb Heat for the separation of bound water from the fuel (J g�1)
Qdig Heat to increase the temperature of dry fuel to ignition (J g�1)
Qig Heat for pre-ignition (J g�1)
Qm Heat to change fuel moisture to water vapor at ignition temperature

(J g�1)
Qwl Heat to change liquid water in fuel to water vapor (J g�1)
Qwv Heat to increase temperature of water vapor from fuel to ignition

(J g�1)

List of Symbols xxxv



R Rate of spread (m s�1, m min�1, m h�1, km h�1)
R(t) Rate of spread at time t (m s�1, m min�1, m h�1, km h�1)
R(W) Rate of spread when the width of the fire front is W (m s�1, m min�1,

m h�1, km h�1)
Rcrown Crown fire rate of spread (m s�1, m min�1, m h�1, km h�1)
Rsurface Rate of spread of the surface fire (m s�1, m min�1, m h�1, km h�1)
Rglobal Global rate of spread in crown fires (m s�1, m min�1, m h�1, km h�1)
Rmin Minimum threshold for rate of spread (m s�1, m min�1, m h�1,

km h�1)
Rs Steady-state rate of spread (m s�1, m min�1, m h�1, km h�1)
Rs(0) Steady-state rate of spread of reference (no-wind, no-slope, or no

moisture) (m s�1, m min�1, m h�1, km h�1)
Rs(M) Steady-state rate of spread with fuel moisture M (m s�1, m min�1,

m h�1, km h�1)
Rs(S) Steady-state rate of spread with slope S (m s�1, m min�1, m h�1,

km h�1)
Rs(U,S) Steady-state rate of spread with wind speed U and slope S (m s�1,

m min�1, m h�1, km h�1)
Rs(Uz) Steady-state rate of spread with wind speed Uz at height z (m s�1,

m min�1, m h�1, km h�1)
Rs(Uzm) Steady-state rate of spread with midflame wind speed Uzm (m s�1,

m min�1, m h�1, km h�1)
RBR Relativized burn ratio (Ratio, dimensionless)
RdNBR Relativized differenced normalized burn ratio (Ratio, dimensionless)
RFij Response function of resource j to a fire of intensity j (Euros, dollars)
RH Air relative humidity (%)
S Slope angle (Degrees º, radians)
Sc Critical mass flow rate (kg m�2 s�1)
Se Proportion of silica-free minerals (Proportion in fuel dry weight)
Sm Surface area-to-mass ratio (m2 kg�1)
SD Spotting distance (m, km)
SL Firebrand travel during lofting (m, km)
SPI Standard Precipitation Index (Dimensionless)
t Time (seconds, minutes, hours, years)
tB Burn-out time, reaction time (s, min)
tc Critical time for cambium kill (s, min)
tig Time for ignition (s, min)
tl Duration of lethal heat (s, min)
tR Flame residence time (s, min)
T Temperature (�C, K)
T(x) Temperature at a distance x (�C, K)
T(x,t) Temperature at distance x at time t (�C, K)
T700 Temperature at the atmospheric height of 700 hPa (�C, K)
T850 Temperature at the atmospheric height of 850 hPa (�C, K)

xxxvi List of Symbols



Ta Ambient temperature (�C, K)
Tad Adiabatic flame temperature (�C, K)
Ti Temperature inside (�C, K)
Tig Temperature for pilot-flame Ignition (�C, K)
TL Temperature for cell death (�C, K)
To Temperature outside bark (�C, K)
Tv Temperature of vaporization or boiling point (�C, K)
u (λ, T) Spectral radiant emittance (W m�2 μm�1)
UFL Upper flammability limit (g m�3, %)
UFLT Upper flammability limit at temperature T (g m�3, %)
U Wind velocity (km h�1)
U10 Wind velocity at 10 m height (km h�1)
U6 Wind velocity at 6.1 m height (km h�1)
Uz Wind velocity at height z (km h�1)
Uzm Midflame wind velocity (km h�1)
vt Terminal velocity (m s�1, m min�1, m h�1, km h�1)
vk Von Karman constant (0.41)
V Volume (m3)
Ve Entrainment velocity (m s�1, m min�1, m h�1, km h�1)
w Load, amount of fuel available for flaming combustion (kg m�2,

t ha�1)
wa Weight of a cylinder of ambient air (kg m s�2, N)
wf Weight of a cylinder inside the flame volume (kg m s�2, N)
wL Fuel load of litter (kg m�2, t ha�1)
wL0 Initial fuel load (t ha�1)
wLS Maximum (or steady-state) fuel load (t ha�1)
wt Total fuel consumption (kg m�2, t ha�1)
wz Net buoyance force (kg m s�2, N)
W Width (of the fire front) (m)
WAF Wind adjustment factor (Ratio, dimensionless)
Wz Vertical velocity, updraft (m s�1, m min�1, m h�1, km h�2)
x Distance (μm, m, km)
z Height (m)
z0 Surface roughness (m)
zd Zero plane displacement (m)
zfc Minimum height the plume must rise to generate a thunderstorm (m)
zm Midflame height (m)
zmax Maximum firebrand height (m)
zv Vegetation height (m)

Greek Symbols
α Thermal diffusivity (m2 s�1, mm2 s�1)
β Packing ratio (Dimensionless)
δ Fuel depth, height (m)

List of Symbols xxxvii



ε Emissivity (Ratio, dimensionless)
γ universal gas constant (8.21 10�5 m3 atm K�1 mol�1)
λ Wavelength (μm)
ξ Ratio of propagating heat flux to reaction intensity (Ratio,

dimensionless)
ρ Density of a given material (kg m�3)
ρa Density of air (kg m�3)
ρb Bulk density (kg m�3)
ρbe Effective bulk density (kg m�3)
ρi Density of gases inside the volume of the flame (kg m�3)
ρp Particle density (kg m�3)
σ Surface area-to-volume ratio (m�1)
σSB Stefan-Boltzmann constant (5.67 � 10�11 kW m�2 K�4)
ΔD Moisture indicator, a dewpoint depression term (�C, K)
ΔH Net energy release (enthalpy change) (kJ mol�1, kJ g�1)
ΔH0

P Enthalpy of formation of products (kJ mol�1, kJ g�1)
ΔH0

R Enthalpy of formation of reactants (kJ mol�1, kJ g�1)
ΔHchar Energy available in the char (kJ mol�1, kJ g�1)
ΔHfuel Total energy content of the fuel (heat of combustion) (kJ mol�1, kJ g�1)
ΔHH Higher heat of combustion (kJ mol�1, kJ g�1)
ΔHHi Higher heat of combustion of substance i (kJ mol�1, kJ g�1)
ΔHi Net energy release of substance i (kJ mol�1, kJ g�1)
ΔHL Lower heat of combustion (kJ mol�1, kJ g�1)
ΔHvolatiles Energy available for volatiles (kJ mol�1, kJ g�1)
ΔHY Heat yield (kJ mol�1, kJ g�1)
ΔT Temperature difference (�C, K)
Δx Distance between two points (m)

xxxviii List of Symbols



Part I
Combustion and Heat Transfer Processes

Photograph by Kari Greer

Fire is a rapid exothermic chemical reaction, called combustion, between a fuel and
an oxidant that results in the release of energy and a variety of chemical products
termed emissions. Because this reaction results in the release of energy, we call it an
exothermic reaction. Chemical reactions that require heat energy are termed endo-
thermic. When there is an ignition, three elements in the right proportions are
necessary for combustion: fuel, heat, and oxygen. For combustion to occur, the
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fuel must be heated to its ignition temperature and mixed with an oxidant at a
sufficient concentration. The need for all three elements to occur is commonly
represented in the fire triangle (Fig. I.1). The heat released during combustion
sustains the combustion reaction.

Michael Faraday presented one of the earliest scientific explanations of the
various processes involved in combustion (Fig. I.2). In 1861, he published his course
of six lectures on the “Chemical History of a Candle” delivered at the Royal
Institution of Great Britain. As Faraday indicated, “there is no better, there is no
more open door by which you can enter into the study of natural philosophy than by
considering the physical phenomena of a candle. There is not a law under which any
part of this universe is governed, which does not come into play, and is not touched
upon, in these phenomena.”

The main processes occurring during fires are similar to those of a burning candle
(Fig. I.3). In a candle’s flame, fire is sustained by continuous inputs of air and
flammable gases that are produced from the volatilization of solid fuel itself contin-
uously heated by radiation from the flame. During the process, part of the heat
generated in combustion is lost, and combustion products go upwards to the
atmosphere in convection currents.

In vegetation fires, the combustion processes are similar. Before vegetation fuels
can ignite, they must first be dried and be heated enough that thermal degradation
occurs (this is called pyrolysis) to release volatile gases. As long as there is enough

Fig. I.1 The combustion triangle with fuel (here as atoms and compounds), oxygen, and heat, from
ignition to heat transfer, which are all necessary elements for fires to burn. This triangle is the first in
the nested triangles for other temporal and spatial scales
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Fig. I.2 The British
scientist Michael Faraday
(1791–1867) author of the
book on “The Chemical
History of a Candle”.
(Photograph by John
Watkins)

Fig. I.3 Every time you
light a candle, you can see
the processes of
combustion. All of the same
processes apply when
vegetation burns
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heat, flaming combustion can occur, then smoldering combustion as the oxidation of
fuels slows, and eventually extinction. During flaming and smoldering combustion,
fuel and oxygen combine in the combustion reaction to generate combustion prod-
ucts, including heat. The main elements and processes occurring in fires are shown in
Fig. I.4.

In Chap. 1–5 of our book, Fire science from chemistry to landscape management,
the subsequent chapters, we use this model (Fig. I.4) to understand the functioning of
the system based on the principles of chemistry, conservation of matter, and con-
servation of energy. We will show:

• the mixtures of flammable gases and air that allow conditions for ignition
• how the chemical composition of fuels and air supply determine the products of

combustion, emissions, and smoke
• how heat is produced from the combustion reaction
• what are the heat requirements for pre-ignition and flames
• how heat is transferred from the combustion zone

In each of the following chapters, different processes within this general model
are shown and illustrated. All of them are at play in fires, whether small or large.

Fig. I.4 Combustion is central to sustained burning. Combustion is initiated by heating fuels until
they release flammable gases that can then ignite and burn to release combustion products and heat.
Part of the heat generated in the combustion process is used in the preignition of unburned fuels.
Heat is also transferred into soil, air, and space
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Chapter 1
Chemical Conditions for Ignition

Learning Outcomes
Upon completion of this chapter, you will be able to:

1. Understand how pyrolysis results in the production of volatile gases from
solid fuels as they are heated,

2. Describe the relative importance of the factors influencing ignitability,
including the lower and upper limits of flammability and ignition
temperatures, and

3. Understand the difference between ignitability and flammability of wild-
land fuels.

1.1 What Conditions Are Required for Ignition?

In this chapter, we discuss the ignition of wildland fuels and describe the factors that
influence when and how fuels ignite (Fig. 1.1). For a fire to occur, the organic matter
must first be converted to flammable gases which then ignite. During this process,
fuels are heated enough to drive off moisture so the fuels are dry enough to burn. As
fuel is heated, volatile compounds in the fuel become flammable gases, and it is
those gases that burn when there is enough oxygen. Thus, we need heat, fuel, and
oxygen, the three elements of the Fire Triangle for combustion (See Part II over-
view). In this chapter, we focus on how fuel chemistry influences ignition, given
there is a heat source. This initial heat source can be lightning, matches, embers,
flames, or another source of pilot ignition. In subsequent chapters, we will describe
processes of fire, including pyrolysis, and then both flaming and smoldering
combustion.

© Springer Nature Switzerland AG 2021
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Why are some fuels more flammable than others? Mutch (1970) hypothesized
that some plants evolved to be flammable in order to be more competitive. The
results of scientific evaluations of that hypothesis are mixed, but it makes for great
discussions. The volatile oils that make some plants more flammable also play an
essential role in mediating plant function and ecological interactions, including
influencing drought and herbivory resistance.

1.2 Ignitability and Flammability

For a fire to start, we need heat from an ignition source. Ignition sources could be
lightning, embers, matches, downed electrical powerlines, and many other sources
associated with human-related causes. People commonly ignite fires, sometimes
purposefully and sometimes accidentally. Powerlines can ignite fires when trees
fall on them, or when highly charged wires touch one another, or the lines fall onto
the ground as the result of a storm or other disturbance. Sometimes, fires are ignited
by embers from another fire. Most of the ignition sources responsible for fires result
in piloted ignition. That is when the energy required for the ignition of the flammable
gases is supplied by an external source such as a flame. The spatial and temporal

Fig. 1.1 The components of the process involved in the ignition and the start of the combustion
process within our global conceptual model. Before combustion can occur, fuels have to release
flammable gases (through pyrolysis) and moisture (through dehydration)
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variability in ignition sources, along with climate and vegetation, are the major
factors controlling the pattern of fires over space and time. See the discussion of fire
regimes in Chap. 12.

Before fuels can ignite, they go through a pre-ignition phase that removes water
from the fuel through dehydration and converts the solid fuel to flammable gases
through a process called pyrolysis (Fig. 1.1). Pyrolysis, a word that originates from
the Greek words “pyro” (fire) and “lysis” (separation), can be simply defined as the
thermal degradation of solid fuel. A flame, by definition, is a combustion reaction
where both the fuel and oxidant are in a gaseous phase. To burn in either smoldering
or flaming combustion, solid fuels must be exposed to enough heat such that the
water is dehydrated and the solid fuel goes through chemical decomposition by
thermal degradation (pyrolysis) to release volatile gases that are then combusted
when mixed with oxygen at the correct proportion. See Chap. 2 for more on
pyrolysis and the chemistry of combustion.

The concepts of flammability and ignitability are often used interchangeably to
describe the ease with which fuel is combusted. However, special attention should be
given to their definitions. Although both terms are used to refer to the general ability
of that substance to burn (Anderson 1970), flammability consists of multiple metrics
that quantify not just the ease of ignition but also the behavior of the fire once
ignited. For example, some definitions of flammability also consider sustainability
(how well combustion will continue), and combustibility (velocity or intensity of
combustion) (Anderson 1970). We define ignitability as the ability of a fuel to ignite
and produce flames. Ignitability can be estimated based on the time needed for
ignition or the probability of ignition given a heat source.

1.3 Ignitability Limits

Combustion is a rapid exothermic chemical reaction between a fuel, such as gases
produced during pyrolysis of wood, and an oxidant, such as the oxygen in the
atmosphere. However, the chemical properties of the gases involved in combustion
can significantly influence their ease of ignition and flame properties.

Two concepts are central to the ignitability of different substances. Auto-ignition
temperature which is the temperature at which a substance may ignite without an
external ignition source and pilot-ignition temperature which is the temperature at
which a substance or mixture may ignite when exposed to an ignition source.
Reference values for the auto and pilot ignition temperatures of various fuels are
shown in Table 1.1.

The lower the ignition temperature, the easier a fuel can ignite. However, ignition
not only depends upon temperature but also upon the relative concentration of fuel
and oxygen. The upper and lower bounds of these concentrations are referred to as
the flammability limits (or explosive limits). The lower flammability limit (LFL) of a
gas is the concentration threshold below which the mixture of fuel and air is too lean
(lacks sufficient fuel) to burn. The upper flammability limit (UFL) of a fuel is the

1.3 Ignitability Limits 9
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concentration threshold above which the mixture is too rich in fuel (deficient in
oxygen) to burn. The lower and upper flammability limits (LFL and UFL) for
common compounds are shown in Table 1.1.

The upper and lower flammability limits can be reported as either a percentage
(%) or as a mass per unit volume (g m�3). The lower flammability limit as a percent
can be converted to mass per unit volume through Eq. (1.1).

LFL g m�3
� � ¼ LFL %ð Þ

100%

� �
� Molar weight g mol�1

� �

Molar volume m3 mol�1
� �

 !

ð1:1Þ

Recall that the molar weight of an ideal gas is a known constant
(8.206 � 10�5 m3 atm mol�1 K�1), but the molar volume of a gas (m3 mol�1) is
dependent on its absolute temperature (K) and pressure (atm) according to Eq. (1.2):

Molar volume ¼ Gas Constant � Temperature
Pressure

ð1:2Þ

For example, we can use Eqs. (1.1) and (1.2) to calculate the value of the lower
flammability limit in concentration LFL(g m�3) for α-pinene, a common
monoterpene in Pinus species around the world. Experimental studies indicate
that α-pinene has a lower flammability limit expressed as percentage volume
LFL(%) of 0.7% (Table 1.1). The molar weight of α-pinene (C10H16) is
136 g mol�1. From Eq. (1.2), we can compute the molar volume of the gas
at a pressure of 1 atm and a reference temperature of 25 �C (298 K) as
0.0245 m3 mol�1. Using this value in Eq. (1.1) we get the value of LFL of
39 g m�3 for α-pinene that is shown in Table 1.1.

The lower and upper flammability limits (Table 1.1) are established for standard
pressure and a reference temperature of 25 �C (Gharagheizi 2008, 2009), indicated
as LFL25 and UFL25, respectively. However, flammability limits are a function of
temperature (T), with the lower flammability limit decreasing with temperature and
the upper flammability limit increasing with temperature. The equations for the
adjustment of the lower and upper flammability limits (LFLT and UFLT) as a
function of temperature (T in �C) are of the form:

LFLT ¼ LFL25 1� α1 T � 25�Cð Þ½ � ð1:3Þ
UFLT ¼ UFL25 1þ α2 T � 25�Cð Þ½ � ð1:4Þ

where α1 and α2 are empirical constants determined experimentally as
α1 ¼ 7.80 � 10�4, and α2 ¼ 7.21 � 10�4 (Arnaldos et al. 2001; Chetehouna et al.
2014; Zabetakis 1965). These equations indicate, for example, that for temperatures
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around 200 �C, the lower flammability limit decreases by around 13% and the upper
flammability limit increases by a similar percentage when compared with the values
shown as LFL and UFL in Table 1.1 that correspond to the reference values LFL25

and UFL25. More precise procedures to estimate the flammability limits of mixtures
of different compounds may be found in Courty et al. (2010).

1.4 Mixing Between Fuel Gases and Air

The mixing between fuel gases and oxygen can occur before ignition (called a
premixed flame) or they can mix during combustion (called a diffusion flame). A
Bunson burner is a common device that produces a premixed flame. The gasoline
internal combustion engine with spark-ignition or the diesel engine with autoignition
are other common examples of premixed flames (Quintiere 1998).

In wildland fires, the combustible fuel and oxygen are not premixed and come
together from the two sides of a reaction zone through molecular and turbulent
diffusion. This results in a diffusion flame, in which the burning rate is determined
by the rate at which fuel and oxygen are transported (diffused), brought together, and
mixed in proper proportions (within flammable limits) for reaction (Glassman and
Yetter 2008).

If the production rate of flammable gases and oxygen supply is constant, we have
a quasi-steady combustion rate. This is the same as the flame of a candle where we
can observe different colors, from the darker interior, where we have the fuel gases in
concentrations above the flammability limits, to the bright flame surface where
combustion occurs as the mixture between air and fuel is between the flammable
limits.

In order to demonstrate that “there are clearly two different kinds of action—one
the production of the vapor, and the other the combustion of it” Faraday (1861) in his
lectures presented an experiment placing a tube in the flame to get “the vapor from
the middle of the candle produced by its own heat” and pass it through the tube to the
other extremity where he lit it, obtaining “absolutely the flame of the candle at a
place distant from it” (Fig. 1.2).

There are also situations where the production of flammable gases does not
coincide in time with combustion in flames. This is the case, for example, of
compartment fires where the accumulation of flammable gases may accumulate
through time and sudden exposure to air or a spark may dramatically increase fire
growth to the full involvement of a room. These flashover events cause significant
problems in fire safety in houses motivating the increasing use of various fire safety
technologies, including residential smoke detectors and smoke control systems
(Quintiere 1998). See Chap. 8, for a discussion of similar types of behavior during
extreme fires.

1.4 Mixing Between Fuel Gases and Air 13



1.5 Ignitability of Wildland Fuels

In typical wildland fuels, both solid and liquid components have to be considered
when evaluating ignitability. Wildland fuels at ambient temperature are composed of
both liquids (e.g., fuel moisture and volatile compounds) and solids (e.g., cellulose,
hemicelluloses, lignin, minerals, and some volatile compounds). All these materials
have to go through a pre-ignition phase in order to release flammable gases before
ignition can occur, as will be discussed in Chaps. 2 and 4.

The moisture present in wildland fuel is vaporized through a process called
dehydration before combustion occurs. Dehydration occurs when enough heat is
supplied to the fuel such that the temperature reaches the boiling point
(or vaporization point). The boiling point is the temperature at which a liquid
changes into a gas.

The same process of volatilization occurs for Volatile Organic Compounds
(VOC) particularly for a class of compounds known as terpenoids, that are present
in leaves and other plant parts. A class of terpenoids is terpenes, which consist of
different numbers of C5H8 units, from a single unit (isoprene) to two units (mono-
terpenes) or three units (sesquiterpenes). Another class of terpenoids is oxygenated
terpenoids, which are oxygen-containing derivatives from terpenes of a single unit
(as prenol), of two units (as eucalyptol), or of more units (as manoyl oxide). Other
VOCs that are not terpenoids have varying compositions. All of these compounds
are easily volatilized when heated as they have low boiling points and are easily

Fig. 1.2 Faraday (1861) showed the generation of flames in two different places from the vapor
produced from the heated wax in a candle. One of the flames was next to the candle. The other flame
was distant from the candle. The fuel passing through the tube with flammable gases from the
interior of the flame only mixes with the air outside the tube where the mixture felt within the
flammability limits and, provided a heat source by a match, ignited and produced flames

14 1 Chemical Conditions for Ignition



transformed into flammable gases. The boiling points for these various compounds
are shown in Table 1.1.

For the solid component of wildland fuels, the processes have some complexity.
Most plant tissues are composed of cellulose, hemicelluloses, and lignin, which have
to go through the process of pyrolysis to produce flammable gases. Depending on the
oxygen supply, the combustion can be complete or incomplete, and different phases
might be defined. Details of pyrolysis are explained in Chap. 2. The complete
combustion of typical wildland fuels produces carbon dioxide (which is not burn-
able), but the first phases of combustion or incomplete combustion also produce
carbon monoxide and methane (flammable gases) that will burn if and when
appropriate conditions occur. For the products of incomplete combustion, as for all
other gases, we can define the lower and upper flammability limits and the temper-
atures of auto-ignition.

Ignitability is often measured in fuel samples in laboratory experiments, using
cone calorimeter or epi-radiators as heat sources (Fig. 1.3). A sample of fuel is
exposed to constant heat flux, and the time until ignition is recorded (Valette and
Moro 1990). Alternatively, ignitability is expressed as the number of successful
ignitions of a given fuel sample subject to a specific heat flux for a given time. These
experimental approaches inform our understanding of some of the main factors
involved in flammability (e.g., Weise et al. 2005; Madrigal et al. 2009; Ubysz and
Valette 2010).

From laboratory results, it is clear that the presence of fuel moisture influences
ignitability by increasing the time required to vaporize the moisture and produce and
ignite flammable gases (Fletcher et al. 2007; Davies and Legg 2011). Figure 1.4
shows the relationship between fuel moisture content (%) and ignition time for

Fig. 1.3 (a) Experimental device at INIA-CIFOR laboratory (Madrid) showing the cone calorim-
eter (b) sample of Pinus pinaster needles before the experiment (c) sample of Pinus pinaster needles
after the experiment. (Photographs by Mercedes Guijarro)
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leaves and twigs of Erica arborea. For similar values of fuel moisture, ignitability
also depends on the physical characteristics, chemical composition, and the propor-
tion of flammable VOC in the fuel (e.g., Alessio et al. 2008; Pausas et al. 2016)
(Fig. 1.5).

The results from laboratory experiments on the ignitability of fuel samples
provide valuable insights that help to interpret field observations. However, these
results should not be simply used as a measure of the ignitability of a fuel complex.
At the scale of the fuel complex (including vegetation components and litter), many
other factors have to be accounted for, such as the fuel arrangement, or the mixture of
fuels. Also, direct associations of these results with fire behavior are difficult to
ascertain, mostly because laboratory studies seldom replicate the heat fluxes of
wildland fires (Fernandes and Cruz 2012).

1.6 Implications

Both the types of fuel (do the plants contain many volatile organic compounds?) and
the environmental conditions (how dry is the fuel?) influence how readily fuels
ignite in vegetation fires. We focus upon the factors influencing when, how, and
whether fuels will ignite whether that ignition is from lightning, matches, embers,
flames, or another source. Without ignition, there will be no fire. In the next chapters,
we will further explore the products of combustion, including heat.
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Chapter 2
From Fuels to Smoke: Chemical Processes

Learning Outcomes
After reading this chapter and using the interactive spreadsheet, we expect that
you will be able to:

1. Explain the chemical equations for both complete and incomplete combus-
tion of fuels. In particular, you should be able to identify the key inputs and
how changing their values alters the predicted values,

2. Summarize how flaming and smoldering combustion differ with respect to
smoke composition, and

3. Use the interactive spreadsheet to estimate emission factors, particulate
matter, and smoke production for wildfires and prescribed fires.

2.1 Introduction

The chemical breakdown of organic compounds in live and dead plants (also called
organic matter) provides the gases which ultimately combust and provide the energy
that fuels the spread of fires and their effects. In addition to heat, combustion emits
several other products that we call smoke (Fig. 2.1). Smoke often travels far from the
flames, where the particulates and other compounds can pose health hazards to
people and affect travelers’ visibility.

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_2) contains supplementary material, which is available to authorized users.
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2.2 Combustion at the Level of Atoms and Molecules

All physical substances, including the fuels that drive combustion during wildland
fires, consist of atoms that bond together to form molecules. At its simplest,
combustion involves only atoms of three elements, carbon (C), hydrogen (H), and
oxygen (O). Atoms of the same element may form electrically neutral groups of
bonded atoms such as hydrogen (H2) and oxygen (O2) (Fig. 2.2). When two or more
atoms of a single element combine, they form a molecule. When atoms of two
different elements combine to form a molecule, it is called a binary compound.
Combinations of C and H can form different hydrocarbons from methane (CH4) to
octane (C8H18). Combinations of C and O atoms combine to form carbon monoxide
(CO) and carbon dioxide (CO2), and the combination of H and O forms water (H2O)
(Fig. 2.2). Atoms of the three elements may form organic compounds such as the
carbohydrates of the general formula Cm(H2O)n, including cellulose (C6H10O5) and
glucose (C6H12O6) (Fig. 2.2).

Fig. 2.1 Diagram of the chemical flows included in this chapter, all of which influence the rate of
combustion in vegetation fires. When fuel is heated, it dries, and the resulting water vapor is what
makes smoke appear white or light gray. When fuel is heated, flammable gases are produced from
both volatile oils in the organic matter as well as the organic matter biomass itself. When mixed with
oxygen and ignited, combustion occurs. Smoke often contains carbon dioxide, water, and other
gases from the combustion of organic matter. These and the particulates of partially consumed
organic matter make smoke gray. The particulate matter in smoke is an air pollutant and can be
harmful for people to breathe
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Combustion involves the chemical breakdown of the bonds between atoms. The
most straightforward combustion reaction involves the burning of methane, a natural
gas, in pure oxygen. The complete combustion of methane occurs when each
molecule of methane reacts with two molecules of oxygen to produce one molecule
of carbon dioxide and two molecules of water vapor. If oxygen is limited, incom-
plete combustion occurs, and different products are emitted. For example, if three
atoms of oxygen are available per atom of carbon during combustion, carbon
monoxide will be produced instead of carbon dioxide. If the supply of oxygen is
limited even further, the combustion products also begin to include carbon particles.
Understanding the differences between complete and incomplete combustion and
the role of oxygen supply is critical to estimate the amount of heat and smoke
generated during a fire (Fig. 2.3). Note that heat from combustion is addressed in
Chaps. 3, 4, and 5 with ecological implications in Chaps. 9 and 10.

In its simplest form, combustion can be visualized as occurring in a single step
reaction whereby fuel is mixed with an oxidizer in the correct proportions and
temperatures, resulting in the ignition of the mixture and the release of heat and
emissions. For example, a single-step model of the combustion of methane in pure
oxygen would result in the production of heat and some combination of carbon
dioxide, carbon monoxide, and water (Fig. 2.3). In reality, however, combustion

Methane

CARBON OXYGEN

Water

HYDROGEN

Glucose

Carbon
monoxide

Carbon
dioxide

H

H

H
H

H H
H

H

H

H

C C
C

C

C

O
O

O

O

O

O

O

Fig. 2.2 C, H, and O combine into molecules that can be involved in combustion. These are the
basic building blocks of organic matter that can burn. For simplification, glucose is represented here
as CH2O
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reactions are often more complex, involving multiple steps. The complete combus-
tion of methane in pure oxygen, whereby CH4 is decomposed into carbon and
hydrogen molecules, occurs in three steps (Fig. 2.4). The carbon is oxidized to
form carbon monoxide, while hydrogen and oxygen combine to form water. Finally,
the carbon monoxide is further oxidized to carbon dioxide.

The chain reaction sequence has important consequences as these processes tend
to occur at different places and at different moments during combustion. The
sequence of reactions is even more complicated when dealing with wildland fuels
such as wood or leaves of grass and trees.

2.3 Combustion of Solid Fuels

Managers and scientists generally recognize three types of combustion: flaming,
smoldering, and glowing (Fig. 2.5). During a wildfire, flaming, smoldering, and
glowing combustion can co-occur, and in many cases, one type of combustion leads
to another type. These different types of combustion vary in their rates of spread,
heat release rates, and emissions.

Flaming combustion is easily recognized by the bright colors of the hot gases
present in flames. Flaming combustion results from a rapid oxidation reaction at high

Fig. 2.4 Sequence of reactions of the combustion of methane as a fuel gas showing the interme-
diate products at each step
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temperatures with an abundant oxygen supply resulting in the release of carbon
dioxide and water vapor.

Smoldering, or glowing, combustion is a non-flaming form of combustion rec-
ognized by an abundant production of smoke with large amounts of particulate
matter (mostly carbon) and carbon monoxide (Ward 2001). Smoldering combustion
occurs at a slower rate with a limited oxygen supply than flaming combustion,
resulting in lower temperatures, rates of fire spread, and intensities. Smoldering
combustion is much slower than flaming combustion because the combustion
reaction takes place at the surface of solid fuels, and oxygen molecules have to
diffuse to the solid surface to combine with fuel molecules. When smoldering
combustion heats the solid fuel to a high enough temperature such that it radiates
in the visible spectrum, it is often referred to as glowing combustion. Dense organic
matter layers, such as duff in forests or the mulch that results from chipping trees and
shrubs, usually burn by smoldering combustion.

The combustion of fuels during vegetation fires results in the production of char
as well as unburned material. Char is a residual carbon material resulting from
incomplete combustion after the removal of water and volatile organic compounds
from the fuel by heat. See Chap. 9 for discussion of carbon in soils.

Pyrolysis, a word that originates from the Greek words “pyro” (fire) and “lysis”
(separation), is defined as the thermal degradation of solid fuel into gases under the
influence of heat. Because solid fuels do not burn directly, they first must go through
pyrolysis to produce the volatile gases that combust. The pyrolysis of cellulose has
been very well described (Fig. 2.6). The decomposition of lignin and hemicelluloses
follows the same general pattern, with lignin being far more resistant to thermal
degradation.

We contrast flaming and smoldering combustion using the chemical equations for
glucose. For complete combustion, glucose first decomposes into carbon monoxide
and hydrogen. In the presence of enough oxygen, these two gases burn in flaming
combustion, producing carbon dioxide and water (Fig. 2.7). For smoldering com-
bustion, pyrolysis first results in water vapor leaving behind solid carbon (char).
Then if oxygen is present, carbon may undergo smoldering combustion, producing

Fig. 2.5 The three types or phases of combustion. (a) During flaming combustion gases from
thermal degradation of solid fuel burn. (b) During smoldering combustion, smoke is abundant. (c)
During glowing combustion, oxygen combines with fuel molecules at the surface of the solid fuel.
(Photographs by (a) Oscar https://en.wikipedia.org/wiki/Flame#/media/File:DancingFlames.jpg,
(b) Terrie Jain, and (c) Jens Buurgaard Nielsen https://en.wikipedia.org/wiki/Smouldering#/
media/File:Embers_01.JPG)
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the same final products, carbon dioxide, and water if combustion is complete
(Fig. 2.7).

Similarly, wood and cellulose can burn with either flaming or smoldering com-
bustion. The final products are the same for flaming and glowing combustion
processes if enough oxygen is available for complete combustion. However, the
intermediate products and the different rates of combustion have important implica-
tions for managing fires.

2.4 Combustion Completeness and Emission Factors

Because the law of conservation of mass states that matter cannot be created nor
destroyed in a chemical reaction such as combustion, we can use a mass balance
approach to understand what happens to all of the atoms that make up the fuels that
burn. The standard unit of measurement for the amount of a substance is a mole and
is defined as having 6.02214076 � 1023 particles. The molar mass of a substance is

Fig. 2.6 The pyrolysis of cellulose can have two pathways, producing gases and char (top colored
box) or flammable volatiles and tar (lower colored box). If there is ignition, these are then the
compounds that burn in smoldering (top) and flaming combustion. (Adapted from Philpot 1971;
Chandler et al. 1983)
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the mass of a sample in grams for 1 mol. The molar masses of selected molecules are
presented in Table 2.1.

In this chapter, we focus on three main elements (C, H, and O), but other elements
present in fuels or the atmosphere, such as nitrogen and sulfur, could also be
considered. Nitrogen is the fourth most abundant element in Earth’s biomass
(between 2% and 4%, according to Larcher 1977) and is a minor component of
wildland fuels. Whereas, sulfur is an essential macro element in plants, with a
concentration ranging from 0.1 to 0.45% on a dry weight basis, and plays a critical
role in building amino acids and the formation of chlorophyll in plants. Although
elements such as nitrogen and sulfur play important roles in plant function, they are

Fig. 2.7 Two possible paths of glucose combustion. For simplification purposes glucose is
represented as CH2O. The upper path corresponds to flaming combustion and the lower path to
smoldering combustion. In both processes, if enough oxygen is available for combustion to be
complete, the final products are carbon dioxide and water vapor
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often ignored for practical purposes during combustion calculations. For example,
the equivalent chemical composition of wood suggested by Byram (1959) and used
throughout this book excludes all minor elements in plant materials, including
nitrogen and sulfur.

Emission factors are expressed as the ratio of the mass of product yielded divided
by the mass of fuel consumed (Eq. 2.1). Emission factors are critical for regulatory
agencies and managers as they are used to predict the impact of fires on air quality.

Emission factor ¼ Mass of product released
Mass of fuel consumed

ð2:1Þ

Emission factors are often determined experimentally by measuring the mass of
fuel consumed and the mass of the product of interest released. However, emission
factors can also be estimated based on conservation of mass and knowledge of the
chemical composition of the fuel and the products:

Emission factor ¼
Number of molecules of the product released �Molar mass of the product
Number of molecules of fuel involved �Molar mass of the fuel compound

ð2:2Þ

For example, the complete combustion of wood can be represented by the
simplified chemical equation:

C6H9O4 þ 6:25 O2 ! 6 CO2 þ 4:5 H2O ð2:3Þ

Using the corresponding molar masses the above equation can be represented
by an equation of the masses of reactants and products for 145 g of wood as:

145g wood þ 200g oxygen ! 264g carbon dioxide
þ 81g water vapor ð2:4Þ

To calculate the emission factor for carbon dioxide from the complete com-
bustion of wood (grams of carbon dioxide per 1 g of wood) we have.

Emission factor for carbon dioxide ¼ 264g carbon dioxide
145g wood

¼ 1:82 ð2:5Þ

Likewise, the emission factor for water vapor during the complete combustion
of wood is:

(continued)
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Emission factor for water vapor ¼ 81g water vapor
145g wood

¼ 0:56 ð2:6Þ

If combustion is complete, no carbon monoxide is produced, and thus its
emission factor is zero. Similar calculations could be made for typical
flaming combustion of wood when the oxygen supply is not maximum
and we have only 6 mol of oxygen reacting with 1 mol of wood or for
typical smoldering combustion with even less oxygen when we have
5.5 mol of oxygen per mole of wood. These two types of combustion
would result in different emission factors for carbon dioxide (1.67 and
1.37, respectively) and for carbon monoxide (0.10 and 0.29, respectively)
(Table 2.2).

Smoldering and flaming combustion, or the combustion completeness, signifi-
cantly influence the emission factors used by fire and air-quality managers to forecast
the impacts of wildfires (Table 2.2). For example, smoldering combustion, which is
less efficient than flaming combustion, emits greater amounts of CO. Combustion is
never 100% complete in vegetation fires. Incomplete combustion products include
carbon monoxide (CO), methane (CH4), other hydrocarbons (CH), and particles as
soot (mostly C). Several measures of the completeness or efficiency of combustion
can be computed.

The Equivalent Oxygen to Fuel Ratio (EOFR) uses the comparison of the oxygen
used in the actual combustion with the oxygen that would be used by the same
quantity of fuel during complete combustion. The Equivalent Oxygen to Fuel Ratio
is the inverse of the Equivalence Ratio (ɸ) proposed by some authors (e.g., Drysdale
1985):

EOFR ¼ mol of O2 consumed during combustion
mol of O2 consumed in complete combustion

¼ 1
Equivalence ratio Φð Þ ð2:7Þ

Rather than use the amount of oxygen consumed during combustion, as done in
the Equivalence Ratio and the Equivalent Oxygen to Fuel Ratio, combustion com-
pleteness can also be estimated by evaluating the composition of the products. Ward
and others (1996) proposed the use of a Modified Combustion Efficiency (MCE)
metric, which is based on the ratio of moles of carbon released as CO2 to the sum of
the moles of carbon released as CO2 and CO:

MCE ¼ mol of CO2

mol of CO2 þ mol of CO
ð2:8Þ
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In wildland fires, smoldering and flaming combustion generally yield an MCE
value between 0.75 and 0.92. Typical values for EOFR, MCE, and emission factors
for complete, flaming, and smoldering combustion of wood are shown in Table 2.2.

Incomplete combustion results in a variety of additional products besides CO2,
H2O, and CO, many of which are regulated as air pollutants. A more complete
balanced equation of incomplete combustion of wood as a function of the Equivalent
Oxygen to Fuel Ratio (EOFR) is shown in Eq. (2.9) (Ward 2001):

C6H9O4 þ 6:25 EOFRð ÞO2 ! 6� 8:85 1� EOFRð Þ½ �CO2

þ 4:5� 1:40 1� EOFRð Þ½ �H2O
þ 6:65 1� EOFRð ÞCO
þ 0:70 1� EOFRð ÞCH4

þ 1:50 1� EOFRð ÞC ð2:9Þ

Furthermore, the fraction of methane computed using Eq. (2.9) can be divided as
true methane (59.2%) and other hydrocarbons (40.8%), and the fraction of carbon
can be subdivided by sizes, with particulates less than 2.5 μm (2.5 microns) in
diameter comprising 69.2% of and particles above 10.0 μm comprising 18.4%.

Examples of the results of emission factors calculated for different values of the
Equivalent Oxygen to Fuel Ratio (EOFR) using the Excel spreadsheet that is shown
in this chapter are presented in Table 2.3.

Both the amount and composition of particulate emissions differ for flaming
and smoldering combustion. As flaming combustion is more complete, the particu-
lates from flaming combustion tend to be higher in ash minerals than those from
smoldering combustion with more sodium (Na), potassium (K), chlorine (Cl), or
sulfur (S) (Ward 2001). These latter elements, along with N, are part of the fuel that
is burned.

The amount of particulate matter and gases emitted during combustion can be
predicted using information about the type of fire, combustion efficiency, the amount

Table 2.3 Emission factors for the main products of wood combustion computed from the
equations presented in the text with different values of the Equivalent Oxygen to Fuel Ratio (EOFR)

Emission factors (grams per 1000 g of fuel)

Type of combustion Complete Flaming Smoldering

Equivalent Oxygen to Fuel Ratio (EOFR) 1.00 0.93 0.80

Modified Combustion Efficiency (MCE) 1.00 0.92 0.75

Water (H2O) 559 546 523

Carbon dioxide (CO2) 1821 1632 1283

Carbon monoxide (CO) 0 90 257

Methane (CH4) 0 3 9

Other hydrocarbons (CH) 0 2 6

Particulate matter (mostly C)

PM < 2.5 μm 0 6 17

PM < 10.0 μm 0 7 20

Total particles 0 9 25
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of fuel consumed, and empirically derived emission factors (Table 2.4). The Fire
Emissions Production Simulator (FEPS) (Anderson et al. 2004), the First Order Fire
Effects Model (Lutes 2017), and CONSUME (Prichard et al. 2007) are examples of
modeling tools that are commonly used to predict wildfire emissions.

Field observations of emissions have suggested that the emission factors vary
across fuel types and for prescribed fires and wildfires (Table 2.4). Prescribed fires in
grasslands tend to have greater combustion efficiencies and, therefore, result in
greater amounts of CO2 and lower amounts of CO than prescribed fires and wildfires
in coniferous forests. However, it is important to remember that the actual emissions
during a wildfire or prescribed fire will vary with the amount of fuel consumed, fuel
moisture, ignition pattern, wind, temperature, and other factors. Note that in conif-
erous forests of the US, the observed emissions of incomplete combustion products
(CO, CH4, other CH, and particulates) are only slightly higher in wildfires than in
prescribed fires (Table 2.4; Urbanski 2014; Peterson et al. 2018). Andreae and
Merlet (2001) summarized emission factors for more than 90 pyrogenic chemical
species emitted from various types of biomass burning, from savannas and grass-
lands to tropical forests, to burning biofuel, charcoal, or agricultural residues.

2.5 From Emissions to Smoke Composition

Predicting the amount and composition of emissions from fires is important to
develop strategies to minimize health impacts on downwind populations, and reduce
the potential for hazardous travel conditions associated with impaired visibility

Table 2.4 Emission factors (grams per 1000 g of fuel) for different types of fuels burned in
prescribed fires and wildfires. (Data from Urbanski 2014; Peterson et al. 2018)

Pollutant

Prescribed fires Wildfires

Northwestern
conifer forests

Western
shrubland Grassland

Northwestern
conifer forest

Boreal
forest

Carbon dioxide
(CO2)

1598 1647 1705 1600 1641

Carbon monoxide
(CO)

105 74 61 135 95

Methane (CH4) 5 4 2 7 3

Other hydrocarbons
(CH)

27 18 17 34 23

Particulate matter
(PM <2.5 μm)

18 7 9 23 22

Nitrogen oxides
(NOx)

2.1 2.2 2.2 2.0 1.0

Ammonia (NH3) 1.6 1.5 1.5 1.5 0.8

Nitrous oxide (N2O) 0.2 0.3 0 0.2 0.4

Sulfur dioxide
(SO2)

1.1 0.7 0.7 1.1 1.1
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(Fig. 2.8). However, besides information about the type of fire, combustion effi-
ciency, the amount of fuel consumed, and emission factors, we also need to consider
the elements and molecules in the atmosphere, including oxygen and nitrogen, while
calculating the amount and composition of smoke (Table 2.5).

The quantity of air available significantly influences the combustion process and
the products emitted. As shown in Eq. (2.4), the complete combustion of 145 g of
wood requires 200 g of oxygen. Since oxygen comprises only 23.14% of the
atmosphere, each gram of oxygen used in the combustion reaction involves 4.32 g
of air, of which 75.52% (3.26 g) is nitrogen. In addition to nitrogen, we should also
consider water vapor in the atmosphere, commonly reported as relative humidity
(RH%). Relative humidity is calculated as the ratio of the current amount of water
vapor in the atmosphere over the amount of water vapor in the atmosphere at the
saturation point for a given temperature. The mass of water in the atmosphere can be
computed based on the relative humidity and temperature (Ta

�C) following
Eq. (2.10):

Fig. 2.8 Smoke from wildland fires often spreads far from the source, affecting air quality. When
fires are widespread, many people can be affected by reduced visibility and enough particulates in
the air to pose a health hazard. Note that the color of smoke can tell us what is burning. Higher
prevalence of water vapor produces whiter smoke, while particulates make grey or black smoke.
Here are satellite images from (a) Arizona in 2011, (b) Mexico in 2011, (c) Portugal in 2003, and
(d) Idaho and Montana in 2007. (Images from Peterson et al. 2018)
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Mass of H2O in air ¼ Mass of O2 þ N2ð Þ � RH%=100%ð Þ
� 0:000216ð Þ exp 0:0656 Tað Þ½ � ð2:10Þ

Fuel moisture is another important variable that significantly influences combus-
tion and emissions. When the fuel moisture content is greater than some level,
known as the moisture of extinction, fuels will not burn, while dryer fuels can
burn readily. In general, fuel moisture is measured as the ratio between the mass
of water and that of dry fuel. This is commonly expressed as a percentage calculated
as the (wet weight—the oven-dry weight)/oven-dry weight. Thus, if the fuel mois-
ture content is 10%, the mass of water in 1100 g of wood is 100 g, and this mass of
water must be added to both sides of the combustion equations. In the products, this
mass is added to the 559 g of water vapor emissions produced during the combustion
of dry wood. The resulting N oxides and water vapor need to be considered in the
combustion equations. They are essential to the thermodynamics of combustion (See
Chap. 4) and are particularly important in the composition of smoke.

2.6 Implications

Understanding the products generated during combustion is critical as they are
ultimately responsible for many of the effects on people, plants, animals, soils, and
other parts of the ecosystems. The heat generated from combustion is discussed in
Chaps. 4 and 5, while the effects of heat and smoke on plants, ecosystems, and
people are discussed in Chaps. 9 and 10.

The composition of smoke includes many different gases, liquids, and solid
particulates (mostly carbon), all of which are products of combustion and pose
considerable risk to human health. Although it is true that “when there is fire,
there is smoke,” the smoke is often carried far downwind (Fig. 2.8). Smoke man-
agement is a growing concern among managers and policymakers due to the
potential for long-distance transport and risk to human health of many emissions,

Table 2.5 The normal composition of dry air in percentage volume and percentage mass by
constituent gas (Atkin and Jones 2005)

Constituent gas

Molar mass Normal composition of air

(g mol�1) % volume % mass

Nitrogen (N2) 28 78.09 75.52

Oxygen (O2) 32 20.95 23.14

Argon (Ar) 40 0.93 1.29

Carbon dioxide (CO2) 44 0.03 0.05
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an increasing human population, longer fire seasons, and widespread biomass
burning (Bowman et al. 2009). Smoke can also affect visibility that puts highway
and airport traffic at risk for accidents and affect the air quality over national parks
and other areas where people go for recreation and to see beauty (Peterson et al.
2018). Globally, biomass burning and smoke emissions are increasingly targeted for
reduction as part of addressing climate change and human health (Bowman et al.
2009; Johnston et al. 2012).

2.7 Interactive Spreadsheet: COMBUSTION

We suggest using the interactive spreadsheet COMBUSTION_V2.0 to explore the
relationship of smoke composition to fire and fuel chemistry. See Fig. 2.9 to
understand an example worked using the spreadsheet, and then adjust the inputs or
outputs to see the implications of different fuel compositions and air supply. What

Fig. 2.9 A worked example using the interactive Excel spreadsheet on COMBUSTION_v2.0,
including the required inputs that you can readily change, the global balanced equations, and the
composition of smoke resulting from the composition of fuels and the completeness of the
combustion. Use this to explore the relative influence of input factors on the heat (under what
conditions will fires burn?) and emissions (these are components of smoke) products of combustion
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input conditions will result in the most complete combustion? What combustion
conditions have the least emissions, and which have the most emissions?

We encourage you to use the interactive spreadsheet (online supplementary
material) to explore the relative importance of inputs for predicted emissions.
Being able to interpret those results and how they change with inputs will strengthen
your ability to explain how and why flaming and smoldering differ in the products
and particulates produced.
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Chapter 3
Heat Production

3.1 Heat Production

In the previous chapter, we discussed the effect of fuel and oxygen supply during
combustion on smoke production and composition. In this chapter, we investigate
the other major product released during combustion: heat. Recall that combustion
reactions are always exothermic; that is, they result in the release of energy in the
form of heat or light. The primary fuel involved in wildland fires is composed of
dead and living plant material produced through photosynthesis. Photosynthesis is a
process that uses light energy from the sun, water, and carbon dioxide to create
chemical energy that is stored in molecules such as glucose, which are used to make
other more complex substances such as cellulose. When plants or plant parts die,
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Upon completion of this chapter, we expect you to be able to

1. Explain where the heat in fires comes from in chemistry terms,
2. Differentiate between higher and lower heat of combustion,
3. Understand the concept of heat yield,
4. Clearly explain in your own words how fuel characteristics and combustion

completeness influence heat production, and
5. Use the interactive spreadsheet to evaluate how changes in fuel and com-

bustion inputs alter the heat production from fires.
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decomposition breaks down photosynthesis products into simpler organic com-
pounds and releases the stored energy. Both decomposition and combustion can
be thought of as the reverse of photosynthesis in that they break down plant sub-
stances into their chemical constituents and release the stored energy. The major
difference between combustion and decomposition is the rate at which the reaction
occurs (Byram 1959). Thus, photosynthesis is:

Carbon dioxideþWater þ Energy solar radiationð Þ
! Plant substancesþ Oxygen ð3:1Þ

while combustion and decomposition can be described as:

Plant substancesþ Oxygenþ Energy heatð Þ
! Carbon dioxideþWater þ Energy heatð Þ ð3:2Þ

Decomposition and combustion of wildland fuels are both often incomplete, so
not all organic matter is consumed but is often broken into smaller pieces. As
explained in Sect. 3.4, some organic compounds are more readily decomposed
than others. Rotting wood is higher in lignin than living or recently dead wood,
which affects the potential for the remaining organic matter to burn in combustion.

In Chap. 2, we discussed the principles of conservation of mass and species. In
this chapter, we analyze the chemical equations of combustion from the conservation
of energy. Within a given system, the amount of energy remains constant as energy
can not be created nor destroyed. However, energy can be converted from one form
to another (e.g., potential energy can be converted to kinetic energy). The amount of
heat produced during combustion can be evaluated based on either the strength of the
fuel’s chemical bonds or chemical constituents. We start this by building upon fire
chemistry principles introduced in Chaps. 1 and 2 by exploring how various
chemical bonds influence the net energy release. Next, we discuss how the chemical
components of wildland fuels (organic matter, minerals, volatiles, and moisture)
influence flammable vapor production and heat release during combustion (Fig. 3.1).

3.2 The Net Energy Release in Combustion
and the Strength of Chemical Bonds

From the perspective of the conservation of energy, combustion reactions can be
understood as a two-step process. First, energy is required to break the chemical
bonds of the reactants (endothermic step). Second, energy is released (exothermic
step) when the new chemical bonds are formed. These two steps can be visualized as
occurring in two different zones within a flame. First, the fuel molecules within the
flame are heated such that they split into atoms; these atoms then react with oxygen
in the reaction zone to form new molecules (Fig. 3.2). In a combustion reaction, the
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energy released in the second step is always greater than the energy absorbed in the
first step. Therefore, combustion always results in the release of energy.

The amount of energy absorbed and released during combustion depends upon
the strength of the chemical bonds associated with both the fuel and products
involved in the combustion reaction. The strength of the chemical bonds increases
as the number of electron pairs in the bond increases. Single (–), double (¼), or triple
(Ξ), bonds share one, two, and three electrons, respectively. The strength of the
bonds is commonly measured by the average bond dissociation energy expressed in
kilojoules per mole or kilojoules per gram (Table 3.1). The net energy released
during combustion can be estimated as the difference between the heat released in
forming the bonds of the products and the heat absorbed in breaking the bonds of the
reactants (Eq. 3.3):

Net energy release ΔHð Þ ¼ Energy to form the bonds of products
� Energy to break bonds of reactants ð3:3Þ

Fig. 3.1 Heat production is influenced by fuel and fuel moisture, by the combustion of flammable
gases, and by oxygen in the air. In this chapter, we focus on the colored portions of this diagram of
our general conceptual model
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Fig. 3.2 Methane burning in the reaction zone of a flame. The chemical bonds of the methane
molecules of the fuel inside the flame (yellow, left) break by heat into carbon and hydrogen atoms
(this thermal degradation is pyrolysis) that react with oxygen atoms after the break of heated oxygen
molecules in the air (blue, right). In the reaction zone (middle), combustion produces molecules of
carbon dioxide, water, and carbon monoxide as well as carbon particles

Table 3.1 Typical bond
strengths measured by their
dissociation energy
(kJ mol�1) between atoms of
carbon (C), hydrogen (H), and
oxygen (O) of different types
(single bond –, double bond
¼, and triple bond Ξ) (From
Atkin and Jones 2005)

Chemical bond Bond strength (kJ mol�1)

C–C 348

C¼C 612

CΞC 837

C–H 413

C–O 360

C¼O 804

CΞO 1062

H–H 424

O–H 460

O¼O 497
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For example, we can calculate the net energy release for the complete
combustion of methane in oxygen (Fig. 3.3), assuming the reactants include
one molecule of methane, CH4, and two molecules of oxygen, 2O2. Methane
contains four single bonds between the carbon and hydrogen atoms (4 C–H),
and oxygen has two double bonds between oxygen atoms (2 O¼O) (Fig. 3.3).
The products of this reaction include one molecule of carbon dioxide, CO2,
and two molecules of water, 2 H2O. Carbon dioxide has two double bonds
between the atoms of carbon and oxygen (C¼O), and water has four single
bonds between the oxygen and hydrogen atoms (4 O–H). Using Eq. (3.3) and
the bond strengths in Table 3.1, we get:

Net energy release ΔHð Þ ¼ 2 804ð Þ þ 4 460ð Þ½ � � 4 413ð Þ þ 2 497ð Þ½ �
¼ 3448� 2646 ¼ 802 kJ mol�1 ð3:4Þ

We can convert the net energy released from kJ mol�1 to kJ g�1 by
dividing by the molar mass of methane, 16 g mol�1 as (Eq. 3.5):

Net energy release ΔH in kJ g�1
� � ¼ 802 kJ mol�1=16 g mol�1

¼ 50:1 kJ g�1 ð3:5Þ

Calculations similar to those presented for methane can be done for all substances
for which the chemical composition and the nature and number of bonds are known.
The chemical composition and the nature, strength, and number of chemical bonds
associated with common molecules composed of C, H, and O that are common in
wildland fuels can be seen in Fig. 3.4. The calculations of the net energy release from
bond nature, strength, and number are summarized for the same molecules in
Table 3.2.

An alternative way to estimate the net energy release (ΔH) of a combustion
reaction is by using the concept of enthalpy of formation. The standard enthalpy of
formation of a compound is the change in enthalpy when one mole of a substance is
formed from its pure elements. Values for the standard enthalpy of formation for
many compounds are available in many classical books in chemistry (e.g., Atkin and
Jones 2005). Because there is no energy associated with the formation of an element
in its standard state (e.g., oxygen or graphite), the standard enthalpy of formation
is zero.

We can then compute the net energy release by taking the difference between the
enthalpies of formation of reactants and that of products of the reaction:

Net energy release ΔHð Þ ¼ ΔH0
R � ΔH0

p ð3:6Þ
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Fig. 3.3 The complete combustion of methane. (a) In the first step, four chemical bonds C–H in
methane and two double bonds O¼O of oxygen are broken absorbing energy resulting in dissoci-
ated atoms of C, H, and O. in the second step these atoms are combined to form two double bonds
C¼O in carbon dioxide and four single bonds O–H in water, releasing energy. (b) Applying the
values for the strength of the bonds in Table 3.1 and the calculations explained in the text example,
we can represent the energy absorbed and released from a mole of methane and conclude that its
complete combustion results in a net energy release (heat of combustion) of 802 kJ mol�1

44 3 Heat Production



Fig. 3.4 Simplified representations of molecules commonly involved in combustion during veg-
etation fires. Both the chemical formulas and the bonds are shown
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where: ΔH is the net energy release, ΔH0
R is the enthalpy of formation of reactants,

and ΔH0
P is the enthalpy of formation of the products.

To demonstrate the use of the standard enthalpy of formation to estimate
the net energy released, let us revisit the complete combustion of methane in
oxygen. As shown in Fig. 3.3, one mole of methane (CH4) reacts with two
moles of oxygen (O2) to produce one mole of carbon dioxide (CO2) and two
moles of water (H2O). From calorimeter studies, the following values are
given by Atkin and Jones (2005) for the enthalpy of formation: methane
(CH4 gas) as �74.8 kJ mol�1, carbon dioxide (CO2 gas) as �393.5 kJ mol�1,
and water (H2O gas) as �241.8 kJ mol�1. Because oxygen is in its standard
state, its standard enthalpy of formation is 0 kJ mol�1. Substituting these
values into Eq. (3.6) results in the following:

Net energy release ΔHð Þ ¼ �74:8� �393:5þ 2 �241:8ð Þ½ �
¼ 802:3 kJ mol�1 ð3:7Þ

This is the same result as obtained in the previous example using Eq. (3.4).

3.3 Energy Release and Heat of Combustion

In classical fire literature, the term heat of combustion is generally defined as the net
energy released when a substance undergoes complete combustion under standard
conditions (Drysdale 2011). However, the terminology associated with the heat of
combustion can be confusing as the terms heating value, energy value, heat content,
and calorific value are also occasionally used as synonyms. Furthermore, there are
two distinct, but related heat of combustion estimates that are used to describe the net
energy released: the higher and the lower heat of combustion.

The difference between higher heat of combustion (ΔHH) and lower heat of
combustion (ΔHL) can be explained based on how the water produced during
combustion is considered. Recall from Eq. (2.4) that during the combustion of 1 g
of dry wood, approximately 0.56 g of water vapor is produced. If we measure the
total amount of energy released after all of the combustion products have returned to
the initial temperatures and states, we would have estimated a value called the high
heat of combustion (or gross heat of combustion or higher heat content). The
distinguishing feature of the high heat of combustion is that the water vapor
produced during combustion condenses back to a liquid state, thus releasing the
energy that was initially used to vaporize it, called the latent heat of vaporization.
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The high heat of combustion is useful in industrial settings where the condensation
of water is an important consideration, such as estimating the energy from a gas-fired
boiler. The estimation of the high heat of combustion of wildland fuels is practically
impossible to do from first principles as we seldom know the precise chemical
composition of the fuels. Therefore, the high heat of combustion is often estimated
using a bomb calorimeter (Fig. 3.5).

In wildland fires, the energy associated with water vapor production does not
significantly contribute to fire behavior or effects. Therefore, it should be subtracted
from the high heat of combustion, providing an estimate of the lower heat of
combustion. The lower heat of combustion is always smaller than the higher heat
of combustion, as the water vapor produced during combustion does not condense
back to a liquid, and the latent heat associated with the water vapor is not recovered.

It is important to recognize that the calculations of net energy released (ΔH) (Sect.
3.2) correspond to the lower heat of combustion (ΔHL) since they incorporate the
energy required to create water vapor. Also, it should be noted that the values
presented in Table 3.2 are theoretical and higher than those commonly used in
practice for the lower heat of combustion for wildland fuels. Although the low
heat of combustion is often considered a constant, differences in the fuel composi-
tion among species and throughout a growing season can influence estimates of the
lower heat of combustion.

The measurement of the energy released in combustion is often made in dry
samples of the fuel of interest using a bomb calorimeter (Fig. 3.5). This can be done
for pure substances, but it is particularly important for actual wildland fuels where
the estimation of the energy release is practically impossible to be made from first
principles using bond strength as we seldom know the precise chemical composition
of the fuels. Because the water vapor released in the combustion of a dry sample is

Fig. 3.5 A schematic
representation of a bomb
calorimeter, generally made
from stainless steel, where
the combustion reaction
occurs at constant volume
and without heat flow to the
exterior of the bomb. The
increase in the temperature
of the water is used to
estimate the net heat release
in the combustion (Adapted
from Polik 2000)
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allowed to condense, the estimation of the net energy release by bomb calorimetry
results in the value of high heat of combustion (ΔHH).

The lower heat of combustion can be estimated after measuring the higher heat of
combustion. If we measure the total amount of energy released after all of the
combustion products have returned to their initial temperatures and states, we
would have estimated the high heat of combustion (or gross heat of combustion or
higher heat content). The distinguishing feature of the high heat of combustion is that
the water vapor produced during combustion condenses back to a liquid state,
releasing the energy that was initially used to vaporize it, called the latent heat of
vaporization. The difference between higher and lower heat of combustion can be
illustrated with the example of methane.

To demonstrate the differences between the higher and lower heat of
combustion, we can continue to use the complete combustion of methane in
oxygen. Based on measurements in a bomb calorimeter, it has been deter-
mined that the higher heat of combustion (ΔHH) for methane is 890 kJ mol�1.
The combustion reaction associated with bomb calorimeter measurement is:

CH4 gasð Þ þ 2O2 gasð Þ ! CO2 gasð Þ þ 2H2O liquidð Þ
ΔHH ¼ 890 kJ mol�1

ð3:8Þ

Notice that in this reaction the products include carbon dioxide and liquid
water. However, if we were to measure the energy released while the water
was still a gas we would have the following:

CH4 gasð Þ þ 2O2 gasð Þ ! CO2 gasð Þ þ 2H2O gasð Þ
ΔHL ¼ 802 kJ mol�1

ð3:9Þ

The difference between these two values is because for the higher heat of
combustion we considered that the water vapor condensed back to a liquid,
while for the lower heat of combustion the water is in vapor form. If this water
vapor is allowed to condense, an additional 88 kJ is given off as heat. This
difference corresponds to the energy required for the vaporization of water
(44.0 kJ mol�1 for two moles of water). We can also express the higher and
lower heat of combustion in terms of energy per unit mass by dividing each by
the molar mass of methane (16 g) which results in 55.6 and 50.1 kJ g�1,
respectively.

For common wildland fuels, similar calculations can be done. Recall from
Eq. (2.4) that during the complete combustion of one gram of common wildland
fuels, like dry wood, approximately 0.56 g of water vapor is produced. The energy
associated with converting this water to vapor is 1.4 kJ g�1, which can be estimated
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by multiplying 0.56 g of water vapor by the latent heat of vaporization for water at
25 �C, which is 2.44 kJ g�1. The low heat of combustion can then be estimated by
subtracting 1.4 kJ g�1 from the higher heat of combustion. The values for the high
and low heat of combustion do not vary widely between different types of wildland
fuels and thus, for many practical purposes, the values of 20.1 kJ g�1 for the high
heat of combustion and of 18.7 kJ g�1 for the low heat of combustion are often
assumed as constant for most wildland fuels (Van Wagner 1972; Alexander 1982).
However, some differences exist, which will be discussed in the next sections.

3.4 Estimating Heat Release from Fuel Composition

The heat generated during combustion can be estimated globally or as the sum of the
heat from various fuel components involved in the combustion reaction and, in
particular, the amount of volatiles and char. Recall that the relative proportions of
char and volatile gases produced depend upon combustion completeness (See
Chap. 2). In Fig. 3.6 we provide a graphical representation of various fuel compo-
nents, their mass, and effects on energy associated with wildland fires. Note that both
the higher and lower heat of combustion are estimated based on dry fuels. Thus,
neither the fuel moisture nor the mass of minerals, which are not combusted during a
wildfire, contribute to the calculation of the heat of combustion of fuels. After
removing minerals and fuel moisture, the remaining mass of dry fuel results in the
production of volatiles and char. The heat generated from volatile compounds
contributes to flames and fire spread. In contrast, the heat from char is primarily

Fig. 3.6 A schematic diagram showing the relationship between fuel components and the
corresponding mass and energy components included in the combustion of vegetation fuels
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released in the slower process of smoldering combustion and plays an important role
in determining fire effects on plants and soils (See Chap. 9).

Typically, estimates of the values for the heat of combustion of a fuel (ΔHfuel) do
not distinguish between energy produced through the combustion of volatiles
(ΔHvolatiles) vs. energy produced through char (ΔHchar). However, since the rate of
heat release is different between char and volatiles, it can be useful to partition the
heat of combustion into various components:

ΔHfuel ¼ ΔHvolatiles � ρvolatiles þ ΔHchar � ρchar ð3:10Þ

For many thermodynamic calculations, the higher heat of combustion of char can
be considered a constant for wildland fuels,ΔHchar at around 29.2 kJ g

�1 (Rothermel
1976) or 32.0 kJ g�1 (Susott 1982). Because the proportion of char and the higher
heat of combustion are both easily measured experimentally, we can calculate the
heat of combustion for volatile products (per unit weight of the original fuel) from
the conservation of energy equation (Susott et al. 1975):

ΔHvolatiles � ρvolatiles ¼ ΔHfuel � ΔHchar � ρchar ð3:11Þ

where ΔHvolatiles � ρvolatiles is the energy produced due to volatile combustion,
ΔHfuel is the heat of combustion of the fuel, and ρchar is the proportion of total fuel
mass that produces char. ΔHvolatiles is the higher or lower heat of combustion
depending on ΔHfuel is the higher or the lower heat of combustion of the fuel.

The proportion of the fuel mass that is converted to char or volatiles depends on
the fuel type (Albini 1980). Therefore, to estimate the partitioning of heat between
char and volatiles, we need to know more about the composition of the fuels
typically involved in wildland fires. Plant tissues’ main components can be orga-
nized in classes, from organic compounds such as cellulose, hemicellulose, lignin,
and extractives, to minerals and water (Fig. 3.7).

The chemical composition of plant materials (Fig. 3.7) differ by plant parts (e.g.,
wood, stems or foliage), in different conditions (e.g., heartwood vs. rotten wood),
and from different species (e.g., western larch (Larix occidentalis) vs. ponderosa
pine (Pinus ponderosa) vs. saltbush (Atriplex cuneata)), all of which result in
differences in the proportions of char and volatile production and heat of combus-
tion. Rothermel (1976) determined that the heat of combustion was higher for
partially decomposed (‘punky’) wood of Douglas-fir (Pseudotsuga menziesii) due
to the high percentage of lignin compared to solid wood. In addition, seasonal
variations in the chemical composition of vegetation are also important. Philpot
and Mutch (1971) found a 4–7% increase in extractive content for ponderosa pine
needles during the fire season. Philpot (1971) found an increase of extractives during
the fire season from 8 to 12% in aspen (Populus tremuloides) leaves.

Cellulose and hemicellulose are the two major substances in plant tissues. They
are both polymers derived from glucose (Fig. 3.4) that differ in their chain lengths.
However, they have similar combustion properties and are usually combined into a
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single constituent for practical applications. The low heat of combustion for cellu-
lose and hemicellulose has been estimated to be around 16.1 kJ g�1 (Chandler et al.
1983). Both cellulose and hemicellulose tend to produce volatile gases during
pyrolysis. However, the presence of inorganic materials, and especially silica-free
minerals, particularly phosphates, promotes the formation of char at the expense of
flammable volatiles.

Although silica does not affect the combustion rate of cellulose (Philpot 1968),
Rothermel (1976) found that the proportion of char formed from cellulose combus-
tion depends upon the proportion of the silica-free mineral content (Se) of the fuel
(Eq. 3.12). In the absence of silica-free minerals, the amount of char produced by
cellulose is less than 1% (0.48–0.92%, Susott 1982).

Proportion of char from cellulose ¼ 0:092þ 0:5 Se
0:462 ð3:12Þ

Lignin gives wood its stiffness. It is a heterogeneous polymer that is primarily
derived from coniferyl alcohol (see Fig. 3.4 for a simple representation of lignin
chemistry). Although the chemical composition of lignin differs in hardwoods and
softwoods, their combustion properties are similar. Lignin has a low heat of com-
bustion that is about 50% greater than cellulose (Table 3.3) due to the more complex
chemical bonds, which require more energy to break apart, resulting in slower
decomposition and combustion. That is why rotten or “punky” wood (i.e., wood
that has decayed to the point of being soft) has high percentages of lignin and why it
generally burns more by smoldering than by flaming combustion and does not
contribute directly to the spread of flames in fires (though it does smolder and can
be ignited by embers that then start spot fires (see Chap. 8). The high resistance of
lignin to thermal degradation explains Rothermel’s estimation (1976) that the

Fig. 3.7 Typical values for
the main substances in
vegetative material involved
in the combustion of
wildland fuels. (Adapted
from Chandler et al. 1983)
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average proportion of dry weight for lignin used to produce flames was as low as
0.376 and that the remaining proportion (0.624 of dry weight) produced char.

Volatiles are low molecular-weight organic compounds that can greatly influence
flammability and fire behavior. There are a number of important volatiles that can
influence fire behavior, including resins that have alpha-pinene, essential oils such as
eucalyptol, and terpenes such as isoprene and isoprene polymers. Volatile com-
pounds such as these have low boiling points “and can form flammable, volatile
mixtures well in advance of the flame front in a forest fire” (Chandler et al. 1983).
Differences in flammability between plant species are often attributed to variation in
volatile oil content. For example, Eucalyptus, which is often considered highly
flammable, can contain up to 3% of highly flammable oils such as eucalyptol
(or 1,8-cineol) (Sebei et al. 2015). The low heat of combustion for volatile com-
pounds is estimated to be around 32.3 kJ g�1 (Chandler et al. 1983), which is twice
as much as cellulose. Rothermel (1976) indicated that an average proportion of 0.715
of the initial dry mass of volatiles is used to produce flames, whereas only a
proportion, 0.285, of the mass of volatiles produces char.

Minerals, including silica and silica-free ash, also influence the organic matter
consumed in fires. Their presence interferes with the combustion process by causing
an increase in char production and a consequent decrease in flammable volatiles.
Because minerals do not burn, they are often used in fire retardants to suppress
flammability. As mentioned earlier in this chapter, silica and silica-free ash have
different effects on cellulose combustion.

Char is produced from the combustion of all vegetation fuels. Typical values for
the proportion of char from the combustion of the main components of plant material
in fuel are shown in Table 3.3.

The higher heat of combustion for any fuel per unit of dry weight (ΔHHfuel) can
be estimated using an average of the values of the basic substances (ΔHHi) as in
Table 3.3, weighted by their proportions in the fuel (Pi):

ΔHHfuel ¼
Xn

i¼1
Pix ΔHHið Þ ð3:13Þ

If the proportions are expressed as a fraction of dry matter, the proportion of
minerals should be considered with ΔHH ¼ 0, as minerals do not contribute to the
heat of combustion.

Table 3.3 Indicator values of basic substances in plant material (ash-free) for the proportion of
char produced and their corresponding values for the higher heat of combustion ΔHH determined
by bomb calorimetry (From Rothermel 1976)

Substance
Proportion of char
from combustion

Higher heat of
combustion ΔHH (kJ g�1)

Cellulose and hemicellulose 0.092 16.1

Lignin 0.624 24.5

Volatiles 0.285 32.3
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The consideration of the mineral content of the fuels can be important in some
specific situations. In rotten fuels, the decomposition of organic material results in a
higher percentage of minerals in the chemical composition. Lower duff, where
organic material is mixed with soil material, can also have high mineral content,
as soil fauna commonly mix the organic layers on top of the soil with the surface
mineral soil. This is one of the reasons that the compact duff layers don’t burn
readily in flaming combustion. Minerals can determine the high heat of combustion
for plants that have high mineral content.

Mineral content influences the ignition probability of organic soils. Frandsen
(1987) showed that the limits for smoldering ignition of a mixture of peat moss with
water and mineral soil depended on fuel moisture and mineral content. Later
Frandsen (1997) extended his studies to ignition tests on organic soil samples
from Alaska and the northern and southeastern United States showing that, even
for completely dry peat moss, ignition does not occur when the mineral content of
the fuel is above 81.5% and this limit is much reduced with increasing fuel moisture.

In this example, we are going to estimate the higher heat of combustion for
leaves of valley saltbush (Atriplex cuneata) using Eq. (3.14) and the higher
heat of combustion values in Table 3.3. Valley saltbush grows in semi-arid
parts of the southwestern portion of the USA and is considered to have low
flammability. The saltbush leaves’ composition, measured as proportions of
dry weight, consists of 0.464 cellulose, 0.327 lignin, 0.023 extractives (vola-
tiles), and 0.180 of silica-free ash (Rothermel 1976). Substituting the higher
heat of combustion values from Table 3.3 into Eq. (3.14) results in the
following:

ΔHHfuel ¼ 0:464� 16:1 kJ g�1 þ 0:327� 24:5 kJ g�1 þ 0:023

� 32:3 kJ g�1

¼ 16:2 kJ g�1 ð3:14Þ

We can now estimate the mass of char as a proportion of the initial mass of
the fuel using Eq. (3.12). By summing the product of the proportion of each
component in the fuel by the corresponding proportion of char formed, we get:

Pchar ¼ 0:464� 0:0917� 0:1800:462
� �þ 0:327� 0:624þ 0:023

� 0:285
¼ 0:358 ð3:15Þ

Thus, we conclude that 35.8% of valley saltbush foliage will become char
during combustion and the remaining 64.2% will produce volatile gases that
are likely to burn in flaming combustion.

With a measurement or estimate of the higher heat of combustion of fuel
(ΔHHfuel ¼ 16.2 kJ g�1 ), a constant value for the higher heat of combustion of

(continued)
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char (ΔHHchar ¼ 29.2 kJ g�1), and the proportion of char produced from the
fuel, we can use Eq. (3.10) to calculate the energy available from volatiles:

ΔHHvolatilesxρvolatiles ¼ ΔHHfuel � ΔHHcharxρchar

¼ 16:2 kJ g�1 � 29:2 kJ g�1 � 0:358

¼ 5:7 kJ g�1 ð3:16Þ

The variation in the chemical composition of wildland fuels directly results in
different estimates for the lower heat of combustion and its partitioning between
volatiles and char (Fig. 3.8). The typical ranges of variation of characteristics of
common wildland fuel types and the partitioning of the higher heat of combustion
between energy for volatiles and char are shown in Table 3.4.

3.5 Estimating Heat Yield

The higher and lower heats of combustion are best thought of as the maximum heat
generated during combustion. However, in real wildland fire scenarios, other factors
such as incomplete combustion and fuel moisture will decrease the amount of heat
generated relative to the lower heat of combustion. These additional heat losses can
be subtracted from the lower heat of combustion (ΔHL) to estimate a parameter
known as heat yield (ΔHY). The relations are shown in Fig. 3.9. Byram (1959)
suggests that the heat yield can be physically thought of as equivalent to the quantity
of heat per unit weight of the fuel burned, “which passes through a cross-section of
the convection column, above a fire burning in a neutrally-stable atmosphere.”

The heat yield and the heat of combustion are often very different from one
another, especially when there is considerable incomplete combustion or fuel mois-
ture. The estimates of the lower and higher heat of combustion assume complete
combustion occurs (i.e., that the oxygen in the air is not limiting the combustion
process, see Chap. 2). However, in actual wildland fires, there is typically a combi-
nation of both flaming and smoldering combustion occurring at the same time.
Smoldering combustion releases less heat and at a lower rate than flaming
combustion.

The values for the lower heat of combustion (ΔHL) reported in Table 3.2 refer to
the energy release for complete combustion of a dry fuel where only CO2 and H2O
are produced. However, when incomplete combustion occurs, carbon monoxide
(CO), methane (CH4), and carbon (C) are produced. The net energy released from
incomplete combustion of dry fuel, or its heat yield (ΔHY), can be estimated as the
difference between the energy in reactants, which is the high heat of combustion
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(ΔHH), the energy for the vaporization of the water of reaction and the energy in the
products from incomplete combustion.

The implications of incomplete combustion on the heat yield of a dry fuel can
be illustrated using the values of 20.1 kJ g�1 for the high heat of combustion of
common wildland fuels, the value of 1.4 kJ g�1 for the vaporization of water,
and the values for the lower heat of combustion of products from Table 3.2. We
consider that the products are methane and carbon particles, with a value of
30.0 kJ g�1 for C. From the amounts of products generated by the various types

(continued)

Fig. 3.8 Variation of the chemical composition of fuels and effects on the higher heat of combus-
tion (ΔHH). As cellulose degrades more easily than lignin, decaying fuels have progressively
higher lignin content and therefore higher values of heat of combustion due to char. However, the
heat of combustion by volatiles is higher when cellulose is higher. Ponderosa pine (Pinus
ponderosa) needles and aspen (Populus tremuloides) foliage show high values of heat of combus-
tion due to volatiles mainly from cellulose and extractives. The lower values of heat of combustion
for both stems and foliage of valley saltbush (Atriplex cuneata) are due to the high percentages of
minerals. (Data from Rothermel 1976)
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of combustion per unit weight of the fuel (emission factors in Table 2.3) we can
calculate the energy in products. By subtraction from the low heat of combus-
tion, we calculate heat yield (Table 3.5).

Besides combustion completeness, fuel moisture is the other critical factor that
influences the heat yield. Reductions in the heat yield due to fuel moisture occur
as energy is used to heat the water from ambient temperature to boiling point,

Table 3.4 Reference values of important characteristics for typical fuel materials in wildland fires
showing ash content (%), the fraction of char from combustion (%), the higher heat of combustion
of the fuel (ΔHH), and its partitioning between energy for volatiles and energy for char (Data from
Susott 1982)

Fuel
type

Ash
content in
fuel (%)

Fraction of char
from combustion
(%)

Higher heat of
combustion of fuel
(kJ g�1)

Energy for
volatiles
(kJ g�1)

Energy for
char
(kJ g�1)

Grasses 6.5–9.5 21.7–24.6 19.4–20.2 12.0–12.2 7.1–8.2

Foliage 1.5–7.1 25.2–34.0 20.6–23.3 10.9–15.8 7.5–10.6

Stems 2.2–6.1 22.3–27.9 20.0–22.4 10.9–15.2 7.2–9.1

Wood 0.2–0.6 15.4–23.7 19.6–21.0 12.6–14.6 5.0–7.6

Rotten
wood

0.2–0.2 21.3–40.6 20.3–23.1 10.4–13.6 6.8–12.6

Bark 0.5–17.7 27.9–46.9 21.5–24.0 7.7–12.8 8.9–14.3

Duff 31.2–34.1 35.5–38.8 20.3–23.3 8.9–11.1 11.4–12.2

Fig. 3.9 Schematic
diagram of the relation
between heat yield, lower
heat of combustion and heat
losses from incomplete
combustion and char, and
from vaporization of water
in fuel moisture
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vaporize the water, and heat the water vapor to the ignition temperature. The effect of
fuel moisture content on the heat yield can be predicted from measurements or
estimates of fuel moisture before or during a fire, unlike combustion completeness.
An additional factor that should be considered when estimating heat yield is the
effect of mineral content. The effect of mineral content on heat yield is commonly
handled by reducing the net fuel load consumed, however it can also be considered
as a reduction in heat generation as shown in Fig. 3.10.

3.6 Implications

Heat is one major product of combustion and is central to understanding how fires
spread and how they impact soils, plants, people, and ecological processes. The
burning characteristics and the heat production associated with different types of fuel
depend upon fuel characteristics. We saw how the mineral content and the fuel
moisture content of the fuel influence heat yield. These two factors are known to be

Table 3.5 Calculations of the heat yield associated with wood combustion

Type of combustion
Complete Flaming Smoldering

Equivalent oxygen to fuel ratio
(EOFR)

1.00 0.93 0.80

Modified combustion effi-
ciency (MCE)

1.00 0.92 0.76

Substances/
compounds

Heat of
combustion

Mass Energy Mass Energy Mass Energy

(kJ g�1) (g kg�1

of fuel)
(kJ g�1

of fuel)
(g kg�1

of fuel)
(kJ g�1

of fuel)
(g kg�1

of fuel)
(kJ g�1

of fuel)

Fuel (ΔHH) 20.1 1000 20.1 1000 20.1 1000 20.1

Water of
reaction

– 559 �1.4 546 �1.4 523 �1.3

Oxygen (O2) – 1379 – 1283 – 1103 –

Low heat of
combustion
(ΔHL)

18.7 18.7 18.8

Carbon dioxide
(CO2)

– 1821 – 1632 – 1283 –

Carbon monox-
ide (CO)

10.6 – – 90 �1.0 257 �2.7

Methane (CH4) 50.1 – – 5 �0.2 15 �0.8

Carbon (C) 32.0 – – 9 �0.3 25 �0.8

Total in
products

0.0 �1.5 �4.3

Heat yield
(ΔHY)

(kJ g�1 of
fuel)

18.7 17.2 14.5
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Fig. 3.10 Heat yield as a function of combustion completeness and (a) percent mineral content and
(b) fractional fuel moisture content. The results from Table 3.5 are at the left side of these graphs
and the effect of mineral content and fuel moisture are shown by the slope of the lines, considering
that minerals do not contribute to heat yield and considering an average value of 3.0 kJ g�1 for the
energy losses due to fuel moisture
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determinant of the possibility of ignition as studied for peat mosses by Frandsen
(1987, 1997) as shown in Fig. 3.11.

Minerals and water are also used by people to extinguish fires. Water is widely
used to cool the fire below the point of ignition, and it can be seen as an artificial
means for increasing fuel moisture so much that the fire slows or stops burning.
Similarly, applying sand, dirt, or mineral soil to mix with fuel can be seen as a way to
increase the mineral content of the fuel with all the subsequent reductions in heat
yield and therefore in fire behavior.

In Chap. 4, we will investigate the amount of heat energy required to ignite fuels,
and in Chap. 5, we will look at the transfer of the heat generated during a fire. Then in
Chap. 7, we will link heat production, the heat of pre-ignition, and heat transfer to
investigate the spread of wildland fires.

3.7 Interactive Spreadsheet: COMBUSTION

We use the interactive spreadsheet, COMBUSTION_v2.0, to illustrate the energy
balance of combustion at the same time that mass calculations are made. Details of
the inputs, intermediate results, and outputs of the system are shown in Fig. 3.12. We
encourage adjusting the inputs to see how the intermediate results and outputs
change. Consider the sensitivity of the outputs to different inputs to the combustion
process, and relate that to the potential for fires to continue burning, and perhaps to
burn with great intensity. The heat of pre-ignition, heat transfer during fires, and fire
spread are each addressed in subsequent chapters in our book. The importance of
fuel moisture in the probability of ignition by various sources is illustrated in the
spreadsheet “MASS_TRANSFER_SPOTTING_v2.0” and in chapter 8.
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Fig. 3.11 Ignition limits established experimentally for peat moss and extended to various organic
soils (Data from Frandsen 1987, 1997)
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Chapter 4
Heat for Pre-ignition and Flames

Learning Outcomes
Upon completion of this chapter, you will be able to

1. Explain the relationship between heat and temperature,
2. Understand how fuel characteristics influence the heat required for

pre-ignition,
3. Describe in your own words how the low heat of combustion and excess air

influence the estimated flame temperature, and
4. Use the interactive spreadsheet, titled COMBUSTION, to explore the

implications of changing inputs for predicted outputs, then interpret those
implications and why they are important.

4.1 Introduction

Before fuels can ignite, they go through a pre-ignition phase that removes water and
other liquid volatile compounds from the fuel through dehydration and distillation
and converts the solid fuel to flammable gases through a process called pyrolysis
(See Chap. 1, Fig. 4.1). These gases are then heated up until combustion occurs. The
temperature at which ignition occurs is called the ignition temperature (See Sect.
1.3). The energy required to dehydrate fuel, convert the solid fuel to flammable
vapors through pyrolysis, and heat the gas mixture up to the ignition temperature is
termed heat of pre-ignition. In this chapter, we investigate the various components
associated with estimating the heat of pre-ignition. Following our discussion of the
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heat of pre-ignition, we calculate the adiabatic flame temperature based upon the low
heat of combustion and heat yield calculations from Chap. 3 and the concepts of heat
capacity that we illustrated in the estimation of the heat of pre-ignition. For fires to
burn, there must be enough heat from ignition and burning of one piece of fuel to
drive off moisture, thermally degrade the solid organic matter in the fuel, and
volatilize the flammable gases. The energy required for raising the temperature of
the fuel from ambient to the ignition temperature is called the heat of pre-ignition. If
less heat is produced than is needed to ignite additional fuel, the fire will go out. Fire
suppression actions often exploit this understanding to know when and where
particular actions will be effective.

4.2 From Heat Supply to Temperature Rise: Specific Heat
Capacity

In Chap. 3 we discussed the heat of combustion with no mention of temperature.
Heat is “energy that is transferred as the result of a temperature difference between a
system and its surrounding” (Atkin and Jones 2005). In contrast, the temperature is
an “intensive property that determines the direction in which heat will flow between
two objects in contact”. The relation between the two is expressed by the heat
capacity, defined as “the ratio of heat supplied to the temperature rise produced”

Fig. 4.1 Diagram showing the heat of pre-ignition required to increase the temperature of the fuel
(with all its components) to release flammable gases. In this chapter, we focus on the colored portion
of this diagram
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(Atkin and Jones 2005). The heat capacity is an extrinsic property since the amount
of heat required to raise the temperature of an object depends upon the size of the
object. Dividing the heat capacity by the mass of the sample heated results in an
estimate of the specific heat capacity. The specific heat capacity can be thought of as
the amount of heat energy that is required to raise a unit mass of a substance by one
degree of temperature.

The units of the International System for heat (or energy) are Joules (J) and for
temperature are degrees Kelvin (K), after the names of two important British
scientists (Fig. 4.2). The unit Joule is the heat required to raise the temperature of
1 g of water by 0.24 K. Alternatively, we can say that we need 4.2 J to raise the
temperature of 1 g of water by 1 �K.

The relation between heat, temperature, and specific heat capacity is:

ΔT ¼ Q
Cp

ð4:1Þ

where ΔT is the temperature difference in degrees K, Q is the heat supplied in Joules
per unit mass (J g�1), and Cp is the specific heat capacity which has units of energy
per unit of temperature per unit mass of the substance (Joules per degree Kelvin per
gram, J K�1 g�1). Using Eq. (4.1) it is possible to estimate the temperature rise of an
object based on its exposure to heat and its heat capacity.

Fig. 4.2 Two pioneering British scientists whose names are now used for the units of energy
(Joule) and temperature (Kelvin) in the International System. (a) James P. Joule (1818–1889)
(Shuster and Shipley 1917) (b) William Thomson, Lord Kelvin (1824–1907) (Dickinson n.d.)
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Estimates of specific heat capacity (Cp) vary among different materials, with
temperature, and for different states of matter (Table 4.1). For example, it takes
between two and four times more energy to raise the temperature of liquid water by
1 �K than it does to raise the temperature of woody fuels. Similarly, the amount of
energy required to raise the temperature of one gram of liquid water by 1 �K requires
about two times more energy than vapor water (Table 4.1). During a phase change,
such as from a liquid to a gas, the heat capacity is technically infinite because the
energy is used to change the state of matter and not increase the temperature. For
these reasons, the temperatures associated with the heating of wildland fuels to the
pilot ignition temperature are divided into temperature ranges and by the state of
matter and assigned an average value of Cp (Table 4.1).

4.3 From Heat Supply to Phase Changes: Latent Heat
of Vaporization

In the pre-ignition process, the total energy required is based on both the fuel’s heat
capacity and the energy associated with phase changes. The amount of energy
absorbed or released during a phase change without changing its temperature is
called the latent heat. The amount of energy associated with changing a solid to a
liquid is termed the latent heat of fusion and the amount of energy associated with

Table 4.1 Reported values of specific heat capacity at constant pressure (Cp) for various materials
involved in wildland fires

Phase Material

Specific heat capacity (Cp) (J K
�1 g�1)

Temperature (K)

300 K 600 K 1200 K

Solid Woody fuels 1.1–2.0

Minerals 0.8–1.0

Humus 1.8–2.0

Soils 1.0–1.8

Liquid at 300 K Water 4.18 2.02 2.43

Isoprene 2.24 2.51 3.51

Gas at 600–1200 K Monoterpenes 1.84

Eucalyptol 1.76

Gas Nitrogen 1.04 1.08 1.20

Oxygen 0.92 1.00 1.12

Carbon dioxide 0.85 1.08 1.28

Carbon monoxide 1.04 1.09 1.22

Dry air 1.01 1.05 1.18

Data from Anderson (1969), Rothermel (1972), Chandler et al. (1983), Jury et al. (1991), Dickinson
and Johnson (2001), Atkin and Jones (2005) and Incropera et al. (2006)
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changing a liquid to a gas is called the latent heat of vaporization (Lv generally
measured in J g�1).

In wildland fuels, the concept of latent heat is especially important due to the
formation of water vapor during combustion, any additional water associated with
fuel moisture, and the distillation of liquid volatile compounds. The temperature at
which a compound changes from a liquid to a solid is called the temperature of
vaporization (or boiling point) (Tv generally expressed in

oC or K). Table 4.2 shows
common values of the temperature of vaporization (Tv) and the latent heat of
vaporization (Lv), and the piloted- and auto-ignition temperatures for water and
three volatile compounds commonly involved in vegetation fires (isoprene, mono-
terpenes, and eucalyptol).

From Table 4.2 it can be seen that the latent heat of vaporization of volatiles is
much lower than that of water. Also, it shows that isoprene vaporizes at relatively
low temperatures, 34 �C, and can ignite readily if given an ignition source, whereas
monoterpenes and eucalyptol require higher temperatures to vaporize, but they have
lower auto-ignition temperatures.

4.4 Evaluating the Heat of Pre-ignition for Wildland Fuels

The total heat required for pre-ignition (Qig) expressed per unit mass of fuel can be
estimated as the sum of two main components:

1. The heat required to increase the temperature of the dry fuel to the ignition
temperature (Qdig) and

2. the heat required to heat liquid water from fuel moisture to water vapor up to the
ignition temperature (Qm).

Table 4.2 Temperatures of vaporization (Tv), latent heat of vaporization (Lv), piloted-ignition
temperature, and the auto-ignition temperatures for water and three volatiles: isoprene, monoter-
pene, and eucalyptol)

Liquid

Temperature
of vaporization
(Tv in �C)

Latent heat
of vaporization
(Lv in J g�1)

Piloted-ignition
temperature (�C)

Auto-ignition
temperature (�C)

Water 100 2257 – –

Isoprene 34 425 �54 427

Monoterpenes 155 263 38 255

Eucalyptol 176 267 269 269

Temperatures are reported in �C as common in many references (Data summarized from NIST
2018, Royal Society of Chemistry 2020, and NCBI n.d.)
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4.4.1 Estimating the Main Components of the Heat
of Pre-ignition

The first component to be considered is the energy required to raise the temperature
of the dry fuel to ignition temperature. This can be calculated as:

Qdig ¼ Cpd Tig � Ta

� � ð4:2Þ

where Qdig is the amount of energy in J required to heat a unit mass of a substance
from its ambient temperature (Ta) to the ignition temperature (Tig), and Cpd is the
specific heat (heat capacity) of the substance (J g�1 K�1).

The second component required to calculate the heat of pre-ignition is the energy
needed to heat the liquid water in the fuel from its ambient temperature to water
vapor at ignition temperature (Qm) and it is expressed per unit mass of fuel. This
component is calculated from three main sub-components: the energy required to
heat liquid water in the fuel up to the boiling point (Qwl), the latent heat of
vaporization (Lv), and the energy needed to raise the temperature of the water
vapor up to the ignition temperature (Qwv). These values are expressed per unit of
mass of water. To express the total energy required to heat the water from its ambient
temperature to water vapor at the ignition temperature per unit mass of dry fuel (Qm),
we multiply the sum of the three components discussed above by fuel moisture
(M) represented as a ratio between liquid water and dry matter in the fuel:

Qm ¼ M Qwl þ Lv þ Qwvð Þ ð4:3Þ

The amount of energy required per unit mass of water to raise the temperature of
the liquid water from the ambient temperature to the boiling point (Qwl) can be
estimated by multiplying the difference between ambient temperature (Ta) and
vaporization temperature (Tv) by the specific heat capacity for liquid water (Cpwl):

Qwl ¼ Cpwl Tv � Tað Þ ð4:4Þ

After the liquid water is converted to a vapor, requiring the latent heat of
vaporization (Lv), additional energy is needed to increase its temperature from
boiling temperature to the temperature of ignition. This is estimated as:

Qwv ¼ Cpwv Tig � Tv

� � ð4:5Þ

where Qwv is the amount of energy per unit mass of water required to raise the
temperature of water vapor from the temperature of vaporization (Tv) to the ignition
temperature (Tig), and Cpwv is the specific heat of water vapor.

Byram (1959) adds another component which is the amount of heat required for
the separation of bound water from the fuel. Bound water is water that is chemically
bonded to cellulose through hydrogen bonds. More energy is required to remove this
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water as fuel moisture decreases (Chandler et al. 1983). This heat of separation of
bound water was approximated to a maximum value of 120 kJ per gram of dry fuel
by Byram (1959), but it is often not considered in Qig calculations as it is a relatively
small amount of energy (Van Wagner 1972).

4.4.2 Combining the Components of the Heat of Pre-ignition
of the Fuel

The amount of heat required to raise dry fuel and the fuel moisture to the ignition
temperature is the heat of pre-ignition (Qig), which can be estimated by summing the
two main components discussed in Sect. 4.4.1:

Qig ¼ Qdig þ Qm ¼ Qdig þM Qwl þ Lv þ Qwvð Þ ð4:6Þ

The calculation of the heat of pre-ignition of wood illustrates the process.
First, we compute the energy required to raise the temperature of dry fuel to
ignition (Qdig). For this example, let us assume that the initial temperature of
the dry wood is 300 K (27 �C) and that the ignition temperature is 600 K
(327 �C). Using Table 4.1 we can consider the specific heat capacity of dry
wood as 1.30 J K�1 g�1. Substituting these values into Eq. (4.2), we see that it
takes 390 J of energy to raise 1 g of dry wood to the ignition temperature
(Eq. 4.7):

Qdig ¼ 1:30 600� 300ð Þ ¼ 390 J g�1 ð4:7Þ

Next, we can calculate the amount of energy it takes to raise the temperature
of one gram of water from initial (or ambient) fuel temperature to the boiling
point (Qwl). With an ambient temperature of 293.15 K (20 �C), the boiling
temperature of 373.15 K (100 �C), and the specific heat for liquid water of
4.20 J K�1 g�1 (Table 4.1) we have:

Qwl ¼ 4:20ð Þ � 373:15� 293:15ð Þ ¼ 336 J g�1 ð4:8Þ

Once the liquid water is heated up to the boiling point, we calculate the
energy required to convert it from a liquid to a vapor. Assuming standard
atmospheric pressure, the amount of energy required to convert 1 g of liquid
water to vapor water is 2257 J g�1. We treat Lv as a constant.

Using a specific heat for water vapor Cpwv of 1.92 J K
�1 g�1, a temperature

of ignition (Tig) of 593.15 K and a boiling temperature (Tv) of 373.15 K, the

(continued)
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energy needed to raise the temperature of water vapor to ignition temperature
is:

Qwv ¼ 1:92ð Þ � 593:15� 373:15ð Þ ¼ 422 J g�1 ð4:9Þ

By combining the values obtained using Eqs. (4.5) and (4.7) and assuming
a latent heat of vaporization of 2257 J g�1 we calculate that 2986 J of energy is
required to heat 1 g of water from an initial temperature of 300 K to an ignition
temperature of 593.15 K. Assuming 100% fuel moisture content (M ¼ 1), we
get:

(continued)

Fig. 4.3 Comparison of heating curves for dry fuel (as wood) and water (fuel moisture), with heat
supplied per unit mass (J g�1) and the resulting temperature increase (�C). These values represent
heat supplied per unit mass of dry fuel (red line) and per unit mass of water (blue line), indepen-
dently. The heat required to raise 1 g of liquid water to water vapor at ignition temperature is greater
than that required to raise 1 g of dry fuel to ignition temperature
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Qm ¼ 1 336þ 2257þ 422ð Þ ¼ 3015 J g�1 ð4:10Þ

With these results, we represent the relationship between heat supplied per
unit mass of water in fuel moisture and the heat supplied per unit mass of dry
fuel, and the corresponding temperature rise is shown in Fig. 4.3.

Using the boiling, ignition and ambient temperatures and specific heat
capacities, and the heat of vaporization for water from the example above,
we can approximate the heat of pre-ignition for wood as:

Qig ¼ 390 J g�1 þ Mð Þ 3015 J g�1 ð4:11Þ

Some fuel types may require considering additional components when estimating
the heat of pre-ignition. For fuels that have a large proportion of liquid volatile
compounds, the heat of pre-ignition can include an additional adjustment for the
energy required to heat these compounds from ambient to ignition temperature. The
inclusion of liquid volatile compounds would include three parts: (1) the energy
required to heat the compound from ambient temperature to its heat of vaporization,
(2) the latent heat of vaporization for the compound and, (3) the energy required to
heat the compound in gas up to ignition temperature. This addition would mirror the
calculations presented for fuel moisture in Sect. 4.5. The effect of a common liquid
volatile compound (eucalyptol) on the heat of pre-ignition for a typical fuel with
10% volatiles and a fuel moisture content of 30% is shown in Fig. 4.4. Fuel moisture
has the largest effect on the heat of pre-ignition followed by the dry fuel and finally
the liquid volatile compounds.

The presented heat of pre-ignition calculations assume all heating during
pre-ignition occurs in the solid phase. In other words, it is considered that the heat
energy required to dehydrate and bring the fuel and water vapor to ignition temper-
ature is sufficient for assessing fire behavior.

4.5 Flame Temperatures

In Sects. 4.2 through 4.4, we assessed how much energy is required to raise fuel
temperature from ambient to ignition temperature, represented in the grey boxes in
Fig. 4.5. Following ignition, the energy produced by combustion increases the
temperature of combustion products, including water vapor, nitrogen, and excess
air, leading to an overall increase in flame temperature, as shown in yellow boxes in
Fig. 4.5.

The adiabatic flame temperature is the theoretical maximum temperature of the
flaming gases produced during combustion. This theoretical value is estimated by
assuming that there are no heat losses due to radiation from the flame. In other words,
all the energy produced during combustion is used to heat the products. Therefore,
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the adiabatic flame temperature is never attained in the real world because flames
emit radiation to their surroundings.

To estimate adiabatic flame temperature, we first compute the amount of energy
required to increase the temperature of the products based on their mass (Gi) and
specific heat capacity (Cpi):

Sum of heat capacities for the products ¼
Xn

i¼1
GiCpi

� � ð4:12Þ

where Gi is the mass of gas i involved per unit mass of fuel (dimensionless), and Cpi

is the specific heat of gas i (J g�1 K�1). The products include all gases involved in the
combustion process, including any excess oxygen, nitrogen in the air, water vapor,
carbon dioxide, and carbon monoxide. We then estimate the increase in temperature
by dividing the amount of energy generated during combustion by the sum of the

Fig. 4.4 The heat supplied per unit mass of dry fuel (Qig in J g�1) accumulated for all fuel
components as a function of temperature (�C). The example illustrates heating from an initial
temperature of Ta¼ 27 �C (300 K) to the ignition temperature of Tig¼ 320 �C (close to 600 K). The
example uses an extractive content (mass of extractives per mass of dry fuel) of 0.1 and a 0.3
moisture content (M). The extractive considered here is eucalyptol with boiling temperature
Tv ¼ 176 �C, latent heat of vaporization Lv ¼ 276 J g�1, and heat capacities (Cp) of
1.8 J g�1 K�1 and 1.2 J g�1 K�1 for the liquid and gas phases, respectively. All values follow
Tables 4.1 and 4.2
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product’s heat capacities (Eq. 4.13). The maximum heat potentially generated during
combustion is commonly estimated using the low heat of combustion (ΔHL). To
increase the temperature of the gases in the flame, we calculate:

ΔT ¼ ΔHLPn
i¼1 G1Cpi

� � ð4:13Þ

where ΔHL is the low heat of combustion in J g�1, CPi is the specific heat of gas i
(J g�1 K�1), and ΔT is the temperature increase of gases (oC or K). The final
adiabatic flame temperature is then estimated by adding the increase in temperature
(ΔT ) to the initial ambient temperature (Ta):

Adiabatic flame temperature ¼ Ta þ ΔT ð4:14Þ

For example, we can calculate the adiabatic flame temperature for the
complete combustion of methane in oxygen using Eq. (4.14) and the stoichio-
metric chemical equation (Eq. 4.15) and it’s equivalent in terms of mass and
energy per unit mass (grams) of fuel (Eq. 4.16):

(continued)

Fig. 4.5 The energy components mentioned in the text. The heat of pre-ignition of fuels is the
energy absorbed by dry fuel, fuel moisture, and volatiles to reach ignition temperature. Heat for
flames is the energy absorbed by air, gases of volatile compounds, water vapor, and combustion
products to reach flame temperature. Radiation “losses” are also represented; this is heat radiated
into space
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CH4 þ 2O2 ! CO2 þ 2H2Oþ 802 kJ mol�1 ð4:15Þ
1gCH4 þ 4gO2 ! 2:75gCO2 þ 2:25gH2Oþ 50:1 kJ ð4:16Þ

From Table 2.5, we know that the ratio of the mass of the proportions of
nitrogen in air (75.52%) to oxygen (23.14%) is 3.26. Therefore, each gram of
oxygen combustion in dry air involves 13.04 g of nitrogen that must be
accounted for:

1gCH4 þ 4gO2 ! 2:75g CO2 þ 2:25g H2Oþ 13:04g N2 þ 50:1 kJ ð4:17Þ

Using specific heats for a temperature of 1200 K from Table 4.1, we can
estimate the amount of energy required to increase the temperature of the
gases:

X
i
GiCpi

� � ¼ 2:75� 1:28ð Þ þ 2:25� 2:43ð Þ þ 13:04� 1:2ð Þ
¼ 24:6 Jg�1K�1 ð4:18Þ

Thus, for the complete combustion of 1 g of methane in the air, it will take
approximately 24.6 J of energy to raise the temperature of the products by
1 degree K.

Assuming a low heat of combustion of 50.1 kJ per gram of methane
(Table 3.2) and an initial temperature of 298 K (25 �C) the adiabatic flame
temperature for methane is estimated as:

Tad ¼ 298Kþ 50100 J g�1Þ
24:6 J g�1K�1

� �
¼ 2335K ð4:19Þ

When wildland fuels burn, estimating flame temperature is far more complex than
we assumed using Eq. (4.14). The temperature of a flame generally varies across its
width and height, attaining maximum values near its base and decreasing with height
(Wotton et al. 2012). The flame flow is turbulent in wildland fires, so the tempera-
tures at any given point in the flame, especially near the edges, will fluctuate widely.
Thus, measurements of flame temperature will record large fluctuations in time with
averages of approximately 800–1000 �C (Quintiere 1997). The theoretical higher
and lower limits of these fluctuations are the adiabatic flame temperature and the
ambient air temperature. In addition, in Eq. (4.13) we used the low heat of combus-
tion, which, as shown in Chap. 3, Sect. 3.4, is typically much greater than the actual
heat yield during a fire. In the example calculation of adiabatic flame temperature in
Sect. 4.5, we assumed that the combustion reaction occurred in pure oxygen. The
adiabatic flame temperature for a given fuel will always be greater when combustion
occurs in pure oxygen than when combustion occurs in the air because some portion
of the low heat of combustion is used to raise the temperature of the nitrogen in the
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air. Furthermore, the air entrained into the flame can be up to two times greater than
what is required in the stoichiometric combustion reaction (Steward 1964; Van
Wagner 1974; Nelson 1980), which would result in further reductions in flame
temperature. We can account for the effect of excess air on flame temperature by
introducing an entrainment factor ranging from zero (no excess air entrainment) to
2 (excess entrainment twice the value of the stoichiometric amount).

4.6 Implications

For fires to be sustained, there must be enough heat from one burning piece of fuel to
ignite the next piece of fuel. Thus, this is a balance between the heat available and the
heat needed to heat the next piece of fuel enough to drive off moisture, thermally
degrade the solid organic matter in the fuel, and volatilize the flammable gases. This
process, therefore, takes energy. The energy required for raising the temperature of
the fuel from ambient to the ignition temperature is called the heat of pre-ignition. If
there is less heat produced than is needed to ignite additional fuel, the fire will go out.
Based on dead fuel moisture content, both prescribed burning and fire suppression
actions exploit this understanding to know when and where particular strategic
actions will be effective, and perhaps where no action is needed to contain fires.

Estimations of flame temperature are useful to understand the processes involved
even if flame temperatures vary more within a flame than they do between flames. In
the next chapter, we use this knowledge in the context of heat transfer from fires.
Heat transfer from flaming and smoldering combustion is critical to connecting fire
behavior to fire effects, though geometry, the variables controlling the flow of air and
heat, and material properties also influence flame temperatures and how heating from
flaming and smoldering combustion affects people and ecosystems.

In this chapter, we also saw how heat capacity and latent heat are used to calculate
the adiabatic flame temperature. The flame temperatures and emissivity are critical
for estimating heat fluxes and the effects of fire on the plants and animals and fire
safety (Chaps. 9 and 10). The relative importance of fuel composition, fuel moisture,
and completeness of combustion to flame temperature can be explored using the
interactive spreadsheet included in this chapter.

4.7 Interactive Spreadsheet: COMBUSTION

Please use the interactive spreadsheet, COMBUSTION_V2.0, to explore the effects
of fuel composition, fuel moisture, completeness of combustion, excess air, and
other factors on the heat of pre-ignition and flame temperature. With the graphical
output, you can readily visualize how outputs change with different input conditions.
By evaluating how much outputs change in response to small changes in the inputs,
you can evaluate how sensitive the estimates could be to environmental conditions,
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errors in measurement (e.g., of fuel moisture) or assumptions. Details of the inputs,
intermediate results, and outputs of the system are shown in Fig. 4.6. We encourage
adjusting the inputs to see how the intermediate results and outputs change. Consider
the sensitivity of the outputs to different inputs to the combustion process and relate
that to the potential for fires to continue burning and perhaps to burn with great
intensity. Heat transfer during fires and fire spread are each addressed in subsequent
chapters in our book.
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Chapter 5
Heat Transfer

5.1 Introduction

When plants photosynthesize, they make chemical bonds to form organic com-
pounds. In vegetation fires, a large amount of heat is released as the chemical
bonds in organic compounds are broken, as shown in the previous chapters. In this
chapter, you will learn about how the heat generated during a wildfire is transferred
to soil, fuel, atmosphere, and space (Fig. 5.1). The implications of heat transfer
presented in this chapter will be developed further in our discussion of fire behavior
and effects on plants, soils, and animals in Chaps. 7, 8, and 9.

The understanding of the modes of heat transfer has many applications. Consider,
for example, the case when a woodland savanna burns. We know that heat from fires

Learning Outcomes
After reading this chapter and using the interactive spreadsheet, we expect that
you will be able to

1. Explain the four different modes of heat transfer, including how they differ
and when each is dominant,

2. Describe in your own words the processes of heat transfer in vegetation
fires, and

3. Use the interactive spreadsheet to explore the relative importance of the key
factors influencing heat transfer from fires, and then discuss the implica-
tions of your findings.
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can kill above-ground living tissue in vegetation, butwe also know that bark can provide
insulation protection. Thus, while small trees, grasses, and shrubs are often top-killed,
larger trees often survive when the surface fuels burn.With their big, scattered trees in a
sea of grasses, Savannas support many plants and animals that are well adapted to
frequent fires, but how do they survive if those surface fires burn with very high
intensity? When fires burned in Australian forests, how did the heat from fires transfer
to where it affected animals such as koalas (Fig. 5.2)? Think about these applications as
you learn about heat transfer, for these processes are key to the effects of fires.

5.2 Modes of Heat Transfer

All important processes occurring in fires, from molecular kinetics to large scale fire
behavior and fire effects, are associated with the transfer of energy due to temper-
ature differences. For sustained combustion to occur, the heat energy generated
(Chap. 3) and transferred to unburned fuel must be sufficiently large to heat the
fuel to ignition temperature (Chap. 4). Similarly, understanding the transfer of heat
energy from the combustion zone to the soil, plants, and the atmosphere is critical to
estimate many important fire effects (Chaps. 9 and 10). In this chapter, we focus on
understanding the various modes of heat transfer, which is defined as “thermal
energy in transit due to a spatial temperature difference” (Incropera et al. 2007).

Fig. 5.1 When a fire is burning, the heat produced is transferred through convection, radiation,
conduction, and mass transport. Some heat goes into the soil, some into the fuel, and some into
atmosphere and space. How much heat goes where has implications for both the effects of and
management of fires
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There are four modes of heat transfer. In addition to radiation, conduction, and
convection, the mass transport of solid hot particles, called firebrands, also occurs.
Firebrand transport occurs when winds carry solid burning material meters or
kilometers ahead of the fire front. This phenomenon is often called spotting and
can play an important role in fire spread (See Chap. 7) and is associated with extreme
fire behavior (See Chap. 8).

One way to visualize heat transfer is to envision the interactions between a hot
and cool molecule (Fig. 5.3). Radiation occurs when energy is transferred from the
hot molecule to the cool molecule through space by electromagnetic waves. Con-
duction occurs when energy is transferred through collisions between neighboring
molecules or atoms. Convection is the transport of energy due to the bulk movement
of molecules within a fluid by the movement of the energized molecule, and solid
mass transport occurs when solid particles are transported through space (Fig. 5.3).

The four modes of heat transfer can also be understood by visualizing a spreading
fire (Fig. 5.4). Radiation is the heat energy you feel when standing several meters
away from a fire. Radiation in a wildfire occurs mostly in the form of infrared waves
and visible light and spreads out in all directions. As you get closer to the fire, the
amount of heat you feel increases. Convection is the hot air that is transported away
from the flames due to buoyancy. Convective transport is most obvious when you
see smoke being lifted up and away from the fire. However, convective heat transfer

Fig. 5.2 A koala bear seeking protection in a tree during 2020 Australian bushfires. Heat may be
transferred from the fire to koalas by radiation from flames, by mass transport of firebrands, by
convection with hot gases, and by direct consumption of tree leaves and bark, all contributing to
temperatures that burn the animal skin. Similar processes govern the safety of fire personnel and
buildings (see Chap. 10), or trees (see Chap. 9). (Photograph by Andrea Izzotti)

5.2 Modes of Heat Transfer 81

https://www.alamy.com/search/imageresults.aspx?pseudoid=%7b30B5CFDF-2DA5-4638-8A50-04B1DFCA0C31%7d&name=Andrea%2bIzzotti&st=11&mode=0&comp=1


also commonly occurs near the base of the flame where buoyancy induced vorticity
and instabilities can significantly increase local heat transfer rates (see Chap. 7 for
further discussion). Solid mass transport, or spotting, is often dependent upon
convective flows that carry the burning material away from the flames. Convection,

Fig. 5.3 Representation of heat transfer modes from the source molecule (orange) to the receiver
molecule (blue) by radiation with the transport of energy by electromagnetic waves, conduction
with energy transfer between adjacent molecules, convection where there is a movement of the
energized molecule, and solid mass transport where the source molecule moves

Fig. 5.4 A simplified view of the main heat transfer modes involved in different parts of a
spreading fire

82 5 Heat Transfer



radiation, and solid mass transport are the dominant heat transfer modes associated
with fire spread. Because gases such as air and wildland fuel beds are poor conduc-
tors, we often ignore the role of conductive heat transfer in fire spread. However,
conduction is critical for understanding many fire effects such as heat transfer
through the soil or cambium heating through a tree bole.

Heat transfer rate can be measured as the amount of energy transferred per unit
time (e.g., Watts or Joules per second, Eq. (5.1)), or as heat flux which is the energy
transferred per unit of time and unit area of the corresponding surface (e.g., Watts per
square meter, Eq. (5.2)). The unit of heat transfer, Watt, is named in recognition of
the work of James Watt (Fig. 5.5). Thus,

Heat transfer rate Wattsð Þ ¼ Energy Joulesð Þ=Time secondsð Þ ð5:1Þ
Heat flux Watts per square meterð Þ ¼
Energy Joulesð Þ=Time secondsð Þ=Area square metersð Þ ð5:2Þ

5.3 Radiation

All objects with a temperature above absolute zero emit energy via electromagnetic
radiation because of vibrational and rotational movement of their molecules and
atoms (Fig. 5.3). Unlike conduction and convection, heat transfer by thermal radi-
ation does not necessarily need a material medium for energy transfer. Radiative heat
transfer can pass through a vacuum such as in outer space, a liquid, or a gas such as
air. The transmission of radiative energy through a vacuum is more efficient than
through gases and liquids because the latter contain atoms and molecules which can

Fig. 5.5 James Watt,
British mathematician and
engineer (1736–1819)
(Partridge 1806)
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absorb, or reflect, radiative energy. However, the ability of an object to absorb or
reflect radiative energy depends on the wavelength emitted, the temperature, and
emissivity.

The electromagnetic spectrum includes various types of radiation, including short
wavelengths (Gamma rays) to long wavelengths (microwave). The range called
“thermal radiation“includes wavelengths between approximately 0.1 and 100 μm,
including all the infrared, visible, and some of the ultraviolet portion of the electro-
magnetic spectrum. The power emitted by an object is directly proportional to its
frequency (ν) and inversely proportional to wavelength (λ). The energy associated
with radiation increases as the wavelength decreases (Fig. 5.6).

The spectral emittance, the energy emitted per unit wavelength interval, of an
ideal “blackbody” as a function of temperature and wavelength can be calculated
using Eq. (5.3). A “blackbody” is an idealized object that absorbs all radiation that it
receives and emits radiation at a consistent frequency that depends only on its
temperature:

u λ,Tð Þ ¼ 2πhpc
2λ�5 exp

hp � c
kB � T � λ

� �
� 1

� ��1

ð5:3Þ

where u (λ, T) is the spectral radiant emittance (W m�2 μm�1), λ is the wavelength
(μm), T is the absolute temperature (K), hP is Planck’s constant (6.626 � 10�34 J s),
kB is Boltzmann constant (1.381 � 10�23 J K�1), and c is the speed of light
(3.00 � 108 m s�1). This relationship between emittance and wavelength for

Fig. 5.6 The electromagnetic spectrum with the range of wavelengths including thermal radiation.
(Data from Lillesand and Kiefer 1979)
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different temperatures is illustrated in Fig. 5.7 using wavelength in microns
(1 μm ¼ 10�6 m).

The area under a spectral radiant emittance curve provides an estimate of the total
radiative power (Pb) of a blackbody. The power radiated from a “blackbody” can be
estimated using the Stefan-Boltzmann law (Eq. 5.4), which states that the total
radiative power emitted by a “blackbody” per unit surface area for all wavelengths
is directly proportional to the fourth power of the object’s temperature:

Pb ¼ σSBT
4 ð5:4Þ

where Pb is the total radiative power (kW m�2), σSB is the Stefan-Boltzmann
constant (5.67 � 10�11 kW m�2 K�4), and T is the absolute temperature of the
emitting blackbody (K).

Recall that “blackbody” objects represent an ideal emitter in that for a given
temperature no real object emits more radiation than a “blackbody”. To account for
differences in radiative power between a “blackbody” and real-world objects, we can
include an additional term into Eq. (5.4) called the emissivity (ε). Objects which
deviate from the “blackbody” assumption are commonly referred to as “grey body”

Fig. 5.7 Spectral radiant emittance, or the energy emitted by an ideal “blackbody“per unit
wavelength interval (μm) within the thermal radiation range (wavelength between 0.1 and
100 μm) as a function of absolute temperature and wavelength. Note the logarithmic nature of the
two axes, allowing for a representation from the temperature of the Sun to the temperature of Earth
through values typical of wildland fires
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objects. The emissivity is the ratio of actual radiation emitted to the maximum
radiation emitted by a “blackbody”. Total radiative power for a “grey body” (Pg)
object can be estimated with Eq. (5.5). The differences in radiative power for various
emissivities across a range of temperatures is shown in Fig. 5.8:

Pg ¼ εσSBT
4 ð5:5Þ

Due to the heterogeneous and turbulent nature of flames, it can be difficult to
estimate the flame temperature (see Chap. 4) and emissivity for real-world fires. The
radiation emitted from vegetation fires is due to hot gases (e.g., carbon dioxide,
carbon monoxide, and water) and soot particles present in flames. The intensity of
flame radiation depends on both the composition of the flames and the temperature.
Flames that have greater amounts of soot tend to have higher emissivities but lower
temperatures than flames with less soot. For example, flames with a significant
amount of soot might have a mean temperature of 1200 K and an emissivity value
of 1.0, resulting in a radiative power of 117 kW m�2. In contrast, flames with little
soot might have a mean temperature of 1400 K with an emissivity of 0.50, resulting
in a radiative power of 109 kW m�2. Experimental measurements of flame emissiv-
ity range from 0.25 to 0.94. For most wildland fire applications, an emissivity value
ranging from 0.9 to 1 is assumed.

In Eq. (5.5) we estimated the total radiative power emitted per square meter of an
object such as a flame given its temperature. However, many wildland fire applica-
tions in fire behavior and effects are concerned about the exchange or transfer of that
heat energy between the flame and some other object. A common method for
estimating the exchange of radiative energy between two objects is to include the
concept of a view factor (sometimes called a shape factor) in Eq. (5.5). The view
factor (Fab) is the proportion of the radiative power that leaves object a and is

Fig. 5.8 Radiative power of
an object with emissivity
from 1 to 0.1 across a range
of temperatures
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intercepted by object b. The radiative heat flux (qrad in kWm�2) received at surface b
from surface a can be estimated as:

qrad ¼ FabPg ¼ FabεσSB T4 ð5:6Þ

View factors are purely a function of the geometry associated with objects a and
b. When calculating a view factor, it is common to assume that radiation is emitted in
all directions and that the medium between the two objects or surfaces is neutral (i.e.,
the medium does not absorb, emit or scatter the radiation). The equations to estimate
the view factor for several simplified 2- and 3-dimensional scenarios can be found in
heat transfer textbooks such as Incropera et al. (2007).

For example, let’s use Eq. (5.6) to estimate the radiative heat flux between
two surfaces and estimate the total radiative heat flux (qrad) transported from a
flame of length (L) with a flame angle of 45� (A), an emissivity of 0.9, and a
temperature of 1000 K to the unburned fuel ahead of the flame (b). Figure 5.9
provides a visual representation of this example.

The view factor for the scenario identified in Fig. 5.9 can be estimated using
the equation for a long symmetrical wedge:

Fab ¼ 1� sin
A
2

ð5:7Þ

Substituting all parameters into Eqs. (5.6) and (5.7) and solving for the
radiative heat flux, we see that 31.6 kW per square meter are transferred from
the flame to the unburned fuel ahead of the fire:

qrad ¼ FabPg ¼ FabεσSBT
4 ¼ 0:62� 0:9� 5:67� 10�11 � 10004

¼ 31:6 kW m�2 ð5:8Þ

Fig. 5.9 Visual
representation of a flame and
the unburned fuel ahead
showing flame length (L )
and the flame angle (A)
between the two surfaces
a and b
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Another important application of heat transfer by radiation is in determining
safety distances for fire personnel and others. This can be based on the geometry,
emissivity, temperature of the flames, and the thresholds for skin injury. See
Chap. 10.

5.4 Conduction

Conduction is thermal energy transfer that occurs through collisions between parti-
cles and the movement of electrons. Although conduction can occur in all phases of
matter (i.e., solid, liquid, and gas), it is most commonly associated with heat transfer
within a solid object or between two solid objects that are in contact with each other.
Conduction is a primary mode of heat transfer during the pre-ignition phase of large
solid fuels and in determining fire effects on trees via injury to the vascular cambium,
and roots (see Sect. 9.3) and soil heating that can affect soil organisms and nutrients
such as nitrogen (See Sect. 9.6). Conductive heat transfer can also be an important
component of large log combustion and fire spread in densely packed fuelbeds such
as those that result from mastication when trees, shrubs, and other fuels are chipped
or mulched (See Chap. 11).

A theory of conductive heat transfer was first proposed in 1807 by the French
scientist Joseph Fourier (Fig. 5.10). Fourier’s law indicates that, under steady-state
conditions, the rate of heat transfer through a material is directly proportional to the
temperature difference and inversely proportional to the distance traveled
(Fig. 5.11).

Fig. 5.10 The French
mathematician and physicist
Jean-Baptiste Joseph
Fourier (1768–1830) (Boilly
n.d.)
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This relationship can be represented in two equivalent forms: an integral form and
a differential form. The one-dimensional forms of these two equations are shown
below:

qcond ¼ �k
∂T
∂x

ð5:9Þ

qcond ¼ �k
ΔT
Δx

ð5:10Þ

where qcond is the heat flux between the two surfaces (Wm�2),ΔT is the temperature
difference between the two surfaces (K), Δx is the distance between the ends (m),
and k is the thermal conductivity of the material (W m�1 K�1). For steady-state
one-dimensional conduction, the heat transfer through a given material depends only
on the temperature gradient, the distance between the surfaces, and the material’s
thermal conductivity. The minus sign in the equation indicates that the heat flow is in
the opposite direction to the temperature gradient (ΔT/Δx).

For non-steady-state conductive heat transfer conditions, i.e., when the temper-
ature at the boundary of the object changes, as in most situations in wildland fires, we
may want to account for the variations in temperature with time. To account for these
fluctuations, we need to incorporate not just the rate at which temperatures are
changing but also the object’s thermal diffusivity. Thermal diffusivity is a measure
of a material’s ability to conduct energy relative to its ability to store energy.
Materials with higher thermal diffusivity transfer energy more rapidly and reach
steady-state conduction faster than those with low thermal diffusivity. Metals and
gases often have high conductivity and diffusivity coefficients, while bark, wood,
and dry soils have low values (Table 5.1). Thermal diffusivity (α) can be estimated

Fig. 5.11 One-dimensional
steady-state heat transfer by
conduction between two
surfaces at different
temperatures. The negative
slope �ΔT/Δx is equal to
q/k where q is the heat flux
and k the thermal
conductivity of the material.
For any given heat flux
lower conductivities result
in higher temperature
differences
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(Eq. 5.11) by dividing the thermal conductivity of a material (k) by the product of the
material density (⍴) and its specific heat capacity (Cp):

α ¼ 1000k
ρCp

ð5:11Þ

where α is thermal diffusivity (mm2 s�1), k is thermal conductivity (W m�1 K�1), ρ
is the density of the material (kg m�3), and Cp is the heat capacity per unit mass of
the material (kJ kg�1 K�1).

The differential form of Eq. (5.9) for non-steady-state conduction is (Eq. 5.12):

∂T
∂t

¼ α
∂2T
∂x2

ð5:12Þ

Table 5.1 Typical values of thermally relevant characteristics of some materials, including those
related to wildland fires (Data from Geiger 1980; Incropera et al. 2007; Jury et al. 1991; Martin
1963)

Types of materials Materials
Density
kg m�3

Heat capacity
kJ kg�1 K�1

Conductivity
W m�1 K�1

Diffusivity
mm2 s�1

Gases Carbon dioxide 1.77 0.85 0.017 11

Air 300 K 1.16 1.01 0.026 23

1000 K 0.35 1.14 0.067 168

Hydrogen 0.08 14.31 0.183 158

Liquids Engine oil 884 1.91 0.15 0.09

Water 1000 4.18 0.61 0.15

Mercury 13,529 0.14 8.54 4.53

Solids Wood Yellow Pine 640 2.81 0.15 0.08

Fir 418 2.72 0.13 0.10

Oak 545 2.39 0.17 0.13

Bark Cork 225 1.70 0.04 0.10

Others 300 1.70 0.06 0.12

Soils Peat Dry 700 1.20 0.10 0.12

Wet 1000 3.20 0.40 0.13

Sand Dry 1500 0.80 0.20 0.17

Wet 2000 1.20 1.20 0.50

Clay Dry 1600 0.70 0.20 0.18

Wet 2100 1.00 1.20 0.57

Metals Iron 7870 0.45 80 23

Aluminum 2702 0.90 237 97

Copper 8933 0.39 401 117

Gold 19,300 0.13 317 127

Silver 10,500 0.24 429 174

90 5 Heat Transfer



where α is the thermal diffusivity of the material, δT/δt is the instantaneous rate of
temperature change, and δ2T/δx2 is the second derivative of temperature change
along the x gradient.

Assuming that the surface temperature of a solid infinite slab is equivalent to the
flame temperature, Eq. (5.12) can be solved using a Laplace transformation as used
by Spalt and Reifsnyder (1962) and used by many authors, including Peterson and
Ryan (1986):

Tx � Tb

Ti � Tb
¼ erf

x
2

ffiffiffiffiffi
αt

p
� �

ð5:13Þ

where Tx is the temperature at a distance x from the surface, Tb is the average
temperature on the outside of the bark, Ta is the ambient temperature, t is the time of
exposure to temperature Tf, α is thermal diffusivity, and erf is the Gauss error
function.

Several authors have used Eq. (5.10) to investigate tree mortality due to cambium
heating during a fire (Dickinson and Johnson 2001) by rearranging Eq. (5.10) to
solve for the residence time (tR) of bark heating required to heat the cambium to a
critical temperature (Tx) given the bark thickness (x) and thermal diffusivity (α).
They all concluded, as did Hare (1965), that the duration of a heat pulse required to
kill the cambium of a tree is directly proportional to bark thickness squared.

For example, using Eq. (5.13) we can estimate the residence time required
to kill the cambium of a tree with a bark thickness of 1.5 cm. Assume an
ambient temperature of 30 �C (Ti), an outside bark temperature of 500 �C (Tb),
a lethal temperature of 60 �C for vascular cambium (Tx), and a thermal
diffusivity (α) of 1.35 � 10�7 m2 s�1 for bark. The first step is to substitute
the temperatures into the left-hand side of equation:

Tx � Tb

Ti � Tb
¼ 60� 500

30� 500
¼ 0:936 ð5:14Þ

Using an inverse error function table and substituting this value into
Eq. (5.13), we get:

1:31 ¼ x
2

ffiffiffiffiffi
αt

p
� �

ð5:15Þ

Rearranging Eq. (5.15) to solve for t (s) and x (mm) results in:

t ¼ 1:08� x2 ð5:16Þ
where t is the critical residence time (s) required to heat the vascular

cambium up to a critical temperature of 60 �C given a bark thickness of x in

(continued)

5.4 Conduction 91



millimeters. Assuming a bark thickness of 15 mm the critical residence time
would be 243 s. This implies that cambium mortality is unlikely for trees of
this bark thickness, unless downed dead woody fuels or dense duff and litter
layers, which take longer to burn, are in close proximity to the tree.

Several authors from Australia (Gill and Ashton 1968; Vines 1968) and North
America (Hare 1965) studied the relationships between bark thickness and cambium
temperature and found that the cambium temperature data compared fairly well with
this simple model (Dickinson and Johnson 2001). However, it is important to
recognize that the temperature on the outside of the bark varies as a function of
height and around the circumference of a tree bole and through time, and that bark
thickness varies along the height of the bole. Cambial heating and tree mortality are
discussed further in Chap. 9.

Alternatively, one-dimensional non-steady-state conduction heat transfer prob-
lems, for simple geometries, can be approximated by solving Eq. (5.12) using finite
difference methods (Rego and Rigolot 1990; Dickinson and Johnson 2004; Mercer
and Weber 2007). In this approach, the object of interest, such as soil, is partitioned
into a uniform grid, and the derivatives are replaced by finite differences between
neighboring points. This approach has been particularly useful in modeling the
thermal regime of soils (Jury et al. 1991). The finite-difference equation can be
expressed through its discrete equivalent:

T x, t þ Δtð Þ ¼ α T x� Δx, tð Þ þ 1� 2 αð Þ T x, tð Þ þ α T xþ Δx, tð Þ ð5:17Þ

where T(x,t) is the temperature at distance x at time t, Δt and Δx are the increments
in time and space, and α is the coefficient for thermal diffusivity. If the distance step
(Δx) is 1 mm, and the time step (Δt) is 1 s, it is useful to express diffusivity (α) in
mm2 s�1 which is equivalent to 10�6 m2 s�1. It can be seen by the equation that for
very small diffusivities (α close to zero), the temperature remains practically
unchanged. Simulations of heat transfer at different depths from a surface with a
given diffusivity can be made with the spreadsheet presented at the end of the
chapter.

5.5 Convection and Solid Mass Transport

Convective heat transfer can play an important role in determining fire spread and
fire effects on plants and people. Convection is the transport of energy due to the
bulk movement of molecules of a fluid (i.e., gases and liquids). The term convection
is used to describe the combined heat transport due to diffusion, the movement of
particles due to a concentration gradient, and advection, the bulk movement of the
flow. In wildland fires, this bulk movement includes not just gases and liquids, but
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also solid particles. When these particles are burning, their transportation can be an
important mechanism driving fire propagation. In general, there are two types of
convection, natural and forced convection. If the fluid movement is artificially
imposed by something like a pump or fan, it is called forced convection. If, as
typically in wildland fires, the flow is due to buoyancy forces, it is called free, or
natural, convection.

The convective heat flux (qconv) transferred between an object with a given
surface temperature (Tf) and the surrounding fluid at temperature (Ta) is dependent
upon the temperature difference and a heat transfer coefficient (h) (Eq. 5.18):

qconv ¼ h T f � Ta

	 
 ð5:18Þ

where h is a convection heat transfer coefficient (W m�2 K�1). The convection heat
transfer coefficient depends upon a number of factors including the type of fluid,
flow properties, the geometry of the surface, and the temperature differences. The
heat transfer coefficient increases as a function of the flow velocity and is greater
during turbulent than laminar flow. There are numerous correlations that can be used
to estimate the convective heat transfer coefficient for various cases including natural
and forced convection for a range specific geometry and flow conditions. The heat
transfer coefficient for air during natural convection across a range of conditions
varies from 5 to 25 W m�2 K�1 (Incropera et al. 2007). The convective heat transfer
flux during a fire can be estimated experimentally by subtracting estimates of the
radiative heat flux from total heat flux which can be measured using a variety of
sensors. Further discussion on the role of convective heat transfer and solid mass
transport in determining fire spread, crown fire ignition, and fire effects on plants and
people can be found in Chaps. 7, 8, 9, and 10.

5.6 Implications

The heat from fires will result in ecological and other effects only if it can transfer
from the fire to the ecosystem. All fires produce heat that transfers by some
combination of radiation, convection, conduction, and mass transport. When you
understand these physical processes, combined with the chemical and heat produc-
tion processes covered in previous chapters, you can then understand fire as an
ecosystem process.

In the remainder of the book, we will discuss fuels, fire behavior and fire effects,
and then fuel dynamics and landscape management. In all of these aspects of fire,
heat transfer processes are involved. We emphasize the application of heat transfer in
understanding the ecological effects of fires and how that information can inform
effective fire science and integrated fire management.
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5.7 Interactive Spreadsheets:
RADIATION_Fireline_Safety, CONVECTION,
CONDUCTION_Soils_Plants, and
MASS_TRANSFER_Spotting

We encourage you to use the interactive spreadsheets to explore the relative impor-
tance of the key factors influencing heat transfer. In this chapter, we show in the
spreadsheet, CONDUCTION_Soils_Plants_v2.0, that you can readily change the
inputs and then graphically display how outputs change (Fig. 5.12). In this way, you
can evaluate how sensitive the outputs are to changes in one or more of the inputs.
You can see how the temperature and duration of the flaming and smoldering phases
affect the maximum temperature attained at different soil depths. The same applies to
the heat transfer through tree bark. The lethal temperature is an input and you can see
graphically at what distance the lethal temperature is attained. You can also under-
stand how different soil types or moisture conditions affect heat transfer by changing
the corresponding diffusivity values. You will learn more about the effects of
heat transfer by conduction in soils and bark when you learn more about how
heat from fires influences ecological systems (Chap. 9). In Chaps. 8–10, you will
have other examples of practical applications of heat transfer, also by using spread-
sheets RADIATION_Fireline_Safety_v2.0, CONDUCTION_Soils_Plants_v2.0,
CONVECTION_Crown_Scorch_v2.0, and MASS_TRANSFER_Spotting_v2.0.

Fig. 5.12 Details of inputs and outputs of the spreadsheet, CONDUCTION_Soils_Plants_v2.0,
showing how the duration and temperatures of flaming and smoldering influence the evolution of
temperatures for 1 h at various soil depths with a given diffusivity value. The graph at the right
shows the maximum temperatures attained in comparison with a given lethal temperature
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Using each of these spreadsheets will help you understand one of the four processes
of heat transfer, including radiation, convection, conduction, and mass transfer.
These spreadsheets are for learning. For prediction, we recommend you use one of
the fire behavior prediction systems because they will include multiple modes of heat
transfer at the same time depending on the conditions. The equations used in our
spreadsheets are also used in the fire behavior prediction systems.
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Part II
Fuels, Fire Behavior and Effects

Photo by Kari Greer photo/USFS

Fuels are the link between fire behavior and effects (Keane 2015, Fig. II.1), so fuel
dynamics and management are central influences on how fires burn and their
consequences for vegetation, people, and other ecosystem components. Fuels are
vegetation biomass, and thus fuels accumulate wherever biomass accumulation
exceeds decomposition, and thus in almost all terrestrial ecosystems. Further, that
biomass is ecologically important, and how it burns can greatly alter fire effects. In
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the absence of fires, biomass can accumulate to fuel fires when they ignite when it is
hot, dry, and windy enough to carry fire. When those fires burn under extreme
conditions, they can threaten lives, homes, be difficult and costly to manage, and
have lasting effects for future fires.

These ideas are the central themes to the chapters in Part II of our book, Fire
science from chemistry to landscape management. In this part of our book, we have
five substantial chapters. After a summary of the descriptors used for fuels and fire
behavior in Chapter 6, we address how fires spread from point to point and across
landscapes in Chapter 7. For extreme fire behavior, we characterize the science
behind crown fires and spotting, as well as what makes some fires more extreme than
others. In the next chapter, we discuss the effects of fire on plants, soils, water, and
animals. In Chapter 10, we address the direct and indirect effects of fire on people
and what people can do to protect homes and communities when fires threaten, all
within the context of recognizing the risks, costs, and ecosystem services of fires. In
all of these chapters, we draw upon examples from around the world. We link to the
fire science learned in prior chapters of this book. Throughout this book, we
emphasize fire as part of ecosystems, including people, as we make the case that
fire is part of a social-biophysical system.

Fig. II.1 Fuels are the link between fire behavior and effects (Keane 2015). (Photo by Kari Greer/
USFS taken in Idaho, USA, in 2008)
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Hopefully, by better understanding the relations between fuels, fire behavior, and
effects, our perceptions of fire are becoming more complete. Perhaps we will come
to recognize that the carefully planned “good” fires can often prevent “bad” fires.

Reference

Keane, R. E. (2015). Wildland fuel fundamentals and application. Switzerland:
Springer.

Fig. II.2 The fire behavior triangle represents the influence of the fuel complex, wind, and slope on
the behavior of whole fires, including aspects as fireline intensity or propagation. The association
between fire behavior and effects on ecosystems and humans is discussed in this part of the book
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Chapter 6
Fuel and Fire Behavior Description

Learning Outcomes
Upon completion of this chapter, we expect you to be able to

1. Apply the descriptors of fuels to an area of vegetation with which you are
familiar,

2. Distinguish amongst fuel particles, fuelbeds, fuel components, and fuel
layers,

3. Diagram a fire burning in a grassland and apply the fire behavior descriptors
to the flaming and smoldering combustion, and

4. Explain why the rate of spread and fireline intensity or flame size are crucial
metrics in fire management

6.1 Introduction

Vegetation mediates both the effects of fire on ecosystems and human impacts on the
fire regime. Independent of its biological nature, characterizing vegetation’s ability
to burn (i.e., as fuels) is useful for describing and modeling fire behavior and fire
effects for multiple fire management applications. Fuel properties are highly variable
in space and time. Analysis of fuels is a matter of scale, from the combustion at the
scale of individual flames to the fire behavior scale to the landscape scale (Pyne et al.
1996).

This chapter addresses extrinsic fuel properties, those that exert quantifiable
influence on fire behavior characteristics. In contrast, fuels’ intrinsic properties are
fundamental to fire ignition and spread (Pyne et al. 1996) but are unlikely to result in
substantial variation in fire behavior at the scale measurable in the field (Cheney
1981). Intrinsic properties of fuels include chemical composition (including mineral
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content and readily volatilized constituents), heat content, particle density, thermal
conductivity, and diffusivity (Chaps. 1–4). Fuel moisture is highly dynamic (See
Chap. 11).

Wildland fires are classified according to the dominant fuel type being burned
(e.g., a shrub fire is one burning in a shrubland) and the layer of fuel supporting fire
spread (ground, surface, or crown fire). Ground fires burn organic matter in the soil,
spreading very slowly. Surface fires can spread either slowly or rapidly as they burn
leaf litter, fallen wood, and plants near the soil surface. Crown fires burn the foliage
of trees and shrubs with high intensity. Fire behavior is described for various parts of
a fire. This chapter introduces the fire behavior descriptors that are commonly
measured or estimated by wildland fuel and fire managers and by fire scientists.

Fuels and fire behavior descriptors are generally shown as measures of central
tendency, as means or medians of different measurements, but it should be recog-
nized that both fuels and fires are generally quite variable in space and time.
Measures of variability, as ranges or standard deviations, should be considered in
sampling and analysis, for variability in fuels influences variability in fire behavior
and effects. Measurements of central tendency and associated variability derive from
sampling and statistical analyses. Many options are possible to optimize sampling to
ensure unbiased and precise estimates while minimizing costs. Further discussion
about sampling measurements of fuels and fire properties is beyond the scope of this
book. In this chapter, we simply present the most commonly used extrinsic fuel
properties and fire descriptors. Keane (2015) addressed many fuel-related topics,
including fuel properties and inventory.

6.2 The Wildland Fuel Hierarchy

Wildland fuel description can be approached as a top-down hierarchy in terms of
spatial resolution. Distinct levels of structural organization correspond to different
scales of observation and heterogeneity in varying degrees. Here we will loosely
follow Keane (2015), from coarse to fine scales (Fig. 6.1):

1. Fuelbed is a generic description of the complex of fuels occupying a given area.
2. Fuel layer or stratum results from the vertical stratification of the fuelbed into

ground, surface, and canopy fuels (Fig. 6.2) that correspond with different
combustion environments, respectively ground (or subterranean, or smoldering),
surface, and crown fire. Although the boundary can be subjective, ground fuels
typically comprise organic matter that does not contribute to flaming combustion.
Ground fuels are in an advanced state of decomposition and overlaying the
mineral soil; included are the duff (or humus) layer, peat, roots, and rotten
woody fuels. Surface fuels refer to litter plus vegetation (grasses, forbs, and
shrubs, including mosses and lichens in boreal ecosystems) within 2 m above
ground (Keane 2015), especially for the purpose of using Rothermel’s fire spread
model (Chap. 7). Litter consists of fallen leaves, woody elements of various sizes,
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and bark and typically comprises a decomposing (fermentation) layer (F) and the
fresh (undecomposed) layer (L) that drives fire spread. Slash (or activity) fuels
will add to the previous categories after silvicultural operations, including canopy
fuel treatments. The canopy (or aerial) layer encompasses all biomass above 2 m,
regardless of its nature, and is often divided into ladder and crown fuels. Note that
the same term can differ in meaning among countries or systems. In Australia,

Fuelbed

Fuel layer

Fuel type

Fuel component

Fuel particle

Coarser Finer

Level of description

Composition and
structure

Dead or live

Fig. 6.1 Levels of wildland
fuel description based on
Keane (2015), from coarser
(fuelbed) to finer (fuel
particle), and how their
properties are defined in
broad terms

Fig. 6.2 Fuels in a maritime pine (Pinus pinaster) forest on the southwestern coast of Portugal
consists of three fuel layers: ground (not visible), surface, and crown fuels. Surface fuels include
three fuel types (litter, downed woody, and shrubs). One example fuel component is 100-h woody
fuels (i.e., 25–75 mm in diameter). As litter and shrubs are codominant, surface fire behavior will
develop in a litter-shrub fuel complex. (Photograph by P. Fernandes)
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surface fuels designate litter only and the following layers are also considered:
near-surface fuels composed of grasses and low shrubs and suspended material
from the overstory, elevated fuels (tall shrubs), and bark fuels on the bole and
branches (Gould et al. 2007).

3. Fuel type describes the generic nature of fuels or the dominant fuels in the
fuelbed, e.g., “grass”. Again, the understanding of “fuel type” varies. In the
Canadian Forest Fire Behavior Prediction (FBP) System, fuel type refers to a
vegetation type with distinctive fire behavior characteristics.

4. Fuel component subdivides the fuel type as a function of size (e.g., “fine woody
fuels”) or physiological condition (e.g., “live shrub foliage”). The distribution of
fuels by size class (usually <6, 6–25, 25–75, and >75 mm diameter) and whether
they are dead or live profoundly influences fire behavior and both direct and
indirect effects of fires (through fuel moisture content dynamics, Chap. 11).

5. Fuel particle refers to the individual fuel elements or units (e.g., twig, leaf,
needle) that form the fuel complex at coarser scales and often define the calcu-
lation of aggregate fuel properties at those scales (Fig. 6.1).

6.3 Fuel Description

Various extrinsic fuel metrics are used to describe fuels (Table 6.1). These include
the size and shape of particles and the amount and structure (including metrics of
compactness and continuity) of fuelbeds, fuel layers, and fuel components.

The size and shape of individual particles influence ignitability, heat release rate,
and burn duration. The size and shape of fuels are integrated into fire-spread models
through surface area-to-volume (or mass) ratio. Size classes as a function of particle
diameter or thickness are used to define nominal rates of dead fuel moisture content
response (time-lag) to variation in atmospheric conditions (see Chap. 11). Size
classes are used in summarizing the fuel loads and moisture contents that are the
basis for fire behavior modeling and fuel inventories.

Fuel load, defined as the mass per unit area, plays a central role in fire science and
management. Along with fuel moisture content (Chap. 11), fuel load determines fuel
consumption and the amount of heat released during combustion. The amount of fuel
consumed influences fire effects in vegetation and soils (See Chap. 9) and the
effectiveness of fire control operations. Fuel load is needed to calculate fuel structure
descriptors such as bulk density (Table 6.1), and fire intensity is an input to
fire behavior and effects models. Fuels treatments are often designed to reduce fire
hazard (See Chaps. 10 and 11). The degree to which fuel load contributes to fire
behavior, especially to the flaming front properties, is termed fuel availability and
depends on fuel structure and moisture. Fuel depth, bulk density, and packing ratio
are descriptors of fuel structure that affect heat transfer and fire-spread rate. These
descriptors are included in fire-spread rate models. Finally, the vertical discontinuity
between the surface and canopy fuel layers is used to assess the likelihood of
crown fire.

104 6 Fuel and Fire Behavior Description



The methods and variables used to describe wildland fuels are intrinsically
dependent on the input requisites of the adopted fire behavior models. Empirical
models for fire-spread rate, developed for specific or generic fuel types, seldom
include the effect of more than one descriptor of fuel structure (Cruz et al. 2015).
They can also altogether disregard fuel variation within a vegetation type, such as in
the Canadian Forest Fire Behavior Prediction (FBP) System (Forestry Canada Fire
Danger Group 1992).

Rothermel’s (1972) model of surface fire spread relies on sets of numerical fuel
characteristics called fuel models that represent the fuels complex for fire behavior
predictions. A set of 13 stylized fuel models organized in 4 groups (grass, shrub,
litter, slash) depending on the vector of fire spread has been developed (Anderson
1982). Fuel models are widely used to predict fire behavior characteristics with
applications that employ Rothermel’s model. Each fuel model is described in terms
of fuel load by size class, surface area-to-volume ratio, fuel depth, heat content, and
moisture of extinction. As the 13 fuel models are insufficient to account for the
variability in fuel characteristics found across vegetation types and ecosystems,
including when multiple fuel layers are considered, additional fuel models have
been developed, including a set of forty for the USA (Scott and Burgan 2005). Of

Table 6.1 Extrinsic fuel variables definitions, compiled from various sources

Scale Variable Symbol Definition Units

Fuel
particle

Diameter d Diameter of a cylinder
(generalized assumption)

m

Surface
area-to-volume
ratio

σ Particle surface area divided
by its volume

m�1

Surface density m/A Mass of the particle (m) divided
by its projected area (A)

kg m�2, g
cm�2

aSurface
area-to-mass ratio

Sm Particle surface area divided
by its dry weight

m2 kg�1

Fuel
complex

Load w Dry weight per unit area kg m�2, t ha�1

Depth, height δ Fuel layer or fuel complex thickness m

Bulk density ρb Dry weight per unit volume kg m�3

b,cPacking ratio β ρb divided by particle density,
the fuel bed volume fraction
occupied by fuel

Dimensionless

Canopy base
height

CBH Vertical distance between ground
surface and the live canopy base

m

dFuel strata gap FSG Distance from the top of the surface
fuel to the lower limit of the canopy
constituted by ladder and live fuels

m

aRossa and Fernandes (2018)
bCountryman and Philpot (1970) refer to 1/β as porosity
cRothermel and Anderson (1966) define porosity as the void volume per unit of fuel surface
area (m)
dCruz et al. (2004)
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most importance for management applications, the parameters of custom fuel models
should be calibrated and optimized such that predicted fire behavior matches
observed fire behavior (Hough and Albini 1978; Cruz and Fernandes 2008; Ascoli
et al. 2015).

Various methods have been developed to assess and quantify fuels, directly and
indirectly, and destructively or not. Catchpole and Wheeler (1992) reviewed the
existing types of techniques and distinguished between:

1. Direct sampling, based on destructive (and costly) fuel sampling and is usually
restricted to research studies that require accurate estimates of fuel load. Fuels are
harvested from within quadrats of variable size, are bagged, and then processed in
the laboratory, which includes sorting, weighing, and oven drying by size class
and dead or live condition. Direct sampling also includes scoring or rating (from
nil to extreme) fuel hazard by fuel layer (Gould et al. 2007), and measurements of
fuel structure, such as the depth (or height) of the existing fuel layers, and the
ground covered by individual fuel layers. In the latter case, linear or planar
intercept (or transect) methods are used (Van Wagner 1968; Brown 1971), but
also point contact techniques.

2. Calibrated visual estimation, where comparison with reference information is
used to estimate fuel loads (Keane and Dickinson 2007) or assign fuel models
(Anderson 1982). Photo keys or photo series are a common tool for this purpose
(Fig. 6.3). Photo series typically associate each photo to a fuel model and quantify
fuel loads for the depicted situation, plus fire behavior characteristics and fire
control difficulty for a given weather scenario.

3. Double sampling, where a fuel parameter is estimated using a two-stage
approach. In the first stage, a sample is taken to develop either a ratio or
regression that relates a variable of interest to another more easily measured
variable. In the second phase, the more easily measured variable is collected,
and the variable of interest is estimated using the ratio or regression developed in
the first phase. For example, a regression that relates fuel load and a metric of fuel
structure such as cover or depth or even time since disturbance (see Chap. 11) can
be developed by collecting data on the two variables. The secondary, often larger
sample, of the more easily measured variable can be collected and the variable of
interest can be estimated by applying the developed regression to the measured
variable.

6.4 Fire Description

Wildland fires are often simply classified qualitatively according to the dominant
fuel type being burned or by the layer of fuel supporting fire spread. However,
quantitative metrics describing fires are available and very useful in fire
management.
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From a top view (Fig. 6.4), one fire includes at any point in time different
locations with different behavior. Therefore the description of fire behavior is
commonly provided for a specific part of a fire. The ignition location is referred to
as the origin of the fire. In the absence of wind and slope and in perfectly homoge-
neous fuels, fires spread with a circular shape following ignition. However, in the
presence of wind or slope, fires spread in an elliptical shape. The portion of the fire
that is spreading upslope and with the wind is called the headfire and is associated
with the most active fire behavior. The section of the fire spreading against the wind
and/or slope is called the backfire, and typically has the shortest flames and is the
slowest moving portion of the fire. The section of the fire perimeter associated with
the backfire is commonly referred to as the back, heel, or rear of the fire. The fire
spreading on the sides is moving perpendicular to the wind and is referred to as flank
fire. Fire behavior along the flanks is somewhere between the headfire and backfire.
The shape of the fire perimeter is tightly linked to variability and interactions among
the fire environment, topography, and fuels. This variability can result in a number of
unique features along the fire perimeter. Fingers are formed when part of the fire
front spreads faster than the surrounding front, resulting in the formation of a long
narrow strip of fire. Spot fires are formed when firebrands are transported beyond the
fire front and ignite new fires. These present especially hazardous conditions for fire
managers. Spotting is discussed further in Chap. 8. In other cases, variability in fire

Fig. 6.3 An extract of the photo guide for estimating fuel loads and fire behavior in mixed-oak
forests of the Mid-Atlantic Region in the USA (Brose 2009). This photo guide includes photographs
taken before and during burning, the fuel model(s) assigned, site and detailed fuel data, and
observed fire behavior and the corresponding weather conditions
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behavior and spread can result in patches of unburned fuels within the fire perimeter.
These are often referred to as islands or fire refugia; see Chap. 12 for more discussion
on fire refugia as they can influence the survival of animals and rates of vegetation
recovery post fire.

For fire management purposes, flame front characteristics, and in particular, how
fast fires spread, have been the primary focus of fire behavior measurement and
modeling. Additional metrics describe the amount, rate, and duration of heat release,
as well as flame geometry (Table 6.2). We draw upon Cheney (1981) and Alexander
(1982) for the following fire descriptors.

From a side view (Fig. 6.5), the flaming fire front has three dimensions: depth (D),
height (H), and length (L ). Flame depth (D) increases linearly with the rate of spread
(R), and D/R defines the residence time of the flame (tR). Flame size, either H or L, is
a visible and obvious manifestation of energy release. Thus, flame size is a common
fire descriptor, despite subjectivity in definition and measurement.

From the perspective of energy, Byram (1959) coined the concept of fireline
intensity (IB) to quantify the heat release rate in the active combustion zone per unit
length of the fire front (See Figs. 6.4 and 6.5). Fireline intensity is calculated as:

Fig. 6.4 Fires grow from
the point of ignition,
spreading faster with the
wind and up the slope. The
head, flank, and back of fires
differ in their fire behavior
characteristics. All fires
have islands that are
unburned or burned with
such low severity that they
are refugia for plants and
animals from the effects of
fires. Fire suppression
efforts often progress from
the back to the head of the
fire, as the latter can be too
intense for effective and safe
attack. (Drawn by Heather
Heward, University of
Idaho)
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IB ¼ hc w R ð6:1Þ

in units of kW m�1 and where hc is the low heat of combustion (kJ kg�1), w is the
amount of fuel available for flaming combustion (kg m�2), and R is the rate of fire
spread (m s�1). To estimate hc, the low heat content ΔHL is generally used but
should ideally be adjusted for losses due to water evaporation, radiation, and
incomplete combustion to give heat yield ΔHY (see Chap. 3). However, given the

Table 6.2 Fire behavior metrics definitions. Compiled from Byram (1959), Cheney (1981, 1990),
Alexander (1982), and Andrews (2018), unless otherwise stated

Variable Symbol Definition Units
aRate of spread R Linear advance of the flaming fire front

per unit of time

bm s�1,
m min�1,
m h�1,
km h�1

Residence time tR Flaming combustion duration, or the
length of time for the flame front to pass a
given point

s, min

Burn-out time, reaction
time

tB Total combustion duration, or the time for
all fuel fractions to burn out

s, min

Flame height H Mean extension of the flame front mea-
sured vertically from the ground

m

Flame angle Af Angle between the fire front and the
unburned fuel bed

�

Flame tilt angle AT Angle between the vertical and the fire
front

�

Flame depth D Width of the flaming front (the active
combustion zone, i.e. with continuous
flame)

m

cFlame length L Mean distance from the flame extremity to
the mid-point of the flaming front

m

Reaction intensity,
combustion rate, area-
fire intensity

IR Heat release per unit area per unit of time
within the flaming front

kW m�2

Heat release HA Heat release per unit area within the
flaming front

kJ m�2

dFireline intensity IB Heat release within the flaming front per
unit time and unit length of the fire front

kW m�1

ePower of the fire PWR Heat release per unit time within the
flaming zone, integrated around the fire
perimeter

MW

aEquivalent metrics can be calculated for the perimeter (e.g., m h�1) and area (ha h�1) of the fire as a
whole (Byram 1959)
bUsually dependent on the scale of application
cCalculated from H and Af or AT; some authors consider the leading flame edge rather than its
central axis (Nelson and Adkins 1986; Catchpole et al. 1993)
dFire intensity (Byram 1959), Byram’s fireline intensity, or frontal fire intensity
eHarris et al. (2012)
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inherent difficulty in making these adjustments, and because heat content varies little
among different fuels, hc is often assumed constant at about 18,000–18,700 kJ kg�1

(e.g., Albini 1976; Forestry Canada Fire Danger Group 1992). The greatest uncer-
tainty in calculating IB lies in estimating w, especially in fuel complexes that are
highly heterogeneous in compactness, moisture, and particle size. In the end, the
impact of these shortcomings is relatively minor because variation in IB is primarily a
function of R.

Multiple empirical relationships have been derived over the years that relate
fireline intensity IB and flame length L for different fuel types (Alexander and
Cruz 2012). Byram (1959) relationship is the most commonly used and indicates
that L (m) scales approximately at the square root of IB (kW m�1):

L ¼ 0:0775 IB
0:46 ð6:2Þ

For crown fires the relationship of Thomas (1963) based on convection theory is
more commonly preferred, e.g., Rothermel (1991):

Fig. 6.5 Side view of an experimental surface headfire in a maritime pine stand (Pinus pinaster) in
Portugal. Flame geometry descriptors and the energy release stages during and after the passage of
the flame front are shown. (Adapted from Cheney 1981 and Alexander 1982 with background
photograph by P. Fernandes). Note that smoldering is an important component of fire behavior with
consequences for ecological effects
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L ¼ 0:02665 IB
0:667 ð6:3Þ

The reciprocals of these equations can be used to estimate IB from L, with
equation coefficients respectively 259.833 and 2.174 for Eq. (6.2), and 229 and
1.5 for Eq. (6.3).

IB is a simple quantity that cannot be observed or measured but is a single figure
synthesis of the most relevant properties of a wildland fire front. Fire managers
commonly use fireline intensity to assess fire control difficulty (Hirsch and Martell
1996) and aboveground fire effects such as crown scorch height on trees (Van
Wagner 1973; Michaletz and Johnson 2006). However, as discussed at length by
Cheney (1990), IB is of limited value for comparing fires in different fuel structures
because the same value can correspond to quite different fire behaviors. For exam-
ple, a fast-moving fire in grassland can have the same IB as a slow-moving fire in
slash fuels because the latter consumes much more fuel.

Remote sensing technology is allowing substantial advances in the realms of
pyrogeography. Fire radiative power (FRP) is the rate of energy emission per unit
area (in kW or MW) from fires as derived from thermal remote sensing in the middle
infrared region. FRP correlates with reaction intensity and IB and can be calculated in
kW m�1 for a fire front by summing individual pixel FRP values and dividing the
result by the length of the fire front (Wooster et al. 2003). Thus, FRP can be
expressed as the radiant component of IB.

Many of these fire descriptor variables that describe the energy output of a
wildland fire front are interrelated. For example, heat release per unit area (HA,
kJ m�2) is calculated as the product of heat of combustion (hc, kJ kg

�1) by fuel load
(w, kg m�2). Reaction intensity (IR, kW m�2), the heat per unit area released per unit
time, is calculated by dividing heat per unit area (HA, kJ m

�2) by the residence time
(tR, s). Also, the rate of spread (R, m s�1) can be calculated by dividing flame depth
(D, m) by residence time (tR, s). These relations combined with Eq. (6.1) are shown
in the following equalities:

IR ¼ HA

tR
¼ hcw

tR
¼ IB

D
¼ IB

tRR
ð6:4Þ

From Eq. (6.4) we see that IB can be estimated as:

IB ¼ IRtRR ð6:5Þ

This is the approach followed by Albini (1976) and used in the fire behavior
modeling and effects tools based on Rothermel’s model. Using Eq. (6.5) avoids
estimating the amount of fuel consumed in the active flaming front but requires a
good estimation of tR, which currently cannot be provided because fuel complex
characteristics are ignored in its calculation (Catchpole et al. 1998). Consequently,
Eq. (6.5) typically produces IB values that are 2–3 times lower than those calculated
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according to Byram’s (1959) formulation (Cruz and Alexander 2010). As a result,
predictions of crown fire transition based on IB from Eq. (6.5) are not consistent with
the transition model (Van Wagner 1977, see Chap. 7). The reader should be aware of
these differences and implications.

6.5 Implications

Fuel chemistry, combustion characteristics, and energy production and transfer were
discussed in Chaps. 1–5 without specific considerations of the extrinsic physical
properties of fuel particles and complexes that influence fire behavior. In this
chapter, we focus on fuel descriptors, beyond their intrinsic thermochemical prop-
erties, and on the most commonly used fire behavior descriptors. These descriptors
are attempts to simplify and model entities that vary in space and time, and the
recognition of this variability is important. However, for understanding the relation-
ships between fuels and fire and for practical implications in fire management,
simple descriptors are fundamental to support strategies and decisions.

The limits for wildfire suppression or for the use of prescribed fire are generally
established as a function of flame length or fireline intensity. The difficulties of
controlling a fire and the threat to the safety of fire fighters and people, in general, are
associated with fast-spreading fires. Furthermore, models for the rate of spread
require knowledge of the main characteristics of the fuel particles and the fuel
complexes involved. These issues associated with fire propagation are discussed in
Chap. 7.

For the understanding of the processes of crown fires, the concept of canopy bulk
density is fundamental, as are the concepts of crown base height or fuel strata and
gaps between them. For spotting, the properties of fuel particles, such as surface
density, are relevant to understanding their possible role as firebrands. These aspects
are discussed in Chap. 8.

Fire behavior is directly associated with fire effects. For example, whether trees
and large shrubs survive fires often depends on the intensity of flaming combustion.
The degree of canopy scorch and stem char heights are correlated with H, L, and IB.
Other ecological effects are more closely related to duff consumption and soil
heating. These depend on the downward heat flux and are controlled by the moisture,
compactness, and composition (e.g., coarse woody fuels with long burn-out times)
of the organic matter on and in the soil (Hartford and Frandsen 1992). The use of
total fuel consumption wT instead of w in the calculation of IB, HA, and IR (in this
case using burn-out time tB), embraces all of the energy release phases (See Chap. 2),
and is therefore expected to increase the association between fire behavior metrics
and some fire effects (See Chap. 9).

The recognition that fires and fire regimes may change with time and that fuels are
dynamic entities that are influenced by management are discussed in Chaps. 10 and
11 using the descriptors presented in this chapter. Many other relations between fuel
and fire properties are present in the integrated fire management examples of
Chap. 13.
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Chapter 7
Fire Propagation

Learning Outcomes
After reading this chapter, we expect you to be able to

1. Identify the locations where fire spread rate and intensity will be highest in an
area ignitedwith each of thefire ignition patterns shown inFig. 7.7, then explain
in your own words how this is likely to change with wind speed and direction,

2. Describe the conditions for fast, steady-state fire spread and why changing
each of the legs of the fire triangles can increase or decrease the fire spread
rate, and

3. Predict the effect of changing the value of each of multiple inputs into fire
behavior models and then use the interactive spreadsheet to test your pre-
dictions for a wide range of input values,

4. Identify the heat transfer processes taking place in smoldering and flaming
fires and justify their differences in spread rate, and

5. Use the three interactive spreadsheets to explore how the graphs of
predicted outputs are influenced by changing the fire growth, fire rate of
spread, and wind profiles.

7.1 Introduction

Understanding fire propagation is critical for assessing fire risk, and planning and
decision making during fire suppression and prescribed burning operations. The rate
of spread is the most common measure of fire propagation, although the area burned

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_7) contains supplementary material, which is available to authorized users.
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is also used. The rate of spread is commonly described relative to the direction of the
prevailing winds. The forward or head fire rate of spread is the spread rate in the
direction of the prevailing winds or upslope, the backfire rate of spread is the spread
in the opposing direction from the prevailing winds or slope and the rate of spread
perpendicular to the wind is referred to as the flanking rate of spread. Throughout
this chapter, we use the term rate of spread to refer to the forward or head fire rate of
spread unless otherwise noted.

Following a point or line ignition, the rate of spread of a fire increases until a
steady-state state rate of spread is reached. The development phase of fires is
commonly referred to as initial fire growth or build-up (Luke and McArthur
1978). During the initial fire growth, the rate of fire spread, and consequently fireline
intensity, are accelerating. Fire acceleration is defined as the rate at which the fire rate
of spread is increasing. During the initial fire growth, there are four distinct phases.
During the initial growth of a fire, fire suppression may be successful. An under-
standing of initial fire growth is used to manage fireline intensity during prescribed
fire operations.

Following the initial growth phase, fires reach a steady-state rate of spread,
assuming uniform fuels, weather, and topography. In many cases, the term ‘quasi
steady-state’ rate of spread is used to acknowledge that this is a time-averaged value.
The steady-state rate of spread can be assessed using a heat balance approach,
whereby the rate of spread depends upon the ratio of heat transferred from the fire
to the unburned fuel and the amount of energy required to ignite the fuel ahead of
the fire.

Given that fires rarely, if ever, burn under constant fire, weather, and topographic
conditions, or with homogeneous fuels, it is critical to recognize that fire spread and
behavior is dynamic in time and space. Understanding and predicting fire propaga-
tion and growth become increasingly complex due to the spatial and temporal
interactions among fuels, weather, topography, and the fire plume on fire spread.
A common approach to deal with spatial and temporal heterogeneity is to identify
discrete areas and time periods that are relatively homogeneous and invoke the
steady-state rate of spread assumption. Predictions of fire propagation through
heterogeneous landscapes and variable topography, winds, and fuels based on the
assumption of a steady-state fire spread are commonly used by managers around the
world to inform decisions for a variety of purposes.

The equations used to predict the spread of fires illustrate the influence of key
variables. Many different approaches exist. Most are informed by both empirical
observations and theoretical understanding of fire growth. Some very useful models
are mostly empirical.

7.2 Initial Fire Growth

Initial fire growth has been studied in laboratory experiments (e.g., Viegas 2004).
These experiments have obvious scale limitations but reveal some of the basic
aspects of the initial development of a fire from a point source (Fig. 7.1).

116 7 Fire Propagation



Initial fire growth consists of four distinct phases. The simplest situation is a point
source of ignition with no wind and no slope (Fig. 7.2).

In the first phase, the hot air above the burning area rises and is replaced by
ambient air around the fire perimeter (Chandler et al. 1983). These indrafts cause the
flames to tilt inward, and fire spreads outwards slowly, maintaining a circular shape.
As described by Cheney and Gould (1997), in this first phase, “the convection above
small fires can draw flames towards a single convective center and can maintain fires

Fig. 7.1 Initial fire growth from a point source in laboratory experiments with fuelbeds of dead
needles of Pinus pinaster showing initial fire growth. The wind is blowing from left to right and the
slope gradient is from bottom to top. Time steps of 30 s between each frame. (From Viegas 2004)
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with a circular shape. Fires will spread with backing rates of spread around the entire
perimeter”. The duration and size of the fire during the first phase depends strongly
on flame residence time. In heavy fuels with long residence times, such as brush or
slash, fire may grow as large as half a hectare with flames 4 or 5 m high during the
first period of acceleration (Chandler et al. 1983).

The second phase begins when the fuel that was ignited in phase 1 is consumed.
In the second phase, a burned area develops inside the fire perimeter, allowing
ambient air to flow into and outwards from the burned-out area towards the fire
perimeter. This flow pattern pushes the flames away from the center of the burned
area and towards the unburned fuels along the perimeter of the fire. The tilting of the
flames towards the unburned fuels increases the net heat transfer from the flames to
the unburned fuels, and the rate of fire spread accelerates.

In the third phase, the acceleration of fire growth is dependent upon the length
and curvilinearity of the fire front. The speed of the fire increases as a function of the
fireline length and the interaction of the buoyant plume and ambient air. Short
firelines allow for the ambient wind to flow around the flaming front, which limits
the convective heat transfer from the flames to the unburned fuel. As firelines get
longer, the ambient air is forced through the flame zone rather than around it,
increasing the heat transfer from the flames to unburned fuel.

Fig. 7.2 Schematic representation of the four phases of initial growth of a fire starting from a point
source in no-wind, no-slope conditions in a homogeneous fuel. (a) First phase where ambient air
tilts the flame to the center of the flaming area. (b) Second phase with some ambient air already
available from inside the fire perimeter but flames still leaning inwards. (c) Fire spreads with
indrafts almost equivalent from both inside and outside of the fire perimeter. (d) Fire spreads as a
line with equivalent indrafts. The top row is the view from the side, while the bottom row is the view
from above
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The fourth phase is based on the assumption of a fireline of infinite length moving
at a steady-state spread rate of fire, as discussed further in Sect. 7.3.

During the early phases of fire growth following ignition, the rate of spread,
fireline intensity, area, and perimeter of the fire all accelerate. The fire continues to
accelerate until it approaches a quasi-steady state rate of spread (Fig. 7.3).

One of the primary variables associated with the initial growth phase of fires is the
length of time it takes to reach the steady-state rate of spread. The acceleration of the
fire rate of spread during this phase depends upon the properties of the fuels
complex, fuel moisture, wind speed, slope, and fire-atmospheric interactions.
Weber (1989) related acceleration to the curvature of the fire front. The greater the
curvature, the faster the rate of acceleration. As the fire front approaches a straight
fireline, the acceleration decreases, and fire spread rate approaches a quasi-steady
state.

7.2.1 Models of Acceleration of Fire Fronts

The rate of spread of a fire front during the initial growth phase depends upon both
the time since ignition (t) and the steady-state rate of forward spread (Rs). Scientists
(e.g., Van Wagner 1985; McAlpine and Wakimoto 1991) have expressed the
relationship between the instantaneous rate of spread of a fire front during the initial
growth phase and the steady-state rate of spread as:
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Fig. 7.3 Initial acceleration with fluctuations before a quasi-steady state is established (Cheney and
Gould 1997)
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R tð Þ ¼ Rs 1� e �a1tð Þ
h i

ð7:1Þ

where R(t) is the head fire rate of spread at time t after ignition (m min�1), Rs is the
steady-state equilibrium spread rate (m min�1), t is the time elapsed from the start of
the fire (min), and a1 is an empirical coefficient (min�1) that determines the rate of
acceleration. For Canadian forests, Van Wagner (1985) suggested that it is reason-
able to assume it takes a fire about 30 min to reach 90% of the equilibrium rate of
spread, which is equivalent to using a value of 0.077 min�1 for a1 in Eq. (7.1).
However, models in use (FCFDG 1992) indicate that 20 min after ignition from a
point source, the fire spread rate reaches 90% of the steady-state spread rate, which
corresponds to a1 ¼ 0.115 min�1.

The introduction of the correction for initial acceleration has profound effects on
simulated initial fire growth, rate of spread, fire perimeter (represented as an ellipse),
and area (Fig. 7.4).

The empirical coefficient, a1, depends upon fuel type, ignition pattern (i.e.,
line vs. point ignition), wind speed, and fuel moisture. For example, stronger
winds may increase the steady-state rate of spread, but also can increase the time
to achieve steady-state conditions. Changes in wind direction perpendicular to
spread can increase the fire front width reducing simultaneously the time required
to reach steady-state rate of spread (Finney 2019). This can represent major threats
for safety and for fire control.

Fires ignited as lines rather than points typically have greater values for a1,
indicating more rapid acceleration and reduced time to steady-state conditions. For
example, empirical research in Australian grasslands (Fig. 7.5) indicates a value for
a1 of 0.3 min�1, which corresponds to a fire reaching more than 90% of its steady-
state fire spread in 8 min.

Because the width of the fire front at the head of the fire increases with time, an
equivalent approach can be developed that directly uses the head fire width rather
than time (e.g., Cheney and Gould 1995; Anderson et al. 2015):

R Wð Þ ¼ Rs 1� e �b1Wð Þ
h i

ð7:2Þ

where R(W) is the rate of spread of a fire front as a function of its width W (m), and
b1 is an empirical coefficient (m�1).

The direct relationship between the width of the fire front and the rate of spread
has been established based on experiments (Fig. 7.5). The values of b1 were
estimated to be 0.04–0.06 m�1 for open grasslands and 0.03–0.04 m�1 for wood-
lands (Cheney and Gould 1995). If the ignition line is sufficiently long, approxi-
mately 50 m for shrublands (Anderson et al. 2015) and more than 100 m for forests
(Cheney et al. 2012), fires may not exhibit any significant acceleration and will
spread at its quasi-steady rate of spread immediately following ignition. In practice,
these relationships are important in the initial phases of fire fighting or when
planning and using prescribed fire with line ignition patterns.
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Fig. 7.4 Simulations of initial fire growth considering acceleration at the initial phases (with
a1 ¼ 0.077 and a1 ¼ 0.115) and without the correction for initial acceleration assuming that
steady-state occurs from the beginning. The steady-state spread rate considered was 2 m min�1,
typical of logging slash (McRae 1999), and a wind speed of 3 m s�1. (a) Fire rate of spread. (b) Fire
shapes for the first 20 min after ignition. (c) Area burned with the three options (acceleration at
different rates and no consideration of acceleration)



The models for initial fire growth, from point or line sources, are simplifications.
Conceptually, fires will eventually reach a quasi steady-state rate of spread. How-
ever, fires burning in real landscapes are constantly reacting to temporal and spatial
variability in fuels, topography, and fire weather which results in variability in fire
rate of spread and complex fire perimeters (Fig. 7.6). Further discussion of the spatial
and temporal controls of the fire rate of spread can be found in Sect. 7.4.

Fig. 7.5 Fire experiments
in grassland plots
(33 m � 33 m) in Australia
with the initial growth of fire
from a line ignition at (a)
20 s, (b) 30 s, and (c) 40 s
after ignition. In the
foreground plot, fires burned
with grasses 100% cured.
Ignition was simultaneous in
the background plot with
grasses 48% cured. (From
Cruz et al. 2016)
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7.2.2 The Practical Use of Understanding Initial Fire Growth

Successful firefighting operations depend greatly on the understanding of the initial
growth of wildfires. Fire fighters have long been aware of the need for rapid
intervention for initial attack to succeed before fires attain rates of spread or intensity
beyond suppression thresholds. If firefighting starts rapidly, the fireline intensity
may still be within control capacity.

Understanding initial fire growth can be important. A good example is the
megafire of Pedrógão Grande that burned on June 17, 2017 in Portugal, where
66 people were killed. The inquiry commission created by the Portuguese Parliament
(CTI 2017) estimated that, under the observed extreme weather and fuel conditions,
the fire would become uncontrollable by any means (fireline intensity
>10,000 kW m�1) as soon as 11 min after ignition (Fig. 7.7). This analysis,
considering the initial fire acceleration, provides a clear example of the importance
of rapid initial attack before direct attack is ineffective or unsafe.

Fig. 7.6 The variable geometry of fire shapes during initial fire growth. (a) Changing environ-
mental conditions result in complex fire shapes (Finney 2004). (b) Examples of different shapes
from initial growth in different plots in jack pine slash. (From McRae 1999)
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Fires with narrow heads may be spreading at rates and with intensities which are
well below the potential rate of spread and may be controllable. However, conditions
may change. Sudden shifts in wind direction (e.g., wind shifting to blow at right
angles can cause a flank fire to immediately reach its steady-state rate of spread) have
been associated with disaster fires and fire fighter fatalities (the Dead Man Zone,
Cheney et al. 2001).

Prescribed burning also benefits from understanding initial fire acceleration. Fire
managers design ignition patterns (Fig. 7.8) to manipulate fire behavior and effects
during prescribed burning (Finney 2019).

Prescribed burning managers commonly increase or decrease fireline intensity
and ensure that management objectives are met. For example, managers can use
backing or heading fires, the firing methods (aerial ignition vs. hand ignition), as well
the pattern, rate, and spacing of ignitions. For example, it is common for managers to
alter the distance between line ignitions to help maintain the desired fireline intensity
when using strip head fires during prescribed fire operations (Fig. 7.8b). Relatively
short distances between firelines prevent the fires from reaching a steady-state rate of
spread and thus limit the fireline intensity. Similarly, the spacing between point-
source ignitions (Fig. 7.8c) can be chosen to maintain the fire spread rate and
intensity in the accelerating phase. This has been used to reduce intensity and
crown scorch of high-value trees by locating spot ignitions near them (Weatherspoon
et al. 1989).

Simulation of the acceleration phase in the
megafire of Pedrógão Grande in 2017
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Fig. 7.7 The fast development of the Pedrógão Grande 2017 megafire in Portugal shown in (a)
map with fire propagation with dashed lines representing fire perimeters at 10 min intervals, and (b)
in the prediction of rapidly increasing fireline intensity with time after ignition. Fire control capacity
was reached at 11 min after ignition and it was not possible to contain the wildfire during its build-
up phase under the prevailing fire weather conditions and with the resources available. (From CTI
2017)
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7.3 The Steady-State Spread Rate of a Fireline

After the initial fire growth stage, the rate of fire spread tends to stabilize towards a
steady-state rate of spread (Rs). The steady-state rate of spread can be estimated
based on a heat balance approach which considers the amount of heat generated and
transferred to the unburned fuel, and the amount of energy required to ignite the
unburned fuel. Knowledge about the fire rate of spread is important for a variety
of fire management applications, including fire suppression operations, fire fighter
safety, community fire protection planning, and fuels management.

Fig. 7.8 Examples of typical ignition patterns used in prescribed fire. Patterns are named for their
dominant fire spread. Managers choose patterns to achieve desired fire intensity, effects, and safety
for those igniting and containing the fire. (a) Ring pattern: fire is started from the downside to the
upwind side from a control line that surrounds the area to burn, and firing continues rapidly on both
sides of the starting place. The fire’s edge becomes shaped like a horseshoe with all flames moving
towards the center due to the suction created by the fire until they meet in the center of the area. (b)
Strip head fire pattern: fire starts from downwind in staggered lines perpendicular to the wind. When
lines are ignited close to one another, the fire intensity is less because the fire spread has not fully
accelerated. (c) Dot pattern: fire starts from downwind from points along lines perpendicular to the
wind. (d) Flank ignition pattern: fires start from downwind in lines parallel to the wind. (From
Heikkila et al. 2010)
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7.3.1 Heat Balance and Fire Spread

From a conservation of energy perspective, the rate of steady-state fire spread is
determined by the ratio between the net heat flux received by the fuel and the heat
required for fuel ignition:

Rate of spread ¼ Net heat flux received by the fuel=Heat required for fuel ignition

ð7:3Þ

The net heat flux received by the fuel depends upon the heat produced during
combustion (see Chap. 3) and the heat transfer from the flame to the unburned fuel.
As discussed in Chap. 5, the relative contributions of heat transfer through radiation,
convection, and conduction are greatly influenced by the wind speed and the slope.
In the absence of wind and slope, called the no-wind no-slope situation, radiative
heat transfer from a flame to the unburned fuel has been considered to be the
dominant mode of heat transfer. However, as wind speed, slope, or both, increase,
the fire spread rate increases, and the dominant mode of heat transfer changes to
convection, including heating by the diffusion of turbulent eddies from the flames,
rather than radiation (Fig. 7.9).

As the energy from combustion is absorbed by the unburned fuel, the fuel
temperature begins to rise. Fuel moisture evaporates, pyrolysis occurs, and fuels
are heated to ignition temperature. The amount of energy required to ignite the
unburned fuel depends upon ignition temperature, fuel characteristics, fuel moisture,
and the amount of fuel ignited. As discussed in Chap. 4, the amount of energy
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Fig. 7.9 The fractions of
pre-heating energy from the
various heat transfer
processes involved as
related to a gradient of wind
speed and spread rate. The
dominant role of radiation in
no-wind conditions
decreases and it is
progressively replaced by
convection. Conduction
plays a limited role in
flaming combustion,
significant only with low
wind and slow spread
conditions. (From Pagni and
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required for fuel ignition (Qig) consists of three components: the amount of energy
required to evaporate fuel moisture, the amount of energy to heat up the dry fuel to
ignition temperature, and the energy associated with converting liquid water to water
vapor. To estimate the total heat required to ignite a fuelbed, the heat of pre-ignition
is adjusted because the entire fuelbed doesn’t need to be heated to ignition temper-
ature. This adjustment can be achieved by multiplying the heat of pre-ignition (Qig)
by the effective bulk density (ρbe), which represents the amount of fuel that must be
ignited for a fire to spread.

A visualization of a one-dimensional steady-state fire spreading through a fuelbed
is shown in Fig. 7.10. The fuelbed is represented by a homogeneous porous fuel
layer which is typically characterized by its moisture content, the bulk density or fuel
load, and the typical surface area-to-volume ratio of the individual fuel particles. The
interface between the fire front and the unburned fuel advances when the heat
transferred from the flame to the unburned fuel is sufficiently large to increase the
temperature of the unburned fuel to the ignition temperature. This process is then
repeated again and again as the fire continues to spread.

If we assume that all energy is transferred through the combustion zone with an
area Wδ, the steady-state conservation of energy implies that the total energy
transferred during the flame residence time (tR) is equal to the energy used to
dehydrate and ignite the unburned fuel with a volume DWδ:

Fig. 7.10 Illustration of the conservation of energy principle applied to the one-dimensional
steady-state fire spread. Fire is spreading from left to right. The flame zone has height (H) and
depth (D), and the unburned fuels in the fuel bed have a vertical depth δ and a width W. Heat
transfer from the combustion zone is represented as arrows, vertically (upward and downward) and
horizontally (forward and backward). It is assumed that, within a fireline, there are no net lateral
heat flows
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IpτRWδ ¼ ρbeQigDWδ or Ip ¼
DρbeQig

τR
ð7:4Þ

where Ip is the propagating heat flux (kW m�2, or kJ m�2 s�1), tR is the flame
residence time (s), δ and W are the vertical and horizontal dimensions of the fuel cell
(m), ρbe is the effective fuel bulk density (kg m�3), D is the flame depth, and Qig is
the heat of preignition (kJ kg�1). The fuel cell is defined as the smallest volume that
retains the characteristics of the fuelbed. The steady-state rate of spread (Rs) can be
estimated by dividing the flame depth (D) by the residence time τR:

Rs ¼ D=τR ð7:5Þ

Substituting Eq. (7.5) into Eq. (7.4) and rearranging to solve for the rate of spread
(Rs) results in the following relationship:

Rs ¼ Ip
ρbeQig

ð7:6Þ

where the steady-state rate of spread (Rs m s�1) is equal to the propagation heat flux
(Ip kW m�2) divided by the product of the effective fuel bulk density (ρbe kg m�3)
and the heat required for pre-ignition (Qig kJ kg

�1). This is the fundamental equation
for fire propagation.

The rate of fire spread increases with the propagating heat flux and decreases with
effective bulk density and heat of pre-ignition. The relative strength of each of these
components is influenced by fuel characteristics, fuel moisture, wind speed, and
slope (Fig. 7.11).

A heat balance approach similar to Eq. (7.6) has been used by many scientists to
represent a one-dimensional steady-state rate of spread (e.g., Thomas et al. 1964;
Anderson 1964, 1969; Frandsen 1971; Williams 1977; Van Wagner 1977a). This
heat balance approach is the foundation for the Rothermel (1972) model applied in
prediction systems developed by USDA Forest Service scientists and used world-
wide. Although approaches similar to Eq. (7.6) are widely accepted due to their
physical reasoning, it is challenging to estimate the propagating heat flux, the
effective fuel bulk density, and the heat of pre-ignition, and thus to apply these
equations in the real world. These issues are discussed in the next sections.

7.3.2 Estimating Fire Spread

The propagating heat flux is a complex variable that incorporates both the quantity of
heat produced during combustion and the rate of heat transfer from the combustion
zone to the unburned fuel. Over the last 75 years, scientists have developed a variety
of approaches to model the propagating heat flux, including statistical approaches
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which do not include any explicit heat transfer mechanisms, empirical approaches
which lump all heat transfer mechanisms together, and physical approaches which
explicitly distinguish between the various modes of heat transfer. Furthermore,
physical approaches can vary in their complexity depending upon their treatment
and inclusion of convective, conductive, and radiative heat transfer and cooling. In
Sects. 7.3.2.1–7.3.2.3, we discuss three different approaches for estimating the
propagating heat flux, including (1) the use of a conduction-only approach applied
to smoldering fires (Williams 1977), (2) the use of a radiation-only approach applied
to a fire burning under a no-wind no-slope condition (Van Wagner 1967; Telitsyn
1973), and (3) the empirical approach used by Rothermel (1972). We discuss the
effects of wind and slope on the propagating heat flux and the rate of fire spread in
Sect. 7.3.3.

The Spread of Smoldering Fires Modeled from Conduction

Smoldering combustion is a slow, low-temperature, flameless form of combustion.
Smoldering occurs in all fires but is typically associated with the burning of downed
dead woody fuels and organic soils, including duff and peat (See Chap. 2). Smol-
dering combustion can persist for several hours, days, or months following the
passing of the flaming front and is characterized by greater burnout times compared

Fig. 7.11 The main components for estimating fire rate of spread from a heat balance approach
(yellow boxes) and the main influences (grey boxes). The numerator is the heat source, the
propagating heat flux, or the net heat flux transferred to the unburned fuels. The denominator is
the heat sink, the heat required for fuel ignition, with its two sub-components, effective bulk density
and heat of pre-ignition. Wind and slope influence the propagating heat flux, and fuel moisture
determines the heat of pre-ignition. Fuel physical and chemical characteristics are involved in both
heat source and heat sink

7.3 The Steady-State Spread Rate of a Fireline 129



to fires that primarily burn fine fuels like grasses. Smoldering combustion is com-
monly responsible for the bulk of fuel consumption when the forest floor is deep and
dry and contributes to smoke production (See Chap. 10) and many fire effects (See
Chap. 9).

The propagating heat flux during smoldering fires can be estimated by assuming
that conduction is the only significant heat transfer mechanism (Drysdale 1999;
Weber 2001), although convection and radiation do occur. Following this approach,
the propagating heat flux of a smoldering fire (Ip) is equal to the conductive heat flux
from the combustion zone to the unburned fuel that can be approximated as:

Ip ¼ qcond ¼ k
Tig � Ta

� �

x
ð7:7Þ

where Ip is the propagating heat flux, qcond (W m�2) is the conductive heat flux
received by the unburned fuel, k is the thermal conductivity of the material
(W m�1 K�1), Tig is the temperature of ignition (K), Ta is the ambient temperature,
equivalent to the temperature of the unburned fuel, and x is the distance over which
heat is being transferred by conduction (m). The distance (x) over which heat is
being transferred in smoldering fires is often considered to be on the order of 0.01 m
(Palmer 1957; Drysdale 1999; Miyanishi 2001; Weber 2001).

By combining the Eqs. (7.6) and (7.7), we have the rate of spread of smoldering
fires:

Rs ¼ k
Tig � Ta

� �

x ρbe Qig
ð7:8Þ

Because conduction is the primary heat transfer mode of the propagating heat flux
in smoldering fires, the resulting rate of spread is always small, even when the fuel is
completely dry. For dry fuels, the heat of pre-ignition in Eq. (7.8) can be simplified
to include only the heat required to raise the temperature of the dry fuel to ignition
temperature (Qdig). This can be calculated by multiplying the specific heat capacity
of the dry fuel (Cpd) and the temperature difference between the ambient temperature
(Ta) and ignition temperature (Tig). Since the thermal diffusivity (α) is related to
conductivity (k), effective bulk density (ρbe), and specific heat capacity (Cpd), we can
simplify the equation for the rate of spread of a smoldering fire by conduction in a
dry fuel as:

Rs ¼
k Tig � Ta

� �

x ρbe Cpd Tig � Ta

� � ¼ k
x ρbe Cpd

� � ¼ α
x

ð7:9Þ
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For example, we may want to know what is the rate of spread of fire in dry
peat, which has a thermal diffusivity (α) of 1.2 � 10�7 m2 s�1

(or 0.12 mm2 s�1). If we consider an inception distance (x) of 0.01 m
(or 10 mm) we can calculate the rate of propagation as:

Rs ¼ α
x
¼ 0:12

10
¼ 0:012 mm s�1 ð7:10Þ

The rate of spread (Rs) is 0.012 mm s�1, spreading about 43 m per hour.
This indicates a very slow rate of spread. As most smoldering fires spread in
moist fuels, the rate of spread would be much slower than calculated here for
dry fuels.

Equation (7.9) provides a crude estimation (e.g., the correct order of magnitude)
of the rate of spread of smoldering fires (Drysdale 1999) for a variety of types of dry
fuels. The rate of spread of smoldering fires, even in dry fuels, is very slow compared
to typical flaming combustion. The rate of spread of smoldering fires is affected by
the moisture and mineral content of fuels, the porosity of the fuelbed, and wind
speed. The moisture content, which can range from less than 10 to over 300%,
influences the heat of pre-ignition, which acts as a heat sink and is thus critical to the
fire rate of spread. The effect of fuel moisture can be modeled using Eq. (7.8). More
sophisticated models have been developed that can account for other variables and
modes of heat transfer in smoldering fires (e.g., Rein et al. 2008).

The Spread of Flaming Fires Modeled from Radiation

The propagating heat flux associated with the spread of a flaming fire front depends
upon a combination of radiative, convective, and conductive heat transfer. However,
in the absence of wind and slope, it is commonly assumed that radiative heat transfer
dominates (Fig. 7.9). Thus, other forms of heat transfer can be ignored when
estimating the propagating heat flux in no-wind, no-slope conditions where fire
spreads at the same rate in all directions. Examples of a radiation-only approach
were reviewed in Weber (1989) and include those of Van Wagner (1967) and
Telitsyn (1973).

Under this approach, the propagating heat flux for a no-wind no-slope condition
(Ip0) is assumed to be equal to the radiative heat flux (qrad):

Ip0 ¼ qrad ¼ FabE σSB T4 ð7:11Þ

where Ip0 is the propagating heat flux for a no-wind no-slope condition, qrad
(kW m�2) is the heat transferred from the flame to the unburned fuel, Fab is the
view factor, ε is the emissivity, σSB is the Stefan-Boltzmann constant
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(5.67 � 10�8 W m�2 K�4), and T is the temperature of the flame (K). As discussed
in Chap. 4, flame temperature can be highly variable at a single location due to
turbulence, with typical mean values ranging from 1000 to 1200 K (Anderson 1969;
Beer 1991; Grishin 1996; Telitsyn 1996; Quintiere 1998). View factor and emissiv-
ity were discussed in Chap. 5. The view factor (Fab) represents the proportion of total
radiative energy leaving the flame received by the unburned fuel and is a function of
the geometry of the flame and the unburned fuels. Emissivity (ε) is the relative ability
of a flame to emit thermal radiation and depends upon the nature of the flame. Flame
emissivity values for fires spreading in pine needle fuelbeds generally range from
0.16 to 0.28 (Anderson 1969) but can vary depending upon the flame depth (D):

ε ¼ 1� e �a1Dð Þ ð7:12Þ

where a1 is an empirical coefficient 0.1–0.3 m�1 (Thomas 1965) and D is flame
depth (m).

Assuming that radiation is the only mode of heat transfer associated with the
propagating heat flux and including Eq. (7.11) in Eq. (7.6), we can estimate the
steady-state rate of spread as:

Rs ¼ Fab E σSB T4

ρbeQig
ð7:13Þ

This simplified approximation for the steady-state rate of spread is based on the
assumption that the propagating heat flux can be completely represented by radiative
heat transfer. Although a radiation-only approach is commonly used to represent fire
spread for no-wind, no-slope conditions, radiation is not the sole mechanism of heat
transfer under such conditions. Anderson (1969) indicated that radiation only
accounted for 40% of the total heat transfer under no-wind and no-slope conditions.
Indicating that the heat transfer mechanisms involved with fire spread, even under no
wind and no slope conditions, are complex.

The Spread of Flaming Fires Modeled from Reaction Intensity
and Propagating Flux Ratio

A widely used empirical approach for estimating the propagating heat flux ratio was
developed by Rothermel (1972). It is based on the use of an empirical ratio between
the propagating heat flux and the reaction intensity of the fire. Reaction intensity (IR)
is the rate of energy release per unit area.

If we assume that all of the mass within the fuelbed is consumed during flaming
combustion over a given residence time, reaction intensity IR (kW m�2) can be
estimated by multiplying bulk density ρb (kg m�3), the low heat of combustion ΔHL
(kJ kg�1) and the fuelbed depth δ (m) together and dividing by the residence time
tR (s):
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IR ¼ ρbΔHLδ
tR

� �
ð7:14Þ

Rothermel (1972) proposed that the no-wind no-slope propagating heat flux (Ip0)
can be related to reaction intensity (IR) through an empirically-derived value called
the propagating flux ratio (ξ):

Ip0 ¼ ξ IR ð7:15Þ

Based upon a series of laboratory experiments, Rothermel (1972) related the
propagating heat flux ratio (ξ) to the typical surface area-to-volume ratio (σ in m�1)
and the packing ratio (β) of the fuelbed:

ξ ¼ 0:792þ 0:36σ0:5
� �

β þ 0:1ð Þ� �

192þ 0:0791 σ
ð7:16Þ

where the packing ratio is estimated as the ratio of bulk density (ρb) to particle
density (ρp):

β ¼ ρb
ρp

ð7:17Þ

The ratio of the propagating flux to the reaction intensity for a variety of fuel types
is shown in Fig. 7.12. For the same reaction intensity, the propagating heat flux
increases with increasing packing ratio and decreases with fuel particle size.

7.3.3 The Effects of Wind and Slope on Fire Spread

Wind speed and slope are two critical variables, along with fuels, that affect the
propagating heat flux and, therefore, the rate of spread of a fire front. In this section,
we address the individual effects of wind and slope and then discuss their combined
effects.

The Effect of Wind Speed

The effect of wind on the propagating heat flux and the rate of spread of fires has
been analyzed using several different approaches. The questions associated with
modeling wind speed above and within vegetation canopies will be discussed later.
Here we will use z as vertical height and Uz as the wind speed at the z height, with zm
corresponding to midflame height. As the ambient wind speed increases, the flames
are pushed or tilted towards the unburned fuel, which increases the effectiveness of
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radiative and convective heat transfer, the propagating heat flux, and ultimately the
fire rate of spread. From a radiation-only model perspective, wind may be seen as
tilting the flame angle, increasing the configuration factor Fab, and thereby (Eq. 7.13)
contributing to increase the rate of spread of fire. However, as different heat transfer
processes operate simultaneously, the spread rate of a wind-driven fire Rs(Uz) can be
modeled as a function, f(U), of the no-wind no-slope rate of spread (Rs) and a
measure of the wind velocity at a given height (Uz). The height at which wind is
measured can vary among studies. Special attention should be given to the idea of
“midflame” wind speed (Uzm). The concept of midflame wind speed was developed
for use with the Rothermel (1972) surface fire spread model, and it is meant to
represent the average wind speed over a range of heights that affects surface fire
spread rather than the open wind speed, which is commonly collected at 6.1 m (in the
US) or 10 m above open ground.

One of the earliest attempts to estimate the effect of wind on fire rate of spread
was made by Rothermel and Anderson (1966). Their work was based on experi-
mental laboratory fires burning in pine litter. They used a function f(U) with an
exponential form to adjust the no-wind no-slope rate of spread Rs(0) based on the

Fig. 7.12 The ratio of propagating flux to reaction intensity (ξ) as a function of the fuel packing
ratio (β) and particle size (σ) using equations from Rothermel (1972) and Frandsen (1973) for no
wind and no slope. Different particle sizes, expressed as the surface area-to-volume ratio (σ in m�1),
were used for the different fuels: short grass), timber grass and understory (σ ¼ 9843 m�1),
hardwood litter (σ ¼ 8202 m�1), chaparral and timber litter (σ ¼ 6562 m�1), logging slash and
tall grass (σ ¼ 4921 m�1), excelsior (σ ¼ 4757 m�1), 0.6 cm-diameter sticks (σ ¼ 495 m�1), and
1.2 cm-diameter sticks (σ ¼ 247 m�1)
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midflame wind speed (Uzm) and an empirical coefficient (a1) that indicates the
importance of the effect of wind. Their model for the wind effect on the fire rate
of spread is:

Rs Uzmð Þ ¼ Rs 0ð Þ f Uzmð Þ ¼ Rs 0ð Þ e a1Uzmð Þ ð7:18Þ

where Rs(Uzm) is the steady-state rate of spread at midflame wind speed Uzm. Wind
increases the fire rate of spread downwind, especially at higher wind speeds. The
response to wind varies with fuel moisture (Fig. 7.13).

McArthur (1967) and Luke and McArthur (1978) also used a graph represented
by Eq. (7.18) to describe the relationship between open wind speed 10-m above-
ground (U10 in km h�1), the no-wind, no-slope rate of spread, and the steady-state
rate of fire spread for eucalypt and grass fuels in Australia. Using data from a series
of experimental fires, they established relationships that correspond to values of the
empirical coefficient, a1, of 0.145 and 0.0842 km�1 h for grasslands and forests,
respectively (Noble et al. 1980). These relationships provided a foundation for the
Australian fire danger rating systems.

Another common approach is to represent the effect of wind speed on the fire rate
of spread as a power function:

R Uzð Þ ¼ Rs 0ð Þ Uz
b ð7:19Þ

where the exponent b is derived empirically from experiments with measurements
made at various heights. The exponent depends upon the type of fuel and conditions
of the experiments (Fendell andWolff 2001). Estimates for b range from 0.42 to 0.65
for Calluna vulgaris andUlex europaeus shrubland in the United Kingdom (Thomas

Fig. 7.13 The influence of midflame wind speed and fuel moisture on the rates of spread of fires
burning in fuelbeds of pine needles of (a) Pinus ponderosa and (b) Pinus monticola. Original results
with a rate of spread, R, and midflame wind speed, U, in feet per min and fuel moisture “Hf”as a
percentage of dry fuel weight. (From Rothermel and Anderson 1966)
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1971), to 0.87–1.83 for shrublands in Spain and Portugal (Vega et al. 1998;
Fernandes 2001; Marino et al. 2008), to 2.22–2.67 for Eucalyptus marginata litter
in Australia (Burrows 1999a, b).

Many modifications of these simple equations have been proposed. The approach
of Rothermel (1972) is a modification of the simple power function:

Rs U2ð Þ ¼ Rs 0ð Þ 1þ a U2
b

� � ð7:20Þ

The wind speed input to Eq. (7.20), although described as midflame wind speed,
is usually assumed to be the wind at a height of ~2 m. The values of the coefficients a
and b in Eq. (7.19) (Table 7.1) are related to the characteristic fuel surface area-to-
volume ratio.

The effect of wind on the fire rate of spread using Eq. (7.24), the values in
Table 7.1, and those reported in Noble et al. (1980) for Australia are shown in
Fig. 7.14. The effect of wind on rate of spread is more pronounced in fuel types with
a relatively high surface area-to-volume ratio (e.g., short grass) than in fuel types
composed of coarse fuel elements and consequently characterized by relatively low
surface area-to-volume ratios, i.e., logging slash.

The association of these results with heat transfer processes is not clear. We
hypothesize that the effect of the convective upward airflow reduces the effect of
wind. The influence of wind on fires will be further discussed for crown fires and
extreme fire behavior (Chap. 8).

The curvilinear relationships in Fig. 7.14 are not followed by other empirical fire-
spread models, which indicate a near-linear response of the fire rate of spread to wind
speed in a variety of fuel types (Cruz et al. 2015). The curvilinear relationships
predicted by power and exponential functions are in part an artifact of the lack of
response to weak winds (Fernandes et al. 2000) and cannot be extrapolated to strong
winds. To overcome this limitation, Cheney et al. (1998, 2012) suggested using
different wind functions to describe the relationship between rate of spread and wind
speed above and below a threshold wind speed of ~5 km h�1. Similarly, Butler et al.
(2020) suggested that when wind speeds are less than 36 km h�1, fire rate of spread
increases linearly at a rate of around 3% of the wind speed. With higher wind speeds,

Table 7.1 The coefficients a and b of Eq. (7.20) for the different fuel sizes (different surface area-
to-volume ratios) representing different fuel types. Data from Rothermel (1972)

Fuel type

Surface area to volume ratio Coefficients

ft�1 m�1 a b

Short grass 3500 11,483 0.061 2.07

Timber (grass and understory) 3000 9843 0.068 1.91

Hardwood litter 2500 8202 0.076 1.73

Chaparral and timber litter 2000 6562 0.086 1.53

Logging slash and tall grass 1500 4921 0.103 1.31
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the fire rate of spread response to wind remains approximately linear at a rate of
about 13% of the wind speed.

The existence of an upper limit for the wind effect has been a matter of discussion.
The original work of McArthur (1969) reproduced by Rothermel (1972) indicated
the upper limits of wind effects on fire spread (Fig. 7.15). In the Canadian fire
behavior prediction system, fire-spread rate levels off at very high values of the
Initial Spread Index, a function of wind speed and dead fuel moisture content
(FCFDG 1992).

The upper limits of the effect of wind on fire spread are not simple to evaluate.
These limits are known to exist as wildfires have been reported to be blown out by
very high winds. These thresholds have also been used for fighting by using
explosives to blow out wildfires or by using hand-held leaf-blowing devices to
fight low-intensity fires. However, the wind limits are difficult to establish in
practice. Despite the work of McArthur (1969), other authors also working with
grass fires in Australia (Cheney and Sullivan 2008) found no reliable evidence to
indicate a sharp decrease in the rate of spread at wind speeds above 50 km h�1, and

Fig. 7.14 The general form of the multiplying factors of wind from Rothermel (1972) for short
grass, timber (grass and understory), chaparral, and logging slash in the USA, and for grasslands
and forests in Australia (Noble et al. 1980). Contemporary Australian models in operational use
have wind factors of ~1 (Cruz et al. 2015). Note that wind speeds are measured differently in the
USA (z ¼ 6.1 m) and Australia (z ¼ 10 m)
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indicated that the effects of very high wind speeds, above 80 km h�1, were uncertain.
A reanalysis of the original data and more recent grassfire data do not support the
wind speed limit. This limit has since been removed from the operational version of
the Rothermel model (Andrews et al. 2013). Butler et al. (2020) also did not find a
wind limit, at least up to the maximum wind speed of 100 km h�1 explored in their
laboratory study of fire spread in pine needle beds.

Modeling Wind Speeds Above and Within a Vegetation Layer

One of the practical challenges of modeling the effect of wind on the fire rate of
spread is defining where wind should be measured. This is not a problem in
laboratory experiments where wind speed is controlled. However, in field experi-
ments, most instrumentation used to measure wind speed cannot survive a fire, and
wind measurements are commonly collected at some distance from the fire front.
The height of wind measurements is especially important. Models are available to
estimate surface (1.5–2 m height) wind speed from measured wind speed at a
different height.

Wind speeds and direction are commonly measured at a standard height (e.g.,
10 m) above the ground to estimate the surface wind speed used in fire behavior
prediction. Given that wind speed generally increases with height above the ground,
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Fig. 7.15 The upper limits of fire spread and the wind effect in Rothermel (1972) usingMcArthur’s
(1969) rate of spread data for grass fires. The data are for average wind velocity at 33 feet above the
ground in the open; units are miles per hour
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measurements of wind speed at one height can be converted to the wind speed at
another height if the wind profile is known or can be estimated.

A common approach used to estimate wind speed above a vegetation layer is the
power law wind profile:

Uz2 ¼ Uz1
z2
z1

� 	a

ð7:21Þ

where Uz2 is the unmeasured (and to be estimated) wind speed at a given height
above the ground, z2, Uz1 is the measured wind speed at a given height, z1, and the
exponent, a, is an empirical constant dependent on atmospheric stability. It is
common to assume that the exponent, a, is a constant (a ¼ 0.143 or 1/7). However,
in areas where the wind flow is significantly affected by tall or dense vegetation, the
use of the constant 1/7 value can lead to significant errors in wind speed estimates,
and other approaches are required. One of the major effects on wind speed near the
Earth’s surface is the presence of vegetation. Here we will distinguish between
estimating wind speeds above and within vegetation.

The logarithmic wind profile provides more reliable estimates of the wind profile
closer to the Earth’s surface than the power law profile (Eq. 7.21). It accounts for the
effects of vegetation on the wind flow. For a neutral stable atmosphere, the loga-
rithmic wind profile is:

uz ¼ u�
vk

ln
z� zd
z0

� �
 �
ð7:22Þ

where uz is the wind speed at height z, u* is the friction velocity (m s�1), vk is the von
Karman constant (ffi0.41), zd is the zero plane displacement (m), and z0 is the surface
roughness (m).

By using Eq. (7.22), we can estimate the wind speed at the height of interest Uz2

as a function of wind speed measured at a different height Uz1:

Uz2 ¼ Uz1
ln z2� zdð Þ=z0ð Þ
ln z1� zdð Þ=z0ð Þ ð7:23Þ

The characteristics of the vegetation determine the coefficients of the zero plane
displacement, zd, and of the surface roughness zo. The zero plane displacement zd
can be estimated for dense crops or forests as 60–80% of the average height of the
vegetation (Thom 1975). The roughness length (zo) is an adjustment factor that
accounts for objects or roughness near the surface on the wind flow. Roughness
depends on the general terrain characteristics (Fig. 7.16). Alternatively, roughness
length (zo) has been estimated as 0.13 times the vegetation height (Albini 1983).

Within vegetation, the wind profile does not follow the logarithmic and power
laws indicated above. In general, wind speed decreases with the height from the top
of the vegetation canopy towards the surface. The exact nature of this decrease is
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directly related to the amount, characteristics, and arrangement of vegetation. The
vertical wind profile differs for a dense forest with dense midstory and understory
underneath the overstory layer and a forest with a single canopy layer (Fig. 7.17).
The latter is characterized by greater wind velocity throughout the canopy profile
and increased wind speed below the canopy.

The estimation of wind speed within a canopy is complex where the structure of
vegetation is complex. However, estimates of wind speed underneath the tree
canopy are required by fire spread models based on surface (1.5–2 m height) wind
speed. The effect of vegetation layer on the wind velocity can be estimated using an
exponential function (Fritschen 1985):

Uz ¼ Uzve
b 1� z

zvð Þ½ � ð7:24Þ

where zv is vegetation height (m), and b is an empirical parameter called the wind
velocity attenuation coefficient, which depends upon the structure and density of the
canopy. Typical values for b for forests range from 2 to 5 (Cionco 1965, 1978;
Kunkel 2001). Example calculations of the wind profile based on Eqs. (7.21), (7.22),
and (7.24) based on wind speed measured at 10 m above the ground are shown in
Fig. 7.18.

The above equations try to represent the vertical wind profile above and within
vegetation. They are useful for understanding the variables to take into account to

Z0 = 0.0002 m

Z0 = 0.005 m

Z0 = 0.03 m

Z0 = 0.1 m

Z0 = 0.4 m

Z0 = 1.0 m

Fig. 7.16 Roughness
values (z0) of different
terrain based upon the
European Wind Atlas
(Troen and Petersen 1989).
Values are z0 ¼ 0.0002 m
typical of seas and lakes,
z0 ¼ 0.005 m for land with
negligible vegetation,
z0 ¼ 0.03 m for open areas
with few trees and bushes,
z0 ¼ 0.1 m for large open
areas with windbreaks,
trees, and buildings,
z0 ¼ 0.4 m for forests or
urban areas with well-
spaced building without tall
trees, and z0 ¼ 1.0 m for tall
forests or densely built town
area with openings.
Roughness values can be
even larger
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Fig. 7.18 The wind profile modeled from a wind speed of 5 m s�1 measured at 10 m height, using
the Eq. (7.21) for bare ground (power law), Eq. (7.22) for height above a 2 m tall vegetation layer,
and Eq. (7.24) for within the vegetation using a wind velocity attenuation coefficient b equal to 3.0
(see text for details)

Fig. 7.17 Vertical wind profiles for (a) a dense, two-age class forest and (b) a single-age class
forest (Schroeder and Buck 1970)
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reduce wind measurements taken at a fixed height to the height of interest for fire
behavior, the midflame or surface (~2 m) height.

The current practice is to adjust wind speed measurements at a given height above
the ground (Uz) to the midflame wind speed (Uzm) height directly by multiplying the
measurements by a wind adjustment factor WAF (Albini and Baughman 1979;
Rothermel 1983; Andrews 2012). The WAF is always below unity and assumes
that vegetation cover is continuous and on flat ground. Albini and Baughman (1979)
defined two separate WAF equations for sheltered and unsheltered surface fuels. The
unsheltered WAF is based on estimating the wind speed at a height twice the depth
of the fuelbed, and thus depends upon the surface fuel height. The sheltered WAF
depends on the fraction of the crown space occupied by vegetation and the assump-
tion that wind speed below the canopy top is fairly constant with height. Sheltered
surface fuels tend to have WAF in the 0.1–0.3 range, while unsheltered fuels have
WAF of 0.4–0.6 (Rothermel 1983). These systems use a reduction factor of 1/1.15 to
convert wind speeds measured at 10 m to wind speed at 6.1 m before using theWAF.
In summary:

Uzm ¼ WAF U6:1 ¼ WAF U10=1:15 ð7:25Þ

USDA Forest Service fire behavior prediction tools such as Behave Plus and
FlamMap integrate WAF.

The Effect of Slope

The effects of slope on the rate of spread of a fire have been addressed similarly to
wind. From a radiation perspective, the slope decreases the flame angle, thereby
increasing the configuration factor Fab and, consequently the propagating heat flux
ratio and rate of spread (Eq. 7.11). The effect of slope on rate of spread has been
represented using a curvilinear function (Curry and Fons 1938; McArthur 1967;
Rothermel 1972; Hwang and Xie 1984; Weber and Mestre 1990; FCFDG 1992). A
multiplier factor has been applied in Australia since the early work of McArthur
(1967), in Russia (Sheshukov 1970), in the USA (Rothermel 1972), or in Canada
(Van Wagner 1977b). In all cases, the equations are derived from experimental and
field data.

Similar to the effect of wind modeled by Eq. (7.18), one empirical equation for
the effect of slope angle (S in degrees) on the steady-state rate of spread of fire (Rs)
was fitted by Noble et al. (1980) to the rule of thumb of McArthur (1967) as:

Rs Sð Þ ¼ Rs 0ð Þ e a1Sð Þ ð7:26Þ

where Rs(0) is the no-wind no-slope rate of spread and a1 is a parameter indicating
the effect of slope on fire spread, with a1 ¼ 0.069 for both grasslands and forests;
similarly, Fernandes et al. (2009) obtained a1¼ 0.062 for pine forest. This functional
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form has the advantage of considering the spread of fires downslope. In this case,
when estimating fire spread downslope, the value of slope is negative (S < 0), and the
slope factor, e a1Sð Þ, is below unity, indicating a reduction of the propagating heat flux
and a slower spread downhill. This is very useful when wind and slope are opposing
one another. The combined effects of wind and slope are discussed later in this
chapter.

A different expression for the effect of slope on fire spread was proposed by
Rothermel (1972):

Rs Sð Þ ¼ Rs 0ð Þ 1þ a2 tan Sð Þ2
h i

ð7:27Þ

The coefficient, a2, indicating the importance of slope in fire spread, was consid-
ered to be dependent on one of the characteristics of the fuel, the packing ratio (β):

a2 ¼ 5:275 β�0:3 ð7:28Þ

When the fuelbed is more compact, the proportion of the fuelbed space occupied
by fuel (the packing ratio β) is high, the value of a2 is lower and the slope effect is
smaller. The graphical representation of the ratio Rs(S)/Rs(0), the slope factor, as a
function of slope S and the packing ratio β, using Eq. (7.26)–(7.28), is presented in
Fig. 7.19.

Fig. 7.19 The effect of slope on fire-spread rate according to McArthur (1967) and to Rothermel
(1972) for different packing ratios (β)
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The slope effect is more pronounced for low packing ratios (β) (Fig. 7.19). As the
packing ratio (β) is the ratio of bulk density (ρb) to particle density (ρp), it follows
that the rate of spread of fire in denser fuelbeds, with high bulk density, is less
influenced by slope than in lighter fuel beds.

Based on the previous approaches and using the value of β¼ 0.04, representative
of many litter layers, Van Wagner (1977b) proposed a different equation:

Rz Sð Þ ¼ Rs 0ð Þ e 3:533 tan Sð Þ1:2½ � ð7:29Þ

Notwithstanding the slope effects described above, large fires in undulating
landscapes spread at an average rate that approximates what would be observed in
no-slope conditions, as a result of slower propagation downslope (Sullivan et al.
2014).

Often the steady-state rate of spread of a fire front is estimated in relation to a
specific wind and slope. The combined effects of wind and slope are discussed next.

The Combined Effect of Wind and Slope

Wind and slope together influence the rate of spread of fires. Increased wind velocity
and slope affect the efficiency of heat transfer from the flame to the unburned fuel.
For a head fire, an increase in wind or slope tilts the flame closer to the unburned
fuel, increasing the amount of radiant and convective heat transfer to the unburned
fuels. In contrast, during a backing fire, increased wind velocity or slope will cause
the flame to tilt away from the unburned fuels, resulting in a reduction of radiative
heat transfer.

Together, wind and slope can result in very significant and rapid increases in the
fire spread rate (Fig. 7.20), much greater than the potential increases due to changes
in fuel or fire type. Slope and wind are synergistic when both wind and slope are
aiding the spread of a headfire.

The effects of wind and slope on the rate of spread of a fireline have been assessed
independently by deriving empirical equations fitting the data of laboratory or field
experiments. The empirical approach is due to the difficulties associated with the
adequate modeling of convection, including turbulence. Many laboratory experi-
ments were designed to address each of these two factors independently. Some
laboratory experiments were designed to work in no-slope conditions to assess the
isolated effect of wind, while others operate in no-wind situations to evaluate the
independent effect of the slope. After the evaluation of the independent effects, these
are typically combined in a single equation.

Because it is assumed that slope and wind influence fire spread through the same
mechanisms, they are often treated as additive. Evaluation of the effect of these
factors is generally done independently and later combined in a mathematical
equation. Rothermel (1972) used an equation of the form:
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Rs U, Sð Þ ¼ Rs 0ð Þ 1þ f Uð Þ þ f Sð Þð Þ ð7:30Þ

where Rs(U,S) is the head fire rate of spread calculated from the no-wind no-slope
rate of spread Rs(0), a wind speed function f(U), and a slope function f(U). The wind
and slope functions were those referred to in Eqs. (7.20) and (7.27). This equation
includes the three factors of the fire triangle. Rs(0), the no-wind no-slope rate of
spread is only dependent on fuel characteristics, including fuel moisture, which is
also partially weather-dependent. The wind speed function f(U) represents another
weather effect, and the slope function f(S) represents the effect of topography.

Other possibilities of combining wind speed and topography exist. In the Cana-
dian Forest Fire Behavior Prediction System (FCFDG 1992) fire-spread rate is
predicted from the Initial Spread Index (ISI), a function of wind speed and fuel
moisture. A no-wind ISI is computed to estimate the no-wind rate of spread, which is
multiplied by the slope factor in Eq. (7.29) to obtain the slope-adjusted no-wind rate
of spread. Then, the latter is converted into a wind speed equivalent to the slope and
an overall ISI is calculated to estimate fire-spread rate as determined by the com-
bined effects of wind and slope.

The remaining main approach adopts a multiplication equation of the form:

Rs U, Sð Þ ¼ Rs 0ð Þ f Uð Þ f Sð Þ ð7:31Þ

In this case, the headfire rate of spread Rs(U, S) is a function of the no-wind
no-slope rate of spread Rs(0) times a factor f(U) representing the effect of wind on

Fig. 7.20 Mean observed rate of spread as a function of wind velocity (m s�1) and slope (%) in
experiments by Weise and Biging (1997). Wind and slope interact to affect the rate of fire spread.
Negative values of wind speed and slope indicate respectively fire spread against the wind (backfire)
and downslope, as opposed to fire spread in the direction of the wind (headfire) and upslope
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the fire rate of spread and a second factor, f(S), which represents the effect of slope
on the rate of spread. These functions are different from those in Eq. (7.30).

7.3.4 The Effect of Physical Fuel Properties on Fire Spread

Different fire-spread modeling philosophies and options consider different fuel
variables as inputs. The Rothermel (1972) model and its applications are based on
the fuel model concept. A fuel model is a set of quantitative fuel characteristics,
including fuel load by size class and condition, fuel depth, and surface-area-to
volume ratio, which are direct inputs to the model, or they can be used to calculate
other properties such as bulk density or packing ratio (See Chap. 6). Similarly to
Rothermel (1972), Catchpole et al. (1998) were able to model in a controlled
laboratory setting how fire spread is impacted by variation in a number of physical
fuel properties, namely surface area-to-volume ratio (σ), packing ratio (β), particle
density (ρp), and low heat of combustion (ΔHL). Their resulting model is based on
the results of 357 experimental fires across a range of particle sizes, fuel bed depths,
and packing ratios.

Field-based fire behavior models are developed from statistical analyses of data,
preferably from field experiments carried out in large plots and covering the widest
variation possible in environmental conditions. Robust empirical models have been
shown to perform acceptably for operational purposes, including the prediction of
fast-spreading wildfires under extreme conditions (Cruz and Alexander 2013; Cruz
et al. 2018). However, these models are usually unable to capture and distinguish
between the influences of individual fuel characteristics, especially because of the
overwhelming dominance of wind and fuel moisture, and natural heterogeneity and
correlation between fuel properties. Consequently, the analysis of field data seldom
succeeds in identifying more than one descriptor of the fuel complex to add to wind
speed and dead fuel moisture in a descriptive equation of fire-spread rate.

The Effect of Bulk Density

Fuels inventory commonly provides measures of the fuel load (kg m�2) and depth
(m), which is then used to estimate fuelbed bulk density (ρb, kg m�3) (See Chap. 6).
However, fuelbed bulk density is not necessarily the most appropriate variable to
predict fire spread. Alternatively, a related variable called the effective bulk density
(ρbe) can be used. The effective bulk density represents the amount of fuel per unit
volume involved in the absorption of heat during the pre-ignition phase. As indicated
in Eq. (7.6), the effective bulk density is inversely related to the fire rate of spread.

Rothermel (1972) was one of the first to indicate that fuelbed bulk density is by
itself a poor predictor variable of fire spread rate as fuelbeds often include various
types of fuels in different size classes. To overcome this limitation, Rothermel
(1972) and Frandsen (1973) proposed the use of an effective bulk density (ρbe) as
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a function of fuel size, measured by the surface-area-to volume ratio (σ in m�1) of
the fuel pieces:

ρbe ¼ ρbe
�452:8

σð Þ ð7:32Þ

The effective bulk density (ρbe) is always smaller than the fuelbed bulk density
(ρb) as only a fraction of the fuel bulk density needs to be heated to ignition
temperature. If the fuelbed is primarily composed of fine fuel particles, such as
grasses, with surface area-to volume ratios of around σ¼ 10,000 m�1, the difference
between ρbe and ρb is less than 5%. For fuelbeds primarily composed of thicker fuel
particles with σ ¼ 5000 m�1, such as litter or shrub particles, the difference between
the effective bulk density and bulk density is less than 10%. This correction is
important only when coarse woody fuels are a relevant component of the fuel
complex. When only fine fuels are considered (high σ), the value of the effective
bulk density (ρbe) approaches that of the fuelbed bulk density (ρb).

This inverse relationship between effective bulk density and fire rate of spread
indicates that for the same fuel load more compact fuels will have slower propaga-
tion rates. This justifies that fuel beds of loose long needles propagate fire more
rapidly than more compact fuel beds of short needles. Also, fuel treatments that
reduce fuel depth maintaining fuel load produce fuel beds with high effective bulk
density. This occurs after mastication, in which machines chip or mulch trees and
shrubs with the resulting chips spread on the soil surface. Some canopy fuels become
compact surface fuels (See Sect. 11.4). Masticated fuels are seldom removed. If the
masticated fuels burn, the deep beds of chips are more likely to smolder than to burn
with flames (See Sect. 11.4). Thus, mastication can reduce the potential fire intensity
and rate of spread but can increase the difficulty of extinction during fire suppression
(Kreye et al. 2014).

Other Physical Fuel Properties Used in Fire-Spread Models

Contemporary field-based fire spread models are multiplicative and most commonly
take the form of:

Rs ¼ b0 U
b1 eb2 M Fb3 ð7:33Þ

where b1 is a positive coefficient denoting an increase in the rate of spread with
higher wind speed, b2 is negative indicating a decrease in the rate of spread with
higher dead fuel moisture content, and F is a simple descriptor of the fuel complex.
An adjustment for the effect of slope through one of the slope factors currently
available is subsequently introduced.

The fuel variable F in Eq. (7.33) varies substantially among models. Fuelbed bulk
density is not straightforward enough for most end users of these models. Because it
is calculated by dividing fuel load by fuel depth (δ), bulk density is inversely related
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to height for a given fuel load. This results in a positive correlation of fire spread rate
and fuel height, as observed in shrublands (Vega et al. 1998; Fernandes et al. 2000;
Fernandes 2001; Anderson et al. 2015) and pine forests (Fernandes et al. 2009), and
modeled for a variety of fuels by Rossa and Fernandes (2018). For the same fuel
load, a decrease in fuel depth or height results in a decrease in the fire-spread rate.

In other fire-spread equations, fuel load takes the place of fuel depth, with which it
is highly correlated, unless fuel cover is uneven. Early operational models for
prescribed burning or wildfire in eucalypt forest featured increased fire-spread rate
with increased fuel load (McArthur 1967; Sneeuwjagt and Peet 1985). This provided
a solid rationale for fuel reduction treatments, but subsequent research showed that
fuel load should be replaced by fuel structure metrics. The currently recommended
model for dry eucalypt forest (Cruz et al. 2015) includes near-surface fuel height and
hazard scores for surface (litter) and near-surface fuels as inputs (Cheney et al.
2012). Fuel age can be used in lieu of the fuel structure metrics in this model
(Fig. 8.1). Marsden-Smedley and Catchpole (1995) used fuel age to express the
fuel complex effect on the fire-spread rate for the buttongrass moorlands of
Tasmania.

The prediction of fire-spread rate for fuel types from Australian arid regions, such
as spinifex grasslands (Burrows et al. 2018) and mallee-heath shrublands (Cruz et al.
2013), includes fuel discontinuity metrics as inputs. Finally, Australians equations
for fire-spread rate in grassland, e.g., Cheney et al. (1998), all include the effect of
curing level (%) on the fire-spread rates.

Differently from any other approach, the Canadian Forest Fire Behavior Predic-
tion System (FCFDG 1992) does not consider variation in fuel properties other than
fuel type. This is similar to using stylized fuel models as in the USA, except that
model inputs are strictly based on fire weather. Also, the effects of wind speed and
dead fuel moisture content are accounted for indirectly via the Initial Spread Index
(ISI) of the Fire Weather Index System (FWI) (see Chap. 8). For each fuel type,
totaling 16 options (e.g., C1—Spruce-LichenWoodland, C6—Conifer Plantation, or
D1—Leafless Aspen), an initial rate of spread is calculated using an S-shaped
asymptotic curve. The rate of spread is then adjusted for fuel availability using a
buildup effect based on the Build-up Index of the FWI System.

7.3.5 The Effect of Fuel Moisture on Fire Spread

Fuel moisture content (M) is calculated as the mass of water per unit dry mass of the
fuel. Increasing fuel moisture decreases the propagating heat flux and increases the
heat of pre-ignition (Fig. 7.11). The combination of these two effects results in an
overall decrease in the fire rate of spread. In general, experiments evaluating the
effect of fuel moisture on fire rate of spread do not separate the effect of moisture on
the heat of pre-ignition and on the propagating heat flux independently. However,
the effect of fuel moisture in decreasing the propagating heat flux has been expressed
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separately as in the exponential form proposed by Catchpole et al. (1998), as shown
later in this chapter. Here we focus on the effect of fuel moisture in the heat of
pre-ignition.

The effect of fuel moisture content on the heat of pre-ignition and fire spread rate
has been studied experimentally since the 1960s (Thomas et al. 1964). Substantial
developments relating fire rate of spread to fuel moisture were based on experiments
in the Northern Forest Fire Laboratory in Missoula, Montana using fuelbeds of pine
needles or with prepared particles of known dimensions (Anderson 1964, 1969;
Rothermel and Anderson 1966; Frandsen 1971, 1973) (Fig. 7.21). The theoretical
framework derived from these experiments was based on the conservation of energy
principle (Fig. 7.22).

The effect of fuel moisture content on fire spread rate was one of the first
problems analyzed in laboratory experiments. Anderson (1969) and then Rothermel
(1972) approached the relationship between the fire rate of spread and fuel moisture
through empirical polynomial equations (Fig. 7.23).

The steady-state rate of spread, Rs, is inversely related to the heat of pre-ignition,
Qig (Eq. 7.6). As seen in Chap. 4, fuel moisture (M) influences the heat of
pre-ignition. Fuel moisture has a pronounced effect on the fire rate of spread.
When fuel is completely dry (M ¼ 0), the fire rate of spread is maximized. On the
other hand, when moisture exceeds the moisture of extinction (M > Mx), fires will

Fig. 7.21 Experimental fire spreading through a fuel crib to understand heating ahead of a
spreading fire in the Northern Forest Fire Laboratory of the USDA Forest Service (Frandsen 1973)
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Fig. 7.23 (a) Rate of spread as a function of fuel moisture content (Anderson 1969), and (b)
moisture damping coefficient (estimated rate of spread as a proportion of the maximum rate of
spread with no fuel moisture) as a function of the fuel moisture ratio (fuel moisture content as a
proportion of moisture of extinction) used by Rothermel (1972). Rate of spread as a function of fuel
moisture content shows the artificial adjustment of the curves at the higher end of moisture content
to derive the concept of moisture of extinction

Fig. 7.22 Richard Rothermel watching an experimental fire in the wind tunnel at the Missoula fire
laboratory in the early 1960s. (From Wells 2008)
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not spread. Between these two values, the fire rate of spread responds continuously
to changes in fuel moisture.

Maximum Potential Fire Spread Rate at Zero Fuel Moisture Content

We can estimate the maximum theoretical no-wind no-slope rate of spread Rs(0),
assuming that fuel moisture content is nil. For completely dry fuel, the heat of
pre-ignition (Qig) consists of only the energy required to heat the dry fuels to the
ignition temperature (Qdig). Combining Eqs. (4.2) and (7.6) we can define the steady-
state rate of spread for totally dry fuels as:

Rs 0ð Þ ¼ Ip
ρbeQdig

¼ Ip
ρbe Cpd Tig � Ta

� � ð7:34Þ

where the steady-state rate of spread at zero moisture Rs(0) (m s�1) is computed by
dividing the propagation heat flux (Ip, kW m�2) by the product of the effective fuel
bulk density (ρbe, kg m�3) and the heat required for pre-ignition of dry fuel (Qdig,
kJ kg�1). In this case, Qdig is calculated as the product of the specific heat capacity of
dry fuel Cpd and the difference between ignition temperature (Tig) and ambient
temperature (Ta).

For example, we can calculate the maximum potential fire spread rate at
zero moisture Rs(0). We draw upon the pioneering works of Anderson (1964,
1969) and Rothermel and Anderson (1966). They illustrated the calculation of
a maximum theoretical rate of spread Rs(0) with zero moisture (M ¼ 0) in
no-wind, no-slope conditions. The authors used fuelbeds with needles of
ponderosa pine (Pinus ponderosa) and western white pine (Pinus monticola).
In their experiments, they measured the temperatures at the combustion zone
to be 1140 and 1052 K for ponderosa pine and western white pine. Assuming
an emissivity of (ε) of 1, they estimated the resulting radiative heat flux
(Eq. 5.5) received within the fuelbed to be 95.8 and 69.4 kW m�2, respec-
tively, which they assumed to be equal to the propagating heat flux ratio. The
authors also indicated values for the bulk density (ρb) of the two fuelbeds to be
around 32 kg m�3, which are good approximations of the effective bulk
density (ρbe). Using a value of 1.1 J K�1 g�1 for the heat capacity of pine
needles (Cpd) and a temperature difference between ambient (Ta) and ignition
(Tig) temperatures of 300 K, we can estimate the maximum theoretical rate of
spread Rs(0) for M ¼ 0. In this case, we would have these equations:

For ponderosa pine needles:

(continued)
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Rs 0ð Þ m min �1
� � ¼ 60 s min �1 � 95:4 kW m�2

32 kg m�3 � 1:1 J K�1g�1 � 300 K

¼ 0:54 m min �1 ð7:35Þ

For western white pine needles:

Rs 0ð Þ m min �1
� � ¼ 60 s min �1 � 69:4 kW m�2

32 kg m�3 � 1:1 J K�1g�1 � 300 K

¼ 0:39 m min �1 ð7:36Þ

These two estimates for the maximum rates of spread with zero fuel
moisture can be seen in the graph with the statistical fit presented in Fig. 7.24.

Fig. 7.24 Results of fire spread from laboratory experiments of Anderson (1964, 1969) and
Rothermel and Anderson (1966) with needles of ponderosa pine and western white pine (triangles
and squares) compared with results from a simple model with only one parameter for the effect of
fuel moisture. A minimum threshold for the rate of spread Rmin is established on the vertical axis
equivalent to the moisture of extinction value Mx on the horizontal axis
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Fire-Spread Rate Decreases with Increasing Fuel Moisture

The rate of spread of fire decreases with increasing fuel moisture. However, the
equations governing this relationship deserve some discussion. The results of the
experiments of Anderson (1969) and Rothermel (1972) are used in the fire behavior
prediction systems developed by USDA Forest Service scientists. The relationship
between the rate of spread and fuel moisture was approached statistically with a
third-order polynomial equation (Fig. 7.24). However, this equation artificially
forces the curve to reach a value of moisture at which the fire will not spread,
which is the Moisture of Extinction (Mx) (Fig. 7.23). Because of its simplicity, the
Mx concept has been widely used, despite depending on additional influences, such
as wind speed and location on the fire perimeter, back or head fire (e.g., Fernandes
et al. 2008).

Combining the fundamental equation for fire propagation (Eq. 7.6) with the full
equation of the heat of pre-ignition (Eq. 4.6), we have a heat balance equation that
relates the rate of spread Rs with fuel moisture M:

Rs Mð Þ ¼ Ip
ρbe½Qdig þM Qwl þ Lv þ Qwvð Þ� ð7:37Þ

where fuel moisture M in the denominator is multiplied by the sum of three
components: the energy required to heat liquid water in the fuel up to the boiling
point (Qwl), the latent heat of vaporization (Lv), and the energy needed to raise the
temperature of water vapor to ignition temperature (Qwv).

An empirical parameter for the moisture effect (a) may be introduced in Eq. (7.37)
to fit the model to observed data. Rate of spread as a function of fuel moisture can be
written as:

Rs Mð Þ ¼ Ip
ρbe½Qdig þ a M Qwl þ Lv þ Qwvð Þ� ð7:38Þ

The experiments by Anderson (1969) and Rothermel (1972) allow us to
illustrate the use of Eq. (7.38). The empirical parameter, a, was estimated from
the experimental data. In this case, the values of a were estimated to be 1.4 and
2.0 for the western white pine and the ponderosa pine fuelbeds, respectively.
Comparison of the historical data of Anderson and Rothermel with models
fitted to that same data illustrates how other simple models can also provide a
good fit (Fig. 7.24).

This example shows that the use of only one empirical parameter allows
fitting the model to the observed values.

7.3 The Steady-State Spread Rate of a Fireline 153

https://doi.org/10.1007/978-3-030-69815-7_4#Equ6


Many empirical equations relating fire rate of spread with fuel moisture content have
been proposed (e.g., Rossa 2017). A simple empirical model equivalent to Eq. (7.38)
for estimating the rate of spread as a simple function of fuel moisture is:

Rs Mð Þ ¼ b0
ρbe½b1 þ b M� ð7:39Þ

where Rs(M) is the steady-state rate of spread (m s�1), ρbe is the effective bulk
density (kg m�3), M is the fuel moisture (dimensionless), b0 is a parameter that may
be interpreted as the propagating heat flux (Ip in mWm�2), b1 is a parameter that can
be interpreted as the product Cp ΔT (kJ g�1), and b2 is a parameter reflecting the
product a (Qwl + Lv + Qwv). This approach was exemplified for laboratory studies,
but it can also be applied to field experiments data.

Using data from a comprehensive group of burn experiments in highly
diverse fuelbeds, Rossa and Fernandes (2018) developed empirical models of
fire spread rate in no-wind no-slope conditions with varying bulk density and
fuel moisture content. Here, we use their dataset of 220 experimental fires to
illustrate the use of Eq. (7.39) and interpret the parameters b0, b1, and b2 fitted
to the data. The effective bulk density (ρbe) was taken as identical to measured
bulk density(ρb). The fitted equation is:

Rs Mð Þ ¼ b0
ρb b1 þ b2Mð Þ ¼ 48:0

ρb 640þ 4600Mð Þ R2 ¼ 0:794 ð7:40Þ

where Rs(M) is the rate of spread (m s�1). In the numerator, the value of
b0 ¼ 48.0 kW m�2 may be interpreted as the propagating heat flux, Ip. In the
denominator, ρb is bulk density (kg m�3), the parameter b1 ¼ 640 kJ kg�1

corresponds to Qdig, the heat required to raise 1 kg of dry wood to ignition, and
b2¼ 4600 kJ kg�1 corresponds to the heat requirements for fuel moisture until
ignition (Qwl + Lv + Qwv), around 3000 kJ kg�1, multiplied by the empirical
coefficient a, around 1.53. M is fuel moisture. The observed rate of spread is
similar to that predicted with Eq. 7.39 (Fig. 7.25).

Thresholds for Fire Spread and Moisture of Extinction

The no-wind fire spread in dead fuels such as pine needles rarely occurs when fuel
moisture content is above 25% (Fig. 7.24). This upper limit is often referred to as the
moisture of extinction. As seen above, at fuel moistures below the moisture of
extinction, fire rates of spread increase as dead fuel moisture decreases.

The threshold for fires to spread is often defined in terms of the moisture of
extinction (Mx), but it can also be expressed as a minimum rate of spread (Rmin). Fire
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managers have widely used the concept of moisture of extinction (Mx) to represent
the limit beyond which surface fires will not spread. However, for crown fires, a
minimum threshold for fire spread (Rmin) is often defined as the limit below which
fire will not sustain spread. That is to say, when a crown fire’s rate of spread falls
below the threshold value, it will no longer propagate as a crown fire, though it may
still spread as a surface fire or even exhibit torching.

Based on a combination of experimental data and field observations, Thomas
(1967) and VanWagner (1977a) suggested that, in no-wind no-slope conditions, this
critical rate of spread was inversely related to bulk density:

Rmin ¼ Sc
ρb

ð7:41Þ

where Rmin is the minimum threshold for rate of spread (m s�1), Sc is a constant
(kg m�2 s�1), and ρb is fuel bulk density (kg m�3). The value of the constant, Sc,
represents the critical mass flow rate of fuel into the flaming front to sustain fire
spread. Thomas (1967) estimated Sc to be between 0.06 and 0.08 kg m�2 s�1. Van
Wagner (1977a) estimated Sc to be around 0.05 kg m�2 s�1. This latter value has
been used extensively for crown fire thresholds. The same principle applies to
surface fuels.

For example, using a bulk density (ρb) of 32.0 kg m�3 for pine needle
fuelbeds (Anderson 1964, 1969; Rothermel and Anderson 1966) and a critical
mass flow rate (Sc) 0.05 kg m

�2 s�1 (VanWagner 1977a), we can calculate the
minimum spread rate Rmin using Eq. (7.41):

Rmin ¼ 0:05 kg m�2 s�1

32:0 kg m�3 ¼ 0:094 m min �1 ð7:42Þ

The lower limit for fire spread can be set in the fuel moisture axis, using the
concept of moisture of extinction, Mx, in this case, around 0.25. It can also be

(continued)

Fig. 7.25 Approximation
of the no-wind no-slope rate
of spread of fires based on
bulk density ρb and fuel
moisture M using Eq. (7.40)
and data from
220 experimental fires
compiled by Rossa and
Fernandes (2018)
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estimated by identifying the minimum threshold for rate of spread evident on
the y-axis, in this case, around 0.094 m min�1. Thus, Mx and Rmin represent
two different approaches to estimating the lower limits of fire spread
(Fig. 7.24).

7.4 Spatial and Temporal Variability of Fire Spread

Spatial and temporal variability of fire spread drivers, e.g., topography, wind, fuel
moisture, and fuel characteristics (fuel load, bulk density) are critical for understand-
ing and predicting fire behavior and effects in real landscapes. Although these factors
can be assumed as constant at relatively fine spatial and temporal scales, fire
behavior is influenced by how variable the influencing factors are in space and
time. The influence of spatial and temporal variability has resulted in the develop-
ment of landscape fire spread models that explicitly account for variability in the
spread, intensity, and growth of fires. We follow this sequence of ideas in this
section.

7.4.1 Spatial Variability in Fuels or Topography
in the Landscape

Spatial variability in the landscape leads to variability in fire spread. Rapid changes
in fire spread are especially important for fire fighter safety and developing fire
suppression and community protection strategies. Rapid changes in fire spread are
associated with temporal and spatial variability in the fuels complex, fuel moisture,
wind speed, or topography. Changes in the physical characteristics and distribution
of fuels can be represented by the various fuel types, such as pine litter, shrub, and
grass, or transitions in fire type (i.e., transition from a surface fire to a crown fire).
However, if fuels change abruptly, the fire-spread rate can rapidly change in
response and not at steady-state. This occurs, for example, when a surface fire
transitions into a crown fire because the energy flux of the surface fire is great
enough to heat the canopy foliage to the ignition point (Weise et al. 2018). Following
the initialization of a crown fire, the rate of spread can increase two to four times
above that of pine or hardwood litter. Significant changes in fire rate of spread also
occur when a fire spreads from pine litter into grasses where the change in fuel type
can result in up to a 15-fold increase in the fire rate of spread (Fig. 7.26). See Chap. 8
for more on crown fires.

At forest edges, the fire rate of spread and behavior can change due to differences
in fuel type, fuel moisture, and wind speed. Wind flow across a forest edge goes

156 7 Fire Propagation



through several distinct regions as it adjusts to changes in vegetation structure
(Belcher et al. 2003). In the area just upwind of the forest edge, called the impact
region, the wind decelerates slightly. Just downwind of the forest edge is the
adjustment region where the streamwise flow slows down within the canopy due
to drag, causing an upward motion from the canopy to the atmosphere. This region is
sometimes referred to as the enhanced gustiness zone due to the high probability of
strong gust events. Further downwind from the edge is the canopy interior. In the
canopy interior, the wind flow is fully adjusted to the characteristics of the canopy.
Along the top of the forest are the canopy shear layer and the roughness-change
region, which are the areas where most of the mass and heat exchange occurs
between the vegetation and atmosphere. As wind flow exits a forest, the canopy
shear layer detaches from the canopy and reattaches at some distance downwind,
typically 2–5 times the height of the vegetation) before reestablishing a new bound-
ary layer in the clearing. The area between the edge and the reattachment area is
referred to as the recirculation zone and is characterized by a reversal of the wind
direction (Fig. 7.27). Although there has been little research that has evaluated
changes in fire behavior across forest edges, it is reasonable to expect the changes
in fire behavior due to the changing wind speed, wind direction, and vegetation
types.

Fig. 7.26 Rapid transitions in fire rate of spread occur when very different fuel types alternate in
the landscape, such as litter, crown fuels, and grass (UCAR 2012)
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Fuel continuity, which is defined as the extent of continuous fuel particles in a
fuelbed, can directly and indirectly influence the rate of fire spread and behavior. The
indirect effects of fuel continuity are primarily due to the effects of heterogeneous
fuels on wind speed and turbulence. For example, forests that are characterized as
having tree clumps and openings between the clumps tend to have greater within
canopy wind speeds than forests with evenly spaced trees due to wind channeling in
the openings between the clumps (Pimont et al. 2011; Hoffman et al. 2015; Parsons
et al. 2017). These forests also tend to have greater turbulence below the canopy
layer, which can play an important role in driving fire spread when there is also
considerable discontinuity in the surface fuel layer (Linn et al. 2013). The theoretical
effects of fuel discontinuity on fire spread is illustrated in Fig. 7.28.

At finer scales, spatial variations in fuel physical properties (e.g., fuel loading,
depth, bulk density) and continuity can alter the rate of fire spread and surface
fireline intensity. The effect of changes in surface fuel loading on the rate of spread is
partially due to alterations in mass loss rate and heat transfer to the unburned fuels
ahead of the fire front. Although our understanding of the spatial variability in
surface fuel properties in many ecosystems is limited, several studies in dry pine
forests in the US have indicated that variability in fuel loading occurs at scales of less
than 10 m (Hiers et al. 2009; Keane et al. 2012; Vakili et al. 2016) and that this
variability influences the spread and intensity of surface fires. Hiers et al. (2009)
provided an interesting example of a fire spreading through a 12-m2 area where a
small patch of bare ground caused the fire to split into two separate heads that then
merge together resulting in a local increase in fireline intensity (Fig. 7.29).

Backward-facing
step model

Free shear
layer

Recirculation
region2–5 hc

u

u–

Fig. 7.27 Forest edges alter wind patterns. Arrows indicate direction. U represents wind speed and
hc is the height of the canopy. These wind patterns can alter fire behavior from what is experienced
within the forest or in the adjacent open vegetation. (From Detto et al. 2008)
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7.4.2 Integrating the Variability of Weather, Fuel,
and Topography in Fire Spread Prediction

We highlighted steady-state fire spread in the previous sections. However, the
behavior of wildland fires varies in space and time. Spatial variability in fuels
(type, dead or live condition, and physical properties) and topography must be
recognized for realistic predictions of fire spread rates. The same is true for the
effects of temporal variability of weather on the rate of spread of fires.

Wind is the factor that shows the highest variability during the propagation of a
fire. Wind direction and speed may change abruptly, whereas dead fuel moisture (the
main fuel characteristic that can vary significantly within the time frame of a
wildfire) responds to variations in air relative humidity, ambient temperature, and
solar radiation in a more gradual and predictable way (Chap. 11). An example from
the wildfire in Pedrógão Grande, Portugal, in June 2017 illustrates these changes
well (Fig. 7.30). The fire escalated with a wind change, similarly to other deadly
wildfires, and only at night the conditions of higher relative humidity would result in

Fig. 7.28 Theoretical rate
of fire spread in continuous
and discontinuous surface
fuels across a range of wind
speed. Fire spread in
continuous fuels increases
exponentially with wind
speed. Fires burning in
discontinuous fuels do not
spread until a certain wind
speed is reached (shown in
red); above that threshold,
the rate of spread increases
exponentially with wind
speed
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higher dead fuel moisture which, combined with lower wind speeds, would allow for
improved firefighting effectiveness.

Although we can assess the effects of variations in the three components of the
fire triangle (Fig. 7.31), fuels, wind, and topography independently, they interact
across a wide range of temporal and spatial scales. Topography includes elevation,
slope, and aspect, all of which can influence the type, amount, and moisture content

Fig. 7.29 A time sequence
of thermal infrared imagery
of fire spread through a
12 m2 area. (a) The fire
spreads from the lower right
through the area. (b) A small
patch of bare ground is
located at the bottom right.
As the fire spreads into the
plot the patch of bare ground
causes the fire to split into
two separate flanks. (c) As
these flanks spread past the
area with bare ground, they
merged back together
resulting in an area of
greater fireline intensity and
longer residence time than
would be expected if the fire
was not altered by the area
of bare ground. (Images
from Hiers et al. 2009)
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Fig. 7.30 Changes in air temperature (a), relative humidity (b), and wind direction (c) and speed
(d) in five weather stations (different colors) around Pedrógão Grande, Portugal, during 12 h of the
first day of a major wildfire. Air temperature and relative humidity are inversely correlated with
values changing gradually from 14:00 to 23:00. The wind changed abruptly in direction and speed
around 18:00, which ultimately caused a blow-up and 66 people died. (Adapted from CTI 2017)

Fig. 7.31 The fire behavior triangle where fire behavior is a function of fuel characteristics,
weather (especially wind), and topography (slope). See this fire triangle within the broader spatial
and temporal scales of whole fires and recurring fires that are part of the fire regime (Figs. II.2 and
III.1). Spatial and temporal variability on each of the corners results in changes in fire behavior and
consequent effects
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of the fuels. The influence of elevation and aspect on fuel type has been well studied.
Local wind, air temperature, and relative humidity are dependent on topography and
vegetation.

Spatial variability in a landscape affects fire behavior. In general, fire growth
systems calculate fire spread for a point (or cell) in the landscape independently,
using spatially variable topography (slope), fuel characteristics, and wind as input
spatial data. This was the approach taken in FARSITE (Finney 1998) and FlamMap
(Finney 2006) that use the same fire models as in Behave Plus, the model of
Rothermel (1972) for surface fire spread, and the models of Van Wagner (1977a)
and Rothermel (1991) for crown fire initiation and spread. FARSITE has been used
first in the USA (Finney and Ryan 1995) as in the Selway-Bitterroot Wilderness
Complex (Keane et al. 1998). The input variables need to be available spatially to
apply these systems (Fig. 7.32). Equivalent fire growth software has been developed
in Canada and Australia based on the fire behavior models adopted in these countries
(Parisien et al. 2005; Tolhurst et al. 2008; Tymstra et al. 2010).

The propagation of fire through a heterogeneous landscape with variable wind
speeds has been a mathematical challenge with various approaches. Fire spread in
the various directions may be estimated at each cell or point but fire growth has to be
derived from these points or cell estimates. The first step to incorporate variable wind
and slope in the calculations of fire growth is to estimate fire spread at each time step
at each vertex of the fire perimeter. One common approach is based on the Huygens’

Fig. 7.32 The different spatial data layers required for running FARSITE or FlamMap (Finney
1998, 2006)
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principle where fire spread calculations determine the shape and direction of an
elliptical wavelet at the perimeter of the fire at each timestep and the perimeter at the
next time step in the connection of the more extreme points of the ellipses
(Fig. 7.33a, Finney 1998). An equivalent alternative is the geometric fire perimeter
spread model developed in TIGER where the fire perimeter is represented as a
simple closed polygon formed by a dynamic population of linked nodes and the
speed and direction of movement is computed for each node (Fig. 7.33b).

Other fire propagation models have since been proposed with a special reference
to level set methods (Mallet et al. 2009) where the change of the position of the fire
front is calculated through the use of hyperbolic conservation laws on Eulerian grids
from given values of rate of spread of infinitesimal segment of fire front estimated as
a function of known local parameters relating to topography, vegetation, and
meteorology.

One of the interesting features of the approach in the TIGER system (Giannino
et al. 2017) is that the spatial fire progression is reversible, as one of its modules
allows for a simulation to be run backward in time (Fig. 7.34). This approach has
been used by the Italian National Guard (Carabinieri) responsible for the investiga-
tion of the causes of the origin of fire by locating the approximate starting point of
the fire from the final fire perimeter, together with spatial information on wind,
topography, and fuels.

The interactions between wind, topography, and vegetation are difficult to model.
This is why many fire behavior simulations are done using a single value for wind
speed and direction, assuming a homogeneous wind field. This is probably adequate
for some applications, but the resulting predictions may be poor. Wind speed and
directions are often the most influential factors affecting fire behavior. Wind speed
and direction can be predicted using weather forecasts (Wagenbrenner et al. 2016),
but topography and vegetation affect wind speed and direction. The spatial variabil-
ity in the wind due to complex terrain can be accounted for by using the WindNinja
program (Forthofer et al. 2009) to calculate wind speed and direction.

Fig. 7.33 (a) The geometric representation of fire progression using the Huygens’principle with
elliptical wavelets as in FARSITE (Finney 1998). (b) The representation of fire progression through
the movement of the nodes of the fire perimeter as in the TIGER system (Giannino et al. 2017)
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Wind patterns over heterogeneous landscapes have also been considered in the
TIGER software developed under the European Project FIRE PARADOX. In this
case, the basis for the wind simulations was the WAsP software produced by the
Wind Energy Department (VEA) of the Risø National Laboratory in Denmark, for
wind resource assessment, siting, and energy yield calculations for wind turbines and
wind farms. WAsP Engineering is used for the calculation of wind conditions for
sites located in all kinds of terrain. The European Wind Atlas describes the founda-
tion of the wind atlas methodology and the WAsP models (Troen and Petersen
1989). Under this system, it is necessary to set up a modeled landscape as a map
describing the topography and surface aerodynamic roughness length (z0) based on
the terrain and vegetation characteristics (Fig. 7.16). For the simulation of wind
conditions near the surface, it is possible to use the wind (speed and direction)
observed for geostrophic height, and the WAsP program predicts the speed and
direction of the wind at any other point in the landscape (Fig. 7.35).

Some of the variability in fire behavior in space and time may be predicted by
tools that integrate fuel, topography, and weather, as these examples suggest. These
tools can be applied to understanding fire behavior in the landscape and to the
planning of fuels treatments. However, there are still numerous sources of uncer-
tainty in the prediction of fire behavior.

7.5 Limitations, Implications, and Applications

Understanding fire spread is critical for fire suppression, prescribed burning, fuels
management in general, civil protection, and other aspects of fire management. Our
understanding of wildland fire behavior has resulted in the development of various

Fig. 7.34 Backward simulation of fire progression from an approximate final perimeter of a fire
occurred near Salerno, Italy, in 2015, showing the estimated location of fire start using the TIGER
system. The lines inside the final perimeter represent the perimeters at each 1 h step (Giannino et al.
2017)
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guides and models that are designed to help predict fire behavior and aid in
developing strategies to manage fire and fuels. For example, fire behavior potential
is implicit in the fire danger rating systems of the USA (Deeming et al. 1972),
Canada (Stocks et al. 1989), and Australia (Noble et al. 1980) (See Chap. 8). Models
for predicting fire spread have been used by fire managers worldwide. The models
have the same general basis but different ways of combining the effects of wind,
slope, and fuel characteristics, especially fuel moisture, on fire spread rate. However,
as with any model it is critical that users of fire behavior models understand the
conceptual underpinnings and assumptions that went into their development.

A limitation of current approaches is in the “engine” of the systems. For example,
US modeling tools rely on the basic equations developed by Rothermel (1972),
based on the conservation of energy principle with empirical adjustments. No
explicit reference to heat transfer mechanisms is made in these approaches. How-
ever, other models exist for fire spread and fireline intensity with different assump-
tions. No single model is always appropriate. Models vary because models are used
for all sorts of applications. Empirical models may run more quickly than more
complex process-based models, or the data required for the latter may not be
available.

Throughout this chapter, we have looked at how fire spreads, and the effects of
fuels, wind, and slope. Although there have been considerable gains in understand-
ing and predicting fire spread over the last three quarters of a century many questions

Fig. 7.35 Example of output from TIGER using WAsP calculations of wind speed and direction in
complex terrain and heterogeneous vegetation. Example by Mazzoleni and Heathfield (2017)
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remain unanswered. Recent experimental results and advancements in computa-
tional models are playing an important role in advancing our understanding and
ability to predict fire spread in a variety of situations. For example, recent research
has highlighted the role of convective heat transfer and buoyant-induced diffusion of
turbulent eddies from the flames on fire propagation. As the buoyant gases from
combustion interact with the ambient wind field, the fire front develops a series of
peaks and troughs (Fig. 7.36a). The peaks and troughs are associated with alternating
updraft and downdraft regions where cold air comes down to replace the warm
ascending air and winds can pass through the fire front. In areas where these trough
formations occur, the flames are forced downward and towards the unburnt fuel
resulting in increased intermittent convective heat transfer (Fig. 7.36b, c).

Finney et al. (2015) proposed that the intermittent increases in heating due to
contact with the flame are an important heat transfer mechanism in surface fire
spread. More research is underway to improve our understanding of the processes at
the fire front and their effects on fire propagation. Without a better understanding of
the air flow induced by the fire front, it is not possible to model the interactions
between fire fronts adequately. This limits our expertise in the use of fire in
suppression and in prescribed burning operations when interacting ignition points
or lines are used.

Another problem in the current use of existing fire behavior prediction systems is
that they are often applied to support the suppression of fires burning under condi-
tions quite different than the limited number of experimental fires on which many of
the models are based. As models are widely used by managers for predicting fire
behavior even for large, intensely burning fires, fire behavior analysts have to
combine these models with their experience and expertise. In the cases where fires
burn over many days or weeks, the long-term fire behavior analysis must consider
the changing topography, fuels, and weather. If those environmental conditions are
extreme, then fire behavior is more difficult to predict, as they also have to include
spotting and complex fire-atmosphere interactions, as described in Chap. 8.

In the prediction of fire propagation, variability, and scale can be crucial. Variability
in the wind, fuels, fuel moisture, and topography over space and time greatly
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Fig. 7.36 The processes at the fire front are complex. In spite of that complexity, some general
patterns are always observed in the interaction of a fire front with the airflow around it. (a) The
complexity of processes. (b) The interaction between the ambient wind and flames at the fire front
viewed from the side, and (c) looking in the direction that the fire is spreading. (a) From Finney
et al. (2015), (b, c) From Beer (1991)
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influences fire behavior and fire effects. Scaling will continue to be challenging when
dealing with existing spatial and temporal variability. Approaches effective at fine
temporal and spatial scales exist, but they do not address the need for approaches at
other scales. Addressing variability across spatial and temporal scales is an area of
rapidly developing scientific understanding with implications for how variability in
pre-fire conditions influences fire behavior and fire effects. Existing models are mostly
deterministic and thus may not effectively represent the uncertainty associated with the
processes involved. Fires may “skip” areas, especially if they are spreading by spotting
(See Chap. 8), leaving some areas unburned. The prevalence and ecological impor-
tance of these unburned islands, called refugia, are addressed in Chaps. 9 and 12.

Despite the limitations, models are extremely useful for making predictions. In
this book, we emphasize their value for building understanding, such as identifying
the driving factors and the ways they interact. We developed the interactive spread-
sheets to help you as readers and students of fire to strengthen your understanding of
fire behavior and effects.

7.6 Interactive Spreadsheets: FIRE_GROWTH,
FIRE_RATE_OF_SPREAD, and WIND_PROFILE

We include three different interactive spreadsheets in this chapter (Figs. 7.37, 7.38,
and 7.39). Our spreadsheet, FIRE_GROWTH_v2.0, contains the equations and
graphical display of predictions for initial fire growth for different inputs as shown

Fig. 7.37 Our interactive spreadsheet, FIRE_GROWTH_v2.0, will help you visualize graphically
how changing the equations and graphical display of predictions for initial fire growth for different
inputs as shown in Fig. 7.4
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Fig. 7.38 As illustrated here, you can use our interactive spreadsheet,
FIRE_RATE_OF_SPREAD_v2.0, to explore how changing the inputs, individually and together,
alter the steady-state rate of fire spread predicted using the equations described in this chapter

Fig. 7.39 Observed wind speeds vary at different heights above the ground and within and just
above vegetation as illustrated here with a screen capture from our interactive spreadsheet,
WINDPROFILE_v2.0. The wind speeds can be so altered by vegetation that they substantially
change fire spread from what would be predicted from wind high above the ground without the
influence of vegetation
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in Fig. 7.4. Our spreadsheet, FIRE_RATE_OF_SPREAD_v2.0 , is an interactive
spreadsheet that uses Rothermel’s (1972) equations as in Eq. (7.30) to derive a
steady-state fire spread. You can use our spreadsheet, WINDPROFILE_v2.0 , to
estimate the wind speed at different heights above the ground. The predicted wind
speed varies with wind and vegetation characteristics (Fig. 7.18).

We encourage you to deepen your understanding of the factors associated with
fire propagation. With these interactive spreadsheets, you can visualize the effects of
changing the inputs to the fire growth, fire spread, and vertical wind profile models.
We suggest you compare the outputs of these spreadsheets with other predictions
from other systems. However, we do not recommend using these spreadsheets for
predicting fire behavior for fire operations and other applications. We designed these
spreadsheets for learning, not science and management applications.
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Chapter 8
Extreme Fires

Learning Outcomes
After reading this chapter, we expect you to be able to

1. Compare and contrast the definitions of extreme fires, using examples from
around the globe to illustrate,

2. Explain using your own words how altering fuel conditions can alter the
probability of a surface fire becoming a crown fire,

3. Identify how even within extreme fires, patches of fuels may remain
unburned, and

4. Using the interactive spreadsheets, explain which factors are most impor-
tant in increasing the potential for spotting and rapidly spreading crown
fires that qualify as being extreme in their behavior.

8.1 Introduction: Extreme Fires

Extreme fires are generally viewed as those that have great social, economic, and
political impacts. Extreme fires often threaten many people, many homes, and many
other valued assets at the same time. They are often spectacular events that garner
great media attention. Though few extreme fires occur, they burn more area, cost
more money, and have more social, economic, and ecological impacts than many
other fires combined. In years of widespread fires, many fires burn large areas, and
fire suppression resources are stretched thin. Further, where there is one extreme fire,
there are commonly many large fires burning at the same time within a region. Many
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fires may ignite at the same time from lightning associated with dry cold fronts with
erratic and changing wind direction as the weather fronts move across large areas.
Ignitions by people, whether accidental or arson, are more likely when it is hot, dry,
and windy. This magnifies the social and economic impacts. More extreme fires are
forecast for the future worldwide as more warm droughts and more lightning are
expected with changing climate. Also, more fires will probably have more extreme
social and political implications as more people and their homes will be in the path of
the fires (See Chap. 10 for more on expanding wildland-urban interface in many
areas). Changes in national policies are often triggered by extreme fires. This was the
case of the comprehensive legislative reform after the catastrophic fire seasons of
2003 and 2005 in Portugal (Mateus and Fernandes 2014), and has occurred world-
wide. Extreme fires are opportunities to implement fully measures that previously
were not generally accepted (Fernandes et al. 2017). Because of the relevance of
their impacts and consequences we all are aware of the importance of extreme fires.
What do we mean exactly by labeling some fires extreme?

The term “extreme fires” may refer to very different aspects, from fires with
significant social, economic, or ecological impacts to especially large fires (Lannom
et al. 2014) or fires exhibiting unusual behavior (Tedim et al. 2018). Different
approaches have been proposed in the definition of extreme fires, based on statistics,
on the magnitude of impacts, on the difficulty of control, or on fire behavior
characteristics.

Extreme fires have characteristics that “go beyond those exhibited by the majority
of fires” (Pyne et al. 1996). Statistically, extreme fires can be defined as those
exceeding a given threshold with the 99th percentile or 100-year return period
since a previous fire being the most commonly identified (McPhillips et al. 2018).
However, this interpretation requires the previous choice of the characteristic
(s) considered, which could be fire size, intensity, severity, or rate of spread.
Under this interpretation, the definitions of extreme events should not be conflated
with their impacts or effects.

Extreme fires can also be defined as those having significant impacts on people,
buildings, and other properties and infrastructure. When they greatly affect people,
these extreme wildfire events and their impacts are often described as “megafires”,
“disasters”, “firestorms”, and “catastrophes”. This approach has been used by many
authors, with extreme fires being considered as those declared as a disaster by a
national government, by having caused human fatalities or burned many homes. Of
particular concern is the considerable loss of human life in fires in recent years,
including Australia (2009, 2020), Greece (2007, 2018), Portugal (2017), and the
USA (2018, 2020). Because of these impacts, extreme fires have been identified by
the difficulty of direct fire control methods. The thresholds are then associated with the
limits where fire control is considered to be ineffective. Thus, the National Wildfire
Coordination Group (NWCG 2020) indicates that “extreme implies a level of fire
behavior characteristics that ordinarily precludes methods of direct control action”. By
these criteria, extreme fires are those exceeding fire suppression thresholds.

Extreme fires may be identified based on fire behavior. In a synthesis of knowl-
edge of extreme fire behavior, Potter and Werth (2016) indicated that extreme fire
behavior should be considered as “fire spread other than steady surface spread,
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especially when it involves rapid increases”. This definition, which is akin to the
recent concept of dynamic fire behavior (e.g., Lahaye et al. 2018), indicates that
extreme fire behavior is beyond the quasi steady-state surface fire spread that was the
object of the preceding chapters of this book. Under this interpretation, extreme fire
behavior typically includes crowning, spotting, and complex fire-atmosphere inter-
actions that are not easily predictable, defying fire suppression and imposing safety
concerns. According to NWCG (2020), in extreme fires, “one or more of the
following is usually involved: high rate of spread, prolific crowning and/or spotting,
presence of fire whirls, and strong convection column. Predictability is difficult
because such fires often exercise some degree of influence on their environment
and behave erratically, sometimes dangerously”.

In this chapter, we consider extreme fires in these various interpretations. First,
we consider extreme fire characteristics (fire size, fireline intensity, rate of spread) in
relation to different thresholds and drivers, including extreme fire weather. Second,
we consider separately the various phenomena beyond those involved in surface
fires. These phenomena are crown fires (both passive and active), spotting, and
complex fire-atmosphere interactions. Although these phenomena do not imply that
fires are extreme, extreme fires commonly involve one or more of these phenomena
(Fig. 8.1).

Fig. 8.1 The various processes potentially involved in extreme fires. Extreme fire weather com-
bined with suitable surface fuel may result in extreme surface fire behavior, as characterized by high
rates of spread, fireline intensity, and large fire sizes. When fuels are organized in a surface layer and
a canopy or crown layer, fires may be sufficiently intense to enable crowning that, under some
conditions, will develop as an active crown fire. Spotting may also occur, causing new ignitions
ahead of the main fire front. Finally, complex fire-atmosphere interactions might develop, causing
unexpected fire behavior
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8.2 Extreme Fire Characteristics

Extreme fires can be defined as those having extreme characteristics. The simplest
characteristic often used is the final fire size. The “extremeness” of a fire event can be
assessed using a statistical approach to evaluate the degree of departure from
“normal” fire sizes in a given spatial and temporal context. Other characteristics
associated with fire behavior, such as fireline intensity and spread rate are of more
importance when the focus is the difficulty of fire suppression and socioeconomic
damages. When the main interest is in the ecological effects, characteristics such as
burn severity might be used. We discuss extreme fire characteristics as fire size,
intensity, and spread rate in the next sections.

8.2.1 Extreme Fire Size: The Statistical Approach

From the statistical point of view, extreme events are those in which some charac-
teristics are greater than a “normal” or typical fire. This statistical approach is used in
the analysis of extreme events in other hazards, such as droughts or floods. For these
hazards, a standard precipitation index (SPI) is often used to determine the extreme-
ness of a precipitation event. The precipitation data are typically fitted to a Gamma or
a Pearson Type III distribution and then transformed to a normal distribution. The
SPI values can be interpreted as the number of standard deviations by which the
observed anomaly deviates from the long-term mean. An extreme event is defined as
deviating more than two standard deviations from the mean (extremely dry when
SPI < �2 or extremely wet when SPI > 2) as shown in Fig. 8.2. Equivalent analyses
using the statistical approach can also be used to define extreme fires.

In defining extreme fires from a statistical point of view, we are generally
interested in large sizes of fires as the basis to look at statistical extremes. Modeling
large forest fires as extreme events can be done by looking at the probability
distributions of fire size and, in particular, the probability of fires exceeding a
given threshold. Different types of distributions have been applied, including
Gumbel, Frechet, Weibull, or Pareto distributions, with or without truncation, used
by Alvarado et al. (1998) in the statistical analysis of large fires from 1961 to 1981
for the Province of Alberta, Canada. Moritz (1997) used a similar approach, with a
generalized cumulative distribution of extremes to characterize the changes of the
extremal fire regime of Los Padres National Forest on the central coast of California
from 1911 to 1991. The spatial and temporal extremes of wildfires in Portugal from
1984 to 2004 were modeled using extreme value statistics based on the generalized
Pareto distribution (de Zea Bermudez et al. 2009). An elegant approach to look at the
size distribution of wildfires uses the analogy of a sandpile at a critical state where
the adding of new sand grains causes avalanches of different sizes with a distribution
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with a characteristic power law. This concept was proposed and used for the fires in
Liguria (Italy) from 1986 to 1993 by Ricotta et al. (1999). See the following
example.

Fig. 8.2 Statistical analysis of the distribution of precipitation using a normal distribution after
transformation of the original distribution of precipitation. (a) Probability distribution function and
(b) Exceedance function, the probability that a precipitation event exceeds a given value of the
Standard Precipitation Index (SPI). SPI thresholds for extreme events are those with precipitation
more than two standard deviations from the mean), indicating a strong deviation from the mean of
the adjusted “normal” curve. A value of SPI above 2 represents an extremely wet situation which
occurs only in 2.3% of the cases. Similarly, an extremely dry situation, which also occurs in 2.3% of
the cases, is defined by a value of SPI below 2

8.2 Extreme Fire Characteristics 179



Using the power law suggested by Ricotta et al. (1999) and the data from the
Portuguese Forest Services from the 33,344 wildfires (above 1 ha) recorded
between 2010 and 2019 we can model the probabilities of fire size exceed-
ing a certain threshold x as:

Prob Area > xð Þ ¼ x�b ð8:1Þ

where x is the area threshold and b is a scaling coefficient.
The size thresholds used were 10, 20, 50, 100, and 1000 ha. The probabilities

were estimated as the number of fires exceeding the threshold as a propor-
tion of the total number of fires (Fig. 8.3).

With the equation fitted, it is possible to compute the probability of exceed-
ance for any fire size. By reversing Eq. (8.1), one can estimate the approx-
imated fire size for any given probability of exceedance.

Fire size is an important characteristic because it is often related to other charac-
teristics more difficult to measure, such as fireline intensity or rate of spread. Larger
fires do have high rates of spread (Fig. 8.4), even if the size of increasingly larger
fires is less and less correlated with the fire-spread rate. This is partly because most of
the area burned results from one or more short-duration fire growth periods, and thus
the mean rate of spread may not capture the actual rate of spread associated with
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Fig. 8.3 Plot of the size distribution of wildfires (>1 ha) in Portugal (2010–2019) showing the
probabilities of exceedance of different size thresholds. Of the 33,344 wildfires recorded, only
175 fires exceeded 1000 ha in area burned
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most of the burned area. Laurent et al. (2019) found that for fires from all around the
globe, fire size and fire intensity are related. However, they varied proportionally in
temperate and boreal forests only, with the relationship saturating at moderate
intensity values in the other biomes.

Another fire characteristic that may be used to define the thresholds of extreme
fires is fire radiative power (FRP, see Chap. 6), the rate of emitted radiative energy by
the fire at the time of the observation. FRP is associated with other fire characteristics
such as fireline intensity (Wooster et al. 2005) and it has been used by various
authors in their analyses (e.g., Laurent et al. 2019). Bowman et al. (2017) used these
measurements to define extreme wildfire events as those reaching the 99.997th
percentile of the cumulative FRP in a 10 � 10 km global grid (2002–2013).

The socioeconomic and environmental impacts of wildfire are often implicitly
assumed to be a function of fire size rather than the outcome of extreme fire behavior.

Fig. 8.4 Relationship between log-transformed fire size and fire speed for open shrubland fires
(�21 ha) in the Global Fire Database (Andela et al. 2019) for the year 2017. Data from http://www.
globalfiredata.org/fireatlas.html. Despite the strength of the overall relationship (R2 ¼ 0.84,
n¼ 21,712), variation in fire size is increasingly less explained by fire speed as fires become larger,
with R2 of 0.72, 0.28, 0.15, and 0.03 for size classes of respectively <100, 100–1000, 1000–10,000,
and >10,000 km2
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However, the impacts of fire are much more related to other fire characteristics
(Moreira et al. 2020). From the ecological point of view, the impacts are much more
related to severity, duration, and fuel consumption than to size or fireline intensity
(see Chap. 9). Also, social and economic impacts are especially related to the
difficulty of wildfire control, which is more dependent on spread rate and fireline
intensity. On the other hand, while very large fires occur in all Earth’s flammable
biomes, most of the fires that became disasters are located in the western USA,
southern Europe, and southeastern Australia, mostly burning in the interface
between urban areas and flammable forests (see Chap. 10). The statistical definition
of extreme fires depends completely on the fire characteristics or the impacts of
interest in each analysis.

Another obvious limitation of the use of statistical thresholds is that they depend
not only on the fire characteristic considered (fire size, rate of spread, fireline
intensity, fire radiative power, or other) and/or on the impact of interest (social,
economic, ecological) but also on the temporal and spatial context of the analysis.
Using the statistical approach, fires of similar characteristics or impacts might be
considered as “extreme” in one region but not in another region, depending on the
context. Other approaches using different thresholds have been proposed and used in
practice.

8.2.2 Extreme Fire Behavior: The Resistance to Control
Approach, Features, and Drivers

Fire suppression thresholds are dependent on the possibilities of fire control and thus
are less dependent on geographical context than statistical thresholds. Schroeder and
Chandler (1966) used several thresholds to distinguish four types of fire behavior:
fire out, when sustained ignition is not possible; no spread, if ignition occurs but the
fire won’t spread; actionable, when fire control efforts can succeed; and critical, if
effective fire suppression is unlikely.

Fire-spread rate determines the number and type of firefighting resources needed
to confine fire growth to a given perimeter or size. However, fireline intensity is
ordinarily adopted to define thresholds to categorize and describe how difficult it is
to control a spreading fire (Hirsch and Martell 1996). Rules of thumb based on
fireline intensity are part of decision-making aids for fire management and evolved
from work carried out in the 1960s in the frame of prescribed burning in eucalypt
forests (Hodgson 1968). Notwithstanding some variation, the existing tables usually
indicate that control by direct suppression methods is precluded at a fireline intensity
of ~4000 kW m�1, a tentative lower limit for crowning in conifer forest, although
containment lines will be challenged at lower intensities, especially if spotting
occurs (Alexander 2000).

Extreme fire behavior comes in various degrees. For example, in jack pine (Pinus
banksiana) forest in Canada, 2000–4000 kW m�1 corresponds to ‘very vigorous or
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extremely intense surface fire’, while ‘violent physical behavior’ is probable at
30,000 kW m�1 (Alexander and De Groot 1988). Fireline intensity varies over
five orders of magnitude, which, in a given fuel type, will primarily and secondarily
be a function of the forward fire rate of spread and fuel consumption, respectively.
Consequently, extreme fire behavior is largely dependent on how fast a wildfire can
spread. Extreme fire behavior, as described by its rate of spread, flame size, and heat
release, is typically observed under surface atmospheric conditions of strong wind,
plus high temperature and low relative humidity, which bring the moisture content of
fine dead fuels to low levels. Daily weather patterns characterized by the overnight
persistence of relatively high temperature and relatively low relative humidity are
particularly critical in this regard (Werth et al. 2016). Drought conditions ensuing
from extended rainless periods add to the amount of fuel available for combustion,
including coarse woody fuels, deep duff, or greener vegetation that otherwise would
not burn, and homogenize fuel moisture across the landscape. Then fuels on most
sites become available to burn, even sites that otherwise are quite mesic and many
that have abundant biomass because they are quite productive.

Extreme fire behavior is always associated with extreme conditions of the fire
drivers, those described using the notion of the fire environment triangle that
comprises fuels, the atmosphere (weather), and topography (Countryman 1972).
This concept allows fires to be perceived and classified as wind-, topography- or
fuel-driven, with their respective dominances often shifting over time and space. It
also suggests that fire behavior is an outcome not just of the individual influences but
also of the interactions between the three types of factors, and even more so in the
case of extreme and large fires. For example, those forces can be negatively aligned,
as when a fire front spreads downslope and against the wind or, on the contrary, act
synergistically, as in the case of an upslope fire run with slope and wind aligned in
the same direction.

Wind is the main engine of fire spread, and the drastic changes to fire behavior
imposed by approaching cold fronts or thunderstorms are well known. The response
of fire-spread rate to wind speed is near-linear, as shown by contemporary empirical
models in a variety of vegetation types (Cruz et al. 2015). However, the influence of
fine dead fuel moisture content on the fire rate of spread is exponential. In dry
eucalypt forests, small decreases in fuel moisture content at its low end (< 8%) can
escalate fire spread rate and flame height when combined with high wind or high fuel
hazard (Fig. 8.5).

Increasingly steeper terrain will further increase the rate of spread, at least during
initial fire development and on a local scale (Sullivan 2017). As a rule of thumb, the
rate of spread doubles for every 10� increase in terrain slope. Complex topography is
often a significant contributor to extreme fire behavior not just because of direct
slope effects but also because topography interacts with wind and other weather
elements (Sharples 2009):

1. Spatiotemporal variability in temperature and humidity due to topographically-
determined variation in insolation and elevation, including nocturnal temperature
inversions and cold-air drainage.
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2. The diurnal cycle of upslope or up-valley (anabatic) and downslope or down-
valley (katabatic) winds, respectively at daytime and at night, obeying pressure
gradients determined by differential heating.

3. Orographic channeling of winds, namely when upper-level winds change in
direction and strength when arriving at the surface and flowing through valleys.

4. Foehn winds, which are warm, dry, and strong downslope flows as an outcome of
adiabatic compression on mountain lee sides, e.g., the Santa Ana winds in
southern California.

5. Disturbance of wind by rough terrain causing turbulence, namely eddies, e.g.,
reverse flows (rotor winds) forming on the lee slope of mountain ridges.

Fast-spreading wildfires include both wind-driven and plume-driven fires domi-
nated by strong fire-atmosphere interactions under unstable atmospheric conditions
(Table 8.1). All exhibit rates of spread of at least 3 km h�1, which, for a typically
available fuel load range of 10–30 t ha�1 and the assumption of 18,000 kJ kg�1 for
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the heat of combustion, corresponds to a fireline intensity range of
15,000–45,000 kW m�1. Mean 10-m height wind speeds in the open lower than
30 km h�1 are seldom present. However, fast-spreading fires can happen when
relative humidity is relatively high, and air temperature is relatively low, and thus
fine dead fuels are relatively moist. The most striking case is the Awarua fire in
New Zealand, which spread at 3.8 km h�1 in a shrub-grass complex under a dead
fuel moisture content of 16% (Pearce et al. 1994). The amount of fuel available for
combustion is unknown for many of these fires, but note that the fastest fire in
Table 8.1, possibly the fastest ever recorded reliably, attained 23 km h�1 in a
grassland carrying a fuel load of just 1.6 t ha�1 (Noble 1991). Both cases illustrate
how cured, fine, aerated grass fuels foster rapid fire spread.

Spotting is a frequent phenomenon and can occur over long distances that are
difficult to predict, thus posing significant difficulties in fire control and fire safety.
Crown fires are more difficult to control than surface fires due to higher rates of
spread and intensities. Larger flames from crown fires dictate larger fire fighter safety
zones. Spotting and increased radiation from large flames make structures more
difficult to defend from crown fire than from surface fire (Cohen and Butler 1998).
Also, complex fire-atmosphere interactions can introduce very significant difficulties
in wildfire suppression. Tedim et al. (2018) proposed seven fire categories, of which
the upper three are beyond any suppression capacity and accommodate fire behavior
variation in extreme wildfire events, those that exceed 10,000 kW m�1 and feature
those phenomena, which the next sections discuss.

8.3 Crown Fires

Crown fires involve forest and shrub canopies burning. Crown fires are considered
dual-layer fires that usually involve both the surface fuel layer and the crown fuel
layer (Weise et al. 2018). Extreme fires commonly involve crown fires, but not all
crown fires are extreme. Crown fires are historically common in many places, and
some plants and animals are well adapted to survive and thrive after crown fires (See
Chap. 9). However, the effects of crown fires are more severe and last longer than
those of surface fires. Near-total tree mortality often occurs in non-sprouting species,
though patches may be unburned or burned with low severity, so trees survive even
in extreme fires (See Chap. 12). Smoke production will be great, and foliar nutrients
may be lost from the site. Crown fires can occur in a wide variety of forest types.
Increasingly, crown fires are taking place in forest types not historically prone to
crown fires, such as ponderosa pine forests (Mutch et al. 1993). A significant risk to
life and property exists wherever forest stands prone to crown fire burn close to
residential or recreational developments (Scott and Reinhardt 2001).

Crown fires were classified in early literature (Kylie et al. 1937; Woods 1944) into
two basic types, the “running crown fire”, which generates enough heat for crown-
to-crown spread, and the “dependent crown fire” which depends upon the heat
generated by the surface fire for its spread (Alexander and Cruz 2016). These two
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types of crown fires are also related to two different steps. After crowning, fire may
propagate in the canopy or not, according to the conditions for fire spread. Van
Wagner (1977, 1993) distinguished and modeled separately the different forms of
crown fire spread: passive, active, and independent. Passive crown fires occur when
there is torching of the tree crowns by the surface fire but canopy characteristics and
wind do not allow for fire spread through the tree crowns. Active crown fires occur
when high winds allow for fast fire spread under appropriate canopy characteristics
and fire propagates simultaneously in both surface and tree crowns. A very unusual
behavior associated with very high wind speeds and/or steep terrain and closed and
dense canopies is that of an independent crown fire when fire propagates in the
canopy independently of the surface fire (Fig. 8.6). These different modes or types of
crown fires have been used extensively in different applications such as FARSITE
and FlamMap (Finney 2006).

Two separate and consecutive steps are required for a crown fire to develop. First,
the fire has to move vertically from the understory layer to the canopy. Secondly, fire
can spread horizontally in passive or active modes. The Canadian forester, Charles
Van Wagner (Fig. 8.7), was the first to recognize and analyze these separate steps.
We will approach these steps separately, analyzing first the conditions for crowning
and the start of a crown fire and then the conditions for its spread and the prediction
of its spread rate.

Fig. 8.6 Types of crown fires. From FARSITE technical documentation: (http://www.fire.org/
downloads/farsite/WebHelp/technicalreferences/tech_crown_fire.htm)
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8.3.1 Crown Fire Initiation

There are several approaches to understand crown fire initiation based on different
fire behavior and fuel characteristics. Empirical models of the likelihood of crown
fire initiation in conifer forests were reviewed by Alexander et al. (2013a, b), Cruz
et al. (2004), and Alexander and Cruz (2016). The authors concluded that fire
behavior characteristics such as fireline intensity and other associated variables,
including wind speed, residence time, fine dead fuel moisture content, or surface
fuel consumption, were relevant to estimate the likelihood of crown fire initiation.
Also, fuel characteristics such as foliar moisture content and crown base height
(or the similar fuel strata gap) are important variables for crown fire initiation
(Table 8.2).

Empirical models indicate which fire and fuel variables are important for crown
fire initiation. However, they do not show how these variables play a role in the
process. To understand how a crown fire is initiated, it is possible to see it as based
on a surface fire of sufficient intensity to raise the temperature at the canopy above a
certain temperature threshold for the ignition of the crown. If this threshold of
temperature is achieved, the crown will ignite.

Under the approach that crowning is expected to occur if a certain temperature
threshold is attained at the canopy base from a fire with a given intensity, it is
necessary to estimate how the increase of temperature changes with height above the
ground. Thomas (1963, 1967) was one of the first to develop equations relating
surface fireline intensity (IB) to the temperature rise above ambient air temperature
(ΔT) at a certain height (z):

Fig. 8.7 Charles Van
Wagner was a senior
scientist at the Canadian
Forest Service. He
pioneered the study of
crown fires in conifer forests
(MacIver et al. 1989)
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ΔT ¼ a I2=3B

z
ð8:2Þ

whereΔT is the change in temperature (�C or K), a is a proportionality constant, IB is
the fireline intensity (kWm�1) as defined by Byram (1959), and z is the height above
the ground or above the surface fuel (m). The proportionality constant a in Eq. (8.2)
was estimated by Van Wagner (1973) to be a ¼ 4.47 for typical fires. Alexander and
Cruz (2012) reviewed several laboratory and field studies in different conditions
indicating different values for the proportionality constant a. Recall that Byram’s
intensity of the surface fire is computed as:

IB ¼ hcw R ð8:3Þ

The fireline intensity IB is in units of kW m�1, hc is the heat of combustion
(typically the low heat of combustion ΔHL in kJ kg�1), w is the amount of fuel
available for flaming combustion (kg m�2), and R is the rate of fire spread (m s�1). A
similar approach was proposed by Alexander (1998), taking into account that the
increase of temperatures above the fireline depends on wind and slope. For the same
fireline intensity, calm wind situations in flat terrain will generate higher tempera-
tures above the fireline. The effect of wind is included using its influence in the angle
between the fire plume and the ground, the fire plume angle, Ap. In no wind
situations, the fire plume angle is 90� and the wind has no effect. The effect of
slope is included by using the slope angle S. In flat terrain where S is zero, there is no
slope effect. The full empirical equation to be used in predicting the increase in
temperature at the crown base height (z ¼ CBH) is:

ΔT ¼ 13:9 I2=3B sin Ap

� �
= CBH sin 90� Sð Þ½ � ð8:4Þ

In no-wind, no-slope conditions, Eq. (8.4) is equivalent to Eq. (8.2). In these
approaches, a critical temperature is computed and the process of crowning is
expected to occur if a certain temperature increase threshold at the base of the
crown layer is attained. Alexander (1998) indicates that to initiate combustion of
the entire crown fuel layer in pines, the temperature at the base of the crown should
attain or exceed the critical threshold of 400 �C (673 K).

We are often interested in knowing what is the height z where a given temperature
will be attained in a fire with a given intensity. In this case, we can rearrange
Eq. (8.2) to solve for z, and we have:

z ¼ a
ΔT

� �
I2=3B ð8:5Þ

where a, ΔT and IB are the same as in Eq. (8.2). The practical application of this
relationship is illustrated in the following example:
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The relation between fireline intensity and temperature increase at a certain
height has been very useful to predict the height at which crown ignition is
expected to occur but also to predict other variables such as scorch height.
This example illustrates both calculations and highlights possible
comparisons.

Let us start with crown ignition. For the temperature to rise from ambient
temperature (20 �C as an example) to the ignition temperature (set as
320 �C) the temperature difference would be ΔT ¼ 300 �C and Eq. (8.5),
using a ¼ 4.47, simplifies to:

Ignition height z mð Þ ¼ 0:015 I2=3B ð8:6Þ

If crown base height (CBH) is less than this estimated ignition height,
crowning is expected to occur.

The same Eq. (8.5) can be used to estimate the height at which the lethal
temperature for leaves is reached, the crown scorch height (See Chap. 9 for
discussion of fire effects on trees including lethal temperature for plant
tissues). Necrosis occurs when foliage is heated enough to be killed but not
enough to burn, appearing brown rather than black. Assuming 60 �C as the
temperature that would cause foliage necrosis, if the ambient temperature is
20 �C, the required rise of temperature for scorch would be ΔT ¼ 40 �C.
For ΔT ¼ 40 �C and a ¼ 4.47 the Eq. (8.5) simplifies to:

Scorch height z mð Þ ¼ 0:112 I2=3B ð8:7Þ

If the crown base height (CBH) is less than the estimated scorch height, the
canopy is expected to be scorched to some extent. Crown scorch volume or
crown scorch height as percentages of crown volume and crown length,
respectively, are indicators of damage to trees; when these are very high,
trees may die.

This example shows that ignition height and scorch height can be related using
the same type of equation. Estimates of scorch height are very useful for
prescriptions of understory burning while estimates of ignition height are
generally more useful in the context of attacking fires with potential for
crowning (Fig. 8.8). The relationships between the different variables have
been used in practice. It is common to observe that crowning is initiated
when surface flame height is close to the base of the canopy and it is
suggested by the comparisons of Eqs. (8.6) and (8.7) that the relationship
between ignition height and scorch height is a simple proportion. This is in
line with the commonly used rule of thumb (de Ronde 1988; Luke and
McArthur 1978) that “flames associated with prescribed burning are likely
to cause scorch within a zone equivalent to six times flame height” (Alex-
ander 1998).
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Finally, we can also rearrange Eq. (8.2) to estimate crowning thresholds as a
function of fireline intensity:

IB ¼ z ΔT
a

� �3=2

ð8:8Þ

Van Wagner (1977) suggested the use of the concept of a critical surface fireline
intensity (I’s in kWm�1) as the minimum intensity required to ignite canopy fuels, as
a function of the canopy vertical distance from the ground (z or crown base height
CBH in meters) and temperature increase (ΔT). Van Wagner (1977) also assumed
that the temperature rise (ΔT) required for crown ignition varies with the heat of pre
ignition (Qig in kJ kg�1), and therefore with foliar fuel moisture (Eq. 4.6). This is
why crown fires are more likely following long-term droughts that dry soils when
foliar moisture of trees and shrub crowns are relatively low. Based on the relations
presented in Eqs. (8.5)–(8.8), Van Wagner estimated the critical surface fireline
intensity as:

I 0s ¼ 0:01� CBH � Qig

� �3=2 ¼ 0:01� CBH � 460þ 26 FMCð Þ½ �3=2 ð8:9Þ

where I’s is the critical surface fireline intensity (kW m�1) estimated as a function of
the canopy vertical distance from the ground (or crown base height CBH in meters)
and foliar moisture content is FMC (in %). This formulation has very interesting
practical applications. Often, in practical terms, the fireline intensity of the surface
fire is estimated from Byram’s equation (8.3). Using this criterion, if IB is higher than

Fig. 8.8 (a) Prescribed underburning where crown base height is expected to be at least six times
flame height to avoid crown scorch. (b) Experimental crown fire (Fernandes et al. 2004), where
flames from the surface reach the canopy and crowning occurs. (Photographs in maritime pine
(Pinus pinaster) stands in northern Portugal by P. Fernandes)
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the critical surface fireline intensity (IB > I’s), a transition from surface fire to crown
fire is expected (Fig. 8.9).

In the above approaches, we used the heat balance in Eq. (8.2) as the basis for the
calculations. A different approach based on residence time was proposed by
Xanthopoulos and Wakimoto (1993). These authors estimated the time required
for ignition (tig in seconds) of needles of different conifers based on the temperature
at which they were exposed (�C) and their foliar moisture content (FMC in %). The
temperature of the needles at crown base height is calculated as the ambient
temperature (Ta in �C) plus the temperature difference (ΔT in �C). The equations
developed can be used to predict the time for ignition of needles at the base of the
crown using the temperature at crown base height as:

tig ¼ 291:9 exp �0:00664 Ta þ ΔTð Þ þ 0:00729 FMC½ � Pinus ponderosa

ð8:10Þ
tig ¼ 1408:9 exp �0:00990 Ta þ ΔTð Þ þ 0:00691 FMC½ � Pinus contorta

ð8:11Þ
tig ¼ 3607:7 exp �0:01072 Ta þ ΔTð Þ þ 0:00397 FMC½ � Pseudotsuga menziesii

ð8:12Þ

Xanthopoulos and Wakimoto (1993) assumed, as others did (Alexander 1998),
that the duration of heating received at the crown base during the active flaming

Fig. 8.9 Critical surface fireline intensity for crowning as a function of crown base height (CBH)
and foliar moisture content (FMC) based on Eq. (8.8)
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stage of combustion at the ground surface could be considered to be equal to the
residence time (tR) of the fire’s flaming front. In this approach, if the time required to
ignition (tig) for needles at the crown base height with a given FMC and exposed to a
certain temperature (Ta + ΔT) is lower than the time of exposure or residence time
(tR) the needles are expected to ignite and crowning is expected to occur.

8.3.2 The Conditions for Active Crown Fire Spread

After crowning, active crowning is defined by the spread of fire across the crown
space between the different crowns. The likelihood of crown fires to spread, or the
transition from passive to active crown spread is, among other factors, associated
with variables that characterize the tree and shrub canopies and the vertical structure
of the fuel complex. Van Wagner (1977) was one of the first to point out that crown
fires were common in Canadian coniferous forests but not in deciduous hardwoods.
The importance of vertical structure was highlighted by Nunes et al. (2019), who
compared the vertical structure of burned and unburned forests dominated by the
same tree species in the Iberian Peninsula (Fig. 8.10). Unburned forests always had
less cover in the lower strata, indicating the importance of surface fuel loads to burn
likelihood. However, differences were high in the more Mediterranean-type forests
of the evergreen Quercus suber, where the understory vegetation gets drier and more
flammable in summer. For Pinus pinaster forests, the unburned stands show a little
less understory cover and a little more canopy cover. The differences were greatest
for burned and unburned temperate deciduous forests of Quercus robur, likely
because the high foliar moisture and little understory fuel counteract the spread of
a crown fire.
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Fig. 8.10 The vertical structure of forest stands of three types dominated, respectively, by (a)
maritime pine (Pinus pinaster), (b) a deciduous oak (Quercus robur), and (c) an evergreen oak
(Quercus suber) measured in the national forest inventories of Portugal and Spain and that
subsequently burned or not. (Adapted from Nunes et al. 2019)
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The thresholds for active crown fire spread were proposed by Van Wagner
(1977), who indicated that “the simplest general statement on how fire spreads
through a fuel layer is the basic heat balance linking”. Here we recall the heat
balance equation:

Ip ¼ R ρb Qig ð8:13Þ

where Ip is the propagating horizontal heat flux (kW m�2), R is the rate of spread
(m s�1), ρb is the fuel bulk density of the canopy (kg m�3), and Qig is the heat of
preignition (kJ kg�1).

Fuel bulk density (ρb) is often applied as an average for relatively homogeneous
fuels. A value of ρb can be applied for an individual tree crown, for example.
However, when referring to the canopy of a stand, the concept of Canopy Bulk
Density (CBD) refers to a property of the stand, not the individual crown, and
represents the average bulk density for the whole volume of crowns, including
empty volumes. This is why the value of CBD can be managed by thinning and
why the CBD values show a typical pattern from crown base height to stand height.
Scott and Reinhardt (2005) provided photographs and stand data for five Interior
West conifer forests that had been thinned to progressively lower values of crown
bulk density. Their photographs and data are useful for estimating canopy fuel
characteristics and effects of thinning (Fig. 8.11).

LiDAR data have been used by several authors (e.g., Andersen et al. 2004), while
others have used other indirect methods to estimate forest canopy bulk density
(Keane et al. 2005). In Spain, Ruiz-González and Álvarez-González (2011) used

20

CBD = 0.257 kg.m–3

Initial
condition

75% of initial
basal area

50% of initial
basal area

25% of initial
basal area

Crown base height
Crown base height Crown base height

CRDCrown base height

CBD = 0.222 kg.m–3 CBD = 0.153 kg.m–3 CBD = 0.069 kg.m–3

Stand height Stand height Stand height Stand height15

10

H
ei

gh
t (

m
)

5

0
0.00 0.05 0.10

Canopy bulk density CBD (kg.m–3)
0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05

Total available fuel
Available branchwood

0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.25

Fig. 8.11 Photographs of Douglas-fir/lodgepole pine forests with different levels of thinning and
the resulting vertical distribution of crown bulk density (CBD) and location of the maximum CBD
value. (From Scott and Reinhardt 2005)
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canopy bulk density and canopy base height equations to assess crown fire hazard in
Pinus radiata plantations. All these approaches are useful to guide crown fuel
treatments to mitigate potential fire behavior (See Chap. 11 for discussion of fuels
treatments).

As canopy bulk density is clearly important in determining the conditions for a
crown fire to spread, the indication of critical thresholds for CBD can be of practical
use. Alexander et al. (2013b) suggested that a minimum value of about 0.1 kg m�3

for the bulk density of the canopy represents a critical threshold above which active
crowning is likely if crowns are ignited. Canopy bulk density can be reduced by
thinning to reduce tree density and basal area, and crown base height can be raised by
pruning the lower branches of the crown (See Chap. 11).

Canopy bulk density is an essential component of the approach by Thomas
(1967) and Van Wagner (1977) where the threshold for crown fire spread is
established by setting a limiting value for a new variable, the mass flow rate (MFR
in kg m�2 s�1). Mass flow rate represents the quantity of fuel that starts to burn per
unit vertical area of the crown space per unit time. If the fire is spreading horizontally
through the crowns with a canopy bulk density ρb (kg m�3) at a rate R (m s�1), the
mass flow rate is the product of the rate of spread and bulk density. Using this
relation, we can calculate the mass flow rate MFR as:

MFR ¼ R ρb ¼
Ip
Qig

ð8:14Þ

Under this approach, it was proposed that MFR has a critical minimum value
(MFRmin) below which a flame cannot form and propagate through the crowns. The
predicted MFR, calculated from the rate of spread and canopy bulk density, can be
compared with a critical minimum value MFRmin. If the predicted MFR is lower than
MFRmin, the fire is considered to be too slow or the canopy to be insufficiently dense
to allow the fire to spread through the crowns. Alternatively, from Eq. (8.14), we can
consider that a low value of MFR indicates that fireline intensity is too low or foliar
moisture is too high to sustain crown fire spread.

Estimations of the critical mass flow rate (MFRmin) have been made by Thomas
(1967) in experimental fuelbeds and by Van Wagner (1977) in a pine plantation,
resulting in similar values of MFRmin ¼ 0.06–0.08 kg m�2 s�1 (Thomas 1967) or
0.05 kg m�2 s�1 (Van Wagner 1977).

We recall from Chap. 4 that heat of pre-ignition (Qig in kJ kg�1) is very much
dependent upon fuel moisture content (FMC, in %) and can be estimated using
approximate equations. Here we use:

Qig ¼ 460þ 26 FMCð Þ ð8:15Þ

Equations (8.14) and (8.15) can be combined and rewritten to find the propagat-
ing horizontal heat flux (Imin in kW m�2) threshold for a crown fire to spread as a
function of foliar moisture content (FMC in %):
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Imin ¼ MFRmin Qig ¼ MFRmin 460þ 26 FMCð Þ ð8:16Þ

The graphical representation of this relationship for the various values of the
critical mass flow rate (MFRmin) is shown in Fig. 8.12.

The prediction of a transition from a passive crown fire to an active crown fire can
be made by comparing a known value of the propagating heat flux Ip with the critical
value Imin, which is a function of foliar moisture content FMC, according to
Eq. (8.16) and Fig. 8.12. Van Wagner (1977) indicated that at a temperature around
1000 �C, the crown flame is capable of radiating at most about 125 kW m�2 from a
vertical front. This indicates that crown fires would be sustainable just by radiation
when FMC is below 75%, which can occur in Mediterranean shrubland fires in late
summer or fall when they burn intensely. Chandler et al. (1983) indicated as a
general rule of thumb that crown fire potential in conifers increases whenever FMC
drops below 100%, which is not common. Above a foliar moisture content of 125%,
Van Wagner (1967) indicated that radiant intensity would be very small to allow a
crown fire to spread. These results indicate that, in the absence of wind, when
convection is still not very dominant, crown fires can only spread in some particular
formations, as in shrubland in drier periods of the year when FMC is low.We discuss
the dynamics of live fuel moisture in Chap. 11.

Fig. 8.12 The influence of foliar moisture content (FMC) and the propagating horizontal heat flux
(Ip) in distinguishing passive from active crown fires. The lines show the critical horizontal heat flux
(Imin) using the thresholds for critical mass flow rate of 0.06 and 0.08 (Thomas 1967) and of 0.05
(Van Wagner 1977). The heat flux of 120 kW m�2 corresponds, in Van Wagner’s model, to a FMC
of 75%. A Ip of more than 185 kW m�2 would be required for a fire to carry actively through a
canopy with FMC of 125% or more
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VanWagner (1977) pointed to foliar moisture as the main canopy factor affecting
the possibility of crown fire to spread but cautions that it should not be considered
the only factor to take into account. Variables such as the height of the live crown
above ground, the bulk density of foliage within the crown space, the shape and the
arrangement of leaves, or the presence of highly flammable volatile waxes, oils, and
resins are long known to be important for fire spread.

We saw that only in special situations with very low FMC the radiant heat flux is
sufficient to allow for crown fires to spread. This means that active crown fires in
forest can only occur as a consequence of convective heat in windy conditions and in
fires with high rates of spread. We can now reformulate the problem by rearranging
Eq. (8.15) to have the thresholds for rate of spread. Assuming a limiting mass flow
rate (MFRmin) it follows that for any specified value of canopy bulk density (ρb) the
fire spread rate must have a lower limit (Rmin) below which crown spread is not
sustained:

Rmin ¼ MFRmin

ρb
ð8:17Þ

Rmin is the critical minimum spread rate to make crown fire spread possible and an
active crown fire to occur. The relationship of rate of spread with ρb and the
thresholds between passive and active crown fires are shown in Fig. 8.13.

Equation (8.17) and (Fig. 8.13) show that under low canopy bulk density, only
fires with high rates of spread, typically associated with strong winds, can propagate
through the canopies. On the other hand, very dense canopies can sustain crown fire
spread even at low rates of spread or low wind speeds.

Fig. 8.13 The influence of canopy bulk density and rate of spread in differentiating observed
passive fires (empty circles) from active fires (black circles) using data from Cruz et al. (2005) and
Van Wagner (1977)’s equations. The lines show the critical rate of spread (Rmin) using the
thresholds for critical mass flow rate MFRmin of 0.06 and 0.08 (Thomas 1967) and of 0.05 (Van
Wagner 1977)
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As discussed, wind speed is a factor of major importance in determining crown
fire spread. It is, therefore, relevant to have wind speed thresholds associated with
crown fires. Two thresholds have been defined. The Torching Index is the open wind
speed at which the predicted surface fire intensity equals the minimum required for
crown fire initiation for any given canopy bulk density in conifer forests. Similarly,
the Crowning Index is the wind speed at which the predicted crown fire spread
equals the minimum needed to maintain a solid flame through the canopy. This is the
approach used in many applications as in NEXUS (Scott 1999, 2006). This was also
the objective of the empirical model developed by Cruz et al. (2005), indicating the
thresholds between passive and active crown fires based on wind speed, canopy bulk
density, and the moisture content of fine dead fuel (Fig. 8.14).

The combinations of the main factors that determine the likelihood of a crown fire
to transition from passive to active are summarized, in a very practical way, in
Fig. 8.14. Canopy bulk density and fine dead fuel moisture content are variables that
can be measured or estimated prior to the fire and allow establishing wind speed
thresholds for crown fires to initiate and spread. Fernandes et al. (2004) describe how
variation in wind speed changed the type of fire propagation in an experimental
crown fire. Fire managers know by experience that wind speed thresholds are
important for the safe use of prescribed fire and for setting wildfire suppression
and safety strategies.

8.3.3 Crown Fire Rate of Spread

The likelihood of crown fire initiation is a function of several variables (Table 8.2). It
increases with wind speed (by increasing fire spread rate), decreases with increasing

Fig. 8.14 The relative importance of wind speed, canopy bulk density, and moisture content of fine
dead surface fuel on the likelihood of an active crown fire using the equation from Cruz et al. (2005)
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distance from the surface fuel to the crown base (the fuel strata gap), increases with
fuel consumption, and decreases with increased fuel moisture content. For practical
applications, it is useful to express this likelihood as a function of a few variables.

After assessing the conditions for crowning and spread it is important to evaluate
what are the factors that are associated with the rate of spread of crown fires. Cruz
et al. (2005) constructed a statistical model to predict active crown fire spread rate
from a database of 25 experimental crown fires in forests of Pinus banksiana (jack
pine), Picea mariana (black spruce), and Pinus resinosa (red pine). The best model
fit was:

R ¼ 11:02 U 0:9
10 ρ 0:19

b e�0:17 EFFM ð8:18Þ

where R is the rate of spread of an active crown fire (m min�1), U10 is the wind speed
at 10 m in open terrain (km h�1), ρb is the canopy bulk density (kg m�3), and EFFM
is the estimated fine dead fuel moisture content (%). High values for wind speed and
canopy bulk density favor higher crown fire spread rates. High dead fuel moisture
content decreases the rate of spread.

The simplest way to estimate the rate of spread for passive crown fires is to
consider that they are controlled by the surface fire, and therefore they have the same
rate of spread. This was the approach initially taken by Finney (2004) in the
development of FARSITE.

Another statistical model was developed for the coniferous forests of the northern
Rocky Mountains USA. Rothermel (1991) proposed that the average crown fire
spread (R) could be estimated as 3.34 times the predictions made with his model for
surface fire spread (Rothermel 1972) using Fuel Model 10 (timber litter and under-
story) and a 0.4 wind adjustment factor (for wind speeds at 6.1 m). The author also
proposed that the near-maximum spread rate is 1.7 times faster than the average
spread rate. US fire modeling tools adopt the Rothermel (1991) equation.

Some attempts have been made to combine surface and crown fire behavior
predictions. Scaling spread rate between predictions of surface and crown fire spread
is commonly done using the concept of the “crown fraction burned (CFB)” devel-
oped by van Wagner (1989, 1993). CFB represents a transition function between
0 and 1 representing the degree of crowning and it can be calculated according to
Van Wagner (1989) as:

CFB ¼ 1� exp �0:23 Rs � Rminð Þf g ð8:19Þ

where Rs and Rmin are the predicted steady-state rate of spread and the critical spread
rates (m min�1), respectively. Alternative ways to calculate CFB have been pro-
posed by Van Wagner (1993). A simple linear transition function was proposed by
Scott and Reinhardt (2001).

Alternatively, if we want to estimate a global rate of spread (Rglobal) as a weighted
average from the estimated values of the surface fire spread (Rsurface) and of the
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active crown fire spread (Rcrown) we can used the Crown Fraction Burned (CFB) as
the weighting factor:

Rglobal ¼ 1� CFBð Þ � Rsurface þ CFB� Rcrown ð8:20Þ

For a surface fire, the CFB is equal to zero and Rglobal ¼ Rsurface. For an active
crown fire (or an independent crown fire), the crown fraction burned is equal to 1 and
therefore Rglobal ¼ Rcrown. Many of the current applications such as FlamMap or the
Fire and Fuel Extension of the Forest Vegetation Simulator (FFE-FVS) use CFB to
estimate a global rate of spread.

Predictions of crown fire behavior have large uncertainties, in part because they
are typically based on a small number of observations for which we have measured
inputs for the models. This was one of the worths of the International Crown Fire
Modeling Experiment (ICFME). The ICFME was a cooperative international exper-
iment carried out between 1995 and 2001 in Canada’s Northwest Territories, with
more than 100 participants representing 30 organizations from 14 countries (Stocks
et al. 2004). The series of 18 experimental high-intensity and highly instrumented
crown fires (Fig. 8.15) was fundamental to quantify parameters essential to model
the initiation and spread of crown fires.

Crown fires often produce spotting as firebrands are lifted into the air. Crown fires
can reflect complex fire-atmosphere interactions. Both spotting and fire-atmosphere
interactions are important in extreme fires, as discussed in the next sections.

Fig. 8.15 One of the experimental fires of the International Crown Fire Modeling Experiment,
Northwest Territories, Canada (Bunk 2004)
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8.4 Spotting

Spot fires are defined as fires “set outside the perimeter of the main fire by flying
sparks or embers” (USDA Forest Service 1956). Spotting is probably the most
challenging fire behavior characteristic from the perspective of fire suppression, as
control difficulty is significantly increased (Byram 1959). Further, spotting can help
fires spread through discontinuous fuels and can help to explain the patchiness of
fires that greatly influences fire effects and ecosystem recovery (see Chap. 12).

Burning pieces, termed firebrands or embers, are the carriers of fire between the
main fire front and other areas ahead of the fire front. Ember showers outside the
main fire can ignite burnable fuels on and near houses, or embers can get into roofs
and openings in buildings to ignite them despite the surrounding defensible space
(see more on protecting homes in Chap. 10). Firebrands can start spot fires across
fuel breaks, rivers, or other unburnable areas, producing dangerous conditions for
firefighting crews (Potter 2016). Spotting can occur from surface fires, from torching
trees, or from slash piles, but spotting is usually associated with crown fire spread as
it can generate much greater spotting distances (Fig. 8.16).

The effect of spotting on fire behavior is determined by the density of ignitions
from firebrands and the distances the ignitions occur ahead of the main fire. Ignition
density from firebrands typically decreases with distance from the advancing flame
front (Cheney and Bary 1969; Gould et al. 2007; Alexander and Cruz 2016). As
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Byram (1959) pointed out, although the spot fires occurring at long distances are
spectacular and effective in spreading fire over large areas, the spot fires nearer the
main flame front have a much greater effect on fire behavior as showers of burning
embers “occasionally produce disastrous firestorm effects by igniting large areas
almost simultaneously”. For all these reasons, spot fires are regularly considered a
type of extreme fire behavior even though they are a common characteristic of
almost all fires burning in many fuel types (Potter 2016).

Records of spotting distances have been gathered for a long time in several
regions of the world, from North America and Europe to Australia. In Europe,
field observations of spotting distances under the project SALTUS (2001) indicated
that spotting distances were not likely to exceed 2 km. In North America, spotting
distances up to 5 km are commonly observed on wind-driven crown fires in
coniferous forests (Alexander and Cruz 2016). Spotting distances up to 10 km
were documented in chaparral fires in California (Countryman 1974) and the forests
of the northern Rocky Mountains during the 1910 fires in Idaho and western
Montana (Koch 1942). Spotting distances up to 20 km were documented in the
1967 Sundance Fire in northern Idaho (Anderson 1968). Luke and McArthur (1978)
indicated that in many eucalypt forests in Australia very long spotting distances “far
exceed those recorded in overseas literature”. McArthur (1967) indicated that
spotting distances of 10 km were common on many high-intensity eucalypt forest
fires. They reported that well-authenticated spot fires 15–20 km in advance of the
main fire were recorded in Victoria and New South Wales during the January 1939
fires. In Victoria, one spot fire occurred close to 30 km ahead of the fire source during
the March 1965 fires in Gippsland, and spotting up to 33 km of the fire front was
documented in the Kilmore East fire that killed 121 people in February 2009 (Cruz
et al. 2012).

Eucalypt bark can govern the type of spotting (Luke and McArthur 1978). Some
types of eucalypt bark (from trees called stringybarks) are easily torn off tree stems
by strong convection currents generated in fires, but the bark pieces are too heavy to
travel far (Fig. 8.17). The bark embers generated can produce concentrated short-
distance spotting (less than 100 m), allowing for a mass fire or firestorm effect if
ember density is enough. Research on short-distance spotting was advanced during
the Project Vesta where 104 experimental fires were lit between 1998 and 2001 on
summer days in dry south-western Australian eucalypt forests with fireline intensi-
ties up to 10,000 kW m�1 and flame heights up to 25 m (Gould et al. 2007). In
contrast, other types of eucalypt bark (candlebarks) typically break in streamers that
may originate long-distance spotting (from 10 km up to more than 30 km) when
burning in long unburned forests (Fig. 8.18).

Rothermel and Andrews (1987) suggested that spotting is “one of the most
intractable problems” faced by fire scientists. If spotting is split into different stages
or components, “these stages are each relatively tractable in terms of the scientific
questions they pose” (Potter 2016). Hence, we recognize six successive components
in the process of spotting: buoyancy and the development of the fire plume, firebrand
generation, the lofting, transport, and fall of the firebrands, and ignition of unburned
fuel (Fig. 8.19).
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8.4.1 Buoyancy and the Fire Plume

All fires involve buoyant air flows, as the characteristics and nature of the flame and
plume flow are responsible for the growth of the fire and the transport of heat and
smoke up and away from the fires. For vegetation fires, buoyancy is associated with
the fire plume. The plume is a column of hot combustion products and flames above
a burning fuel source. We use the term fire plume to distinguish flows driven by
buoyancy from those associated with forced flow, such as jets.

Buoyancy

Buoyancy is a force that arises due to differences in fluid density created by
temperature differences between the column of hot gases and the ambient air. The
principle of buoyant forces was introduced around 200 BC by Archimedes of
Syracuse, who suggested in his treaty “On Floating Bodies” that any object totally
or partially immersed in a fluid is buoyed up by a force equal to the weight of the
fluid displaced by the object.

Fig. 8.17 Research on fire behavior in dry eucalypts of Australia showing short distance spotting
during Project Vesta. (From Forestry and Forest Products 1998)
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The Archimedes principle can be directly applied to the plume of a wildfire where
the hot gases have a lower density than the surrounding cool air causing an upward
buoyant force. Recall that the ideal gas law states that at constant pressure, the
density of a fluid is proportional to the absolute temperature. We can model a flame
as a cylinder with a volume (V) with a section area (A) and height (H) with
temperature Ti and density ρi. In this case, the gases inside the flame have a
significantly greater temperature and are less dense than the ambient air
(at temperature Ta and density ρa) as illustrated in Fig. 8.20.

The driving force that causes the vertical flow is the difference in the weight of the
two equivalent columns (Fig. 8.20). This resulting net buoyancy force (in Newtons,
or kg m s�2) can be computed as:

wa � w f ¼ g A H ρa � ρ f

� � ð8:21Þ

where wf is the weight of the column of hot gases inside the volume of the cylindrical
flame with density ρf (kg m�3), wa is the weight of an equivalent column of ambient
air with density ρa (kg m�3), g is the acceleration of gravity (9.807 m s�2), A is the
sectional area of the column (m2), and H is the height of the flame (m).

Fig. 8.18 Spotting on the Mount Buffalo fire in Victoria, Australia, on 14 December 1972,
reported by the Forests Commission. This fire burned a fuel type that had not burned for at least
35 years during which great masses of candlebark accumulated in eucalypts. The accumulated
candlebark was the source for long-distance spotting. (From Luke and McArthur 1978)
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To understand the lofting process, we need to estimate the buoyancy velocity,
which is the updraft flow velocity of air and combustion gases (Wz). In a steady-state
combustion reaction with no ambient wind, the forces of the net buoyancy (wa � wf)
and of the upward airflow (wz) are equivalent:

Fig. 8.19 The process of spotting and its idealized components. The fire plume is formed due to
buoyancy forces from the fire where firebrands are generated. Firebrands are lofted, transported, and
they eventually fall from the plume, possibly originating a new ignition and a secondary fire
commonly called a spot fire. When many such firebrands ignite, the resulting fires can spread fire
rapidly across a landscape and sometimes contribute to a firestorm

Fig. 8.20 The Archimedes’ principle applied to a flame represented as an idealized cylinder. The
difference of weight between the volume of air displaced (left cylinder) and the volume inside the
flame (right cylinder) is the cause of the buoyancy flow and the vertical updraft velocity
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wa � w f ¼ wz ð8:22Þ

The force of the airflow applied in a section of area A can be computed as:

wz ¼ 0:5 ρa A Wz
2 ð8:23Þ

where Wz is vertical velocity. As the forces of the net buoyancy and the upward air
flow are equal (Eq. 8.22), we can combine Eqs. (8.21) and (8.23):

0:5 ρa A Wz
2 ¼ g A H ρa � ρið Þ ð8:24Þ

As we are interested in estimating the updraft velocity Wz, we have:

Wz ¼ 2 g H 1� ρ f

ρa

� �� 	1=2
ð8:25Þ

It is often more convenient to estimate updraft velocity from temperatures instead
of densities. For that, we have to recall the ideal gas law. The ideal gas law is derived
from four simpler gas laws. Charles’ law, dating from the 1780s, states that, under
constant pressure, the volume of a gas (V) increases as the absolute temperature
(T) increases. The Gay-Lussac’s Law states that the pressure (P) of a given mass of
gas is directly proportional to the absolute temperature (T) of the gas when the
volume is kept constant. Avogadro’s law (from 1811) states that, under the same
conditions of temperature and pressure, a given number of moles of gas molecules
(n) occupy the same volume (V) regardless of their chemical identity. Boyle’s law
states that, for a fixed amount of gas at a constant temperature, the volume of a gas
(V) increases as pressure (P) decreases. By combining these four empirical laws, one
can write the ideal gas law that explains how the various state variables are related:

PV ¼ n γ6 T ð8:26Þ

where P is pressure, V is the volume of the gas, n is the number of moles, γ is the
universal gas constant, and T is the absolute temperature.

For constant pressure, volume increases with absolute temperature. As density (ρ)
is mass (m) over volume (V), density at constant pressure is inversely related to
increased absolute temperature (T). We can, therefore, write the equation for velocity
as a function of absolute temperatures as:

Wz ¼ 2 g H 1� Ta

T f

� �� 	1=2
ð8:27Þ

This is a very simple model that can be used to estimate the initial vertical velocity
of the convective flow from flame height and temperatures of the ambient air and the
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flame volume. If we assume an ambient temperature (Ta) of 300 K and an average
temperature inside the flame (Tf) of 500 K, Eq. (8.29) can be simplified to:

Wz ¼ 2:8 H1=2 ð8:28Þ

where Wz is the vertical velocity (m s�1), and H is the vertical height of the
flame (m).

Telitsyn (1996) measured the updraft flow buoyancy velocity (Wz in m s�1) at the
upper level of flames using anemometers in laboratory fires and found a similar
result as Eq. (8.28).

Wz ¼ 2:5 H1=2 ð8:29Þ

The equations above allow for the estimation of the vertical updraft velocity as a
function of flame height. However, it is common to predict vertical updraft velocity
as a function of fireline intensity. Based on this approach, Raupach (1990) proposed
the following equation:

Wz ¼ 1:66 g IBð Þ= Ta ρa Cpa

� �
 �1=3 ð8:30Þ

where g is the acceleration of gravity (9.8 m s�2), IB is Byram’s fireline intensity
(expressed in kW m�1 in this equation), Ta is the ambient temperature, ρa is
the density of air, and Cpa is the specific heat capacity of air at constant pressure.
For the approximate values of Ta¼ 300 K, ρa¼ 1.2 kg m�3, and Cpa¼ 1 kJ kg�1, the
equation simplifies to:

Wz ¼ 0:5 IB
1=3 ð8:31Þ

The graphical display of Eqs. (8.29) and (8.31) is shown in Fig. 8.21.
Typical values for the vertical velocity derived from Eq. (8.31) have practical

applications. Fireline intensities determine updraft velocities, which determine
which type of materials can be lofted. Very low-intensity fires with fireline intensity
below 70 kW m�1, result in vertical velocities below 2 m s�1. With vertical air
velocities below 2 m s�1, only very light burning pieces with large exposed areas,
such as broad leaves with a surface density below 0.025 g cm�2, can be lofted.

Fires burning with a fireline intensity of 500 kW m�1 have a vertical velocity of
4 m s�1. Needles and bark plates of several pine and eucalypt species with a surface
density below 0.1 g cm�2 can be carried aloft under these relatively high but not
uncommon intensities for prescribed fires. Therefore, the value of Wz ¼ 4.0 m s�1,
corresponding to a fireline intensity of 500 kW m�1, is considered as the desirable
upper limit for a prescribed burn (Ellis 2000, 2010).

High intensity wildfires with fireline intensity of more than 10,000 kWm�1 create
convective updrafts with a vertical velocity of more than 10 m s�1. This value is
associated with the surface density of 0.6 g cm�2, the threshold at which larger
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pieces of fuel, such as pine cones or eucalypt capsules, can also be carried in the
plume and may cause significant long range spotting.

Under higher fire intensities and stronger convection columns, larger firebrands
may be produced. With Inferno fires (Raupach 1990) with fireline intensities of
100,000 kW m�1, the updrafts are estimated to be 23.4 m s�1. Byram (1959)
indicated that updraft velocities within the convection column may exceed
30–35 m s�1. In these extreme conditions, firebrand materials may even include
logs (Cheney and Bary 1969). Ellis (2000) provided a good discussion on this topic.

Development of the Fire Plume

The airflow within the plumes of most fires is turbulent rather than laminar
(Fig. 8.22). In laminar flow, particles within the column of fluid follow a smooth
path and do not interfere with each other as they rise. In contrast, turbulent flow is
best thought of as irregular flow where the particles in the column of air move in a
chaotic manner, resulting in increased mixing and eddy formation (Fig. 8.23).
Because the modeling of turbulent flows is difficult, empirical approaches are
often taken.

Fire plumes have three unique regions due to the buoyant forces and eddy
formation:

1. In the area of persistent flame, heating is continuous, and the gases are acceler-
ating upwards,

2. Where flames are intermittent, combustion occurs irregularly, and
3. Within the buoyant plume, the temperature and velocity of upward movement

decrease with height.

As the hot gases generated during combustion rise, cold air entrained into the fire
plume increases the plume width (Fig. 8.24). The entrained air also cools the rising

12
(a) (b)

m s–1

V
er

tic
al

 v
el

oc
ity

 (
W

z)

10

8

6

4

2

0
0 2.5 5 7.5 10 12.5 15 17.5 20 0 2000

m kW m–1

Flame height (H) Fireline intensity (lB)

4000 6000 8000 100001200014000

Fig. 8.21 Vertical velocity of the fire plume relative to (a) flame height and (b) fireline intensity.
These are graphs of Eqs. (8.29) and (8.31)

210 8 Extreme Fires



hot gases, which decreases the temperature along the edges of the plume, causing a
reduction in the upward velocity of the hot air. This reduction ultimately results in
the formation of eddies.

Fig. 8.22 Schematic
representation of (a) laminar
flow regime and (b)
turbulent flow regime in a
smooth tube. (Adapted from
Guillom 2008)

Fig. 8.23 Sequential (a to h) formation of eddies. (From Raj and Prabhu 2018)
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In most forest fires the fire plume is observed to expand at a rather constant
expansion angle, that can vary from 6� on very intense fires in heavy fuels to 18� on
low intensity fires in light fuels, with 12� being a reasonable average (Chandler et al.
1983). The process of expansion of the fire plume is caused by air entrainment, a
process that has been studied for a long time. The analysis of the process is based on
the fact that when a stream of fluid is in contact with another stream, the eddies
which cause transfer of matter between them are characterized by velocities propor-
tional to the relative velocity of the two streams (Lee and Emmons 1961).

For a vertical plume, without wind, the rate at which air is entrained is taken as
proportional to the vertical velocity of the fire plume (Wz). However, with wind (U),
the fire plume is at an angle (Ap) with the horizontal wind flow, and the mass
entrainment of the ambient air in the plume is represented by an entrainment velocity
(Ve) which is the sum of the horizontal and vertical components (Mercer and Weber
1994, 2001):

Ve ¼ a1 Wz � U cos Ap

� � þ b1 U sin Ap ð8:32Þ

For the case of symmetrical plumes around a vertical axis, the coefficients a1 and
b1 are relatively well documented, with values around a1 ¼ 0.1 and b1 ¼ 0.5
(Krishnamurthy and Hall 1987). For line plumes the values used by Mercer and
Weber (1994, 2001) were a1 ¼ 0.16 and b1 ¼ 0.5. In no-wind situations, where
U ¼ 0, the velocity of air entrainment is only proportional to the vertical air velocity
Wz.

The effect of wind in increasing air entrainment justifies the fast cooling of the
convection column with height, which is very important in predicting the effect of
wind on scorch height in prescribed fire operations (see Chap. 9). Also, the devel-
opment of the fire plume with entrained air is important to understand complex fire-
atmosphere interactions as indicated in Sect. 8.5 in the Chapter.

Fig. 8.24 Air entrainment
in the buoyant plume. (From
Michaletz and Johnson
2007)
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8.4.2 Firebrand Generation

Firebrand generation has been measured experimentally in a limited number of
studies. Firebrand production and characteristics produced from burning small
trees of Korean pine (Pinus koraiensis) and Douglas-fir (Pseudotsuga menziesii)
were measured by Manzello et al. (2007a, b). Most firebrands, or embers, collected
were small in size (Fig. 8.25) with 70% smaller than 0.3 g mass.

Other scientists have collected data on the nature and density of firebrands and
their distance from the main fire. In the experimental fires of the project VESTA in
dry eucalypt forests in Australia (Eucalyptus marginata), Gould et al. (2007)
collected firebrands in polyethylene sheets placed at different distances from the
main fire. The density of large firebrands of eucalyptus bark (up to 40 m�2) at close
distances decreased exponentially with distance, to less than 1 m�2 at 100 m distance
from the fire front. In the European project SALTUS, the few firebrands collected up
to 2 km from the wildfire front were mostly leaves, needles, and bark fragments from
pine trees (Pinus pinaster). However, the embers collected far from the fire front are
only an unknown fraction of the initial firebrands generated as the firebrands burn
and lose mass during lofting, transport, and fall.

Albini (1979) estimated the maximum potential spot fire distance by creating a
model for the optimum firebrand, assuming that at least one ideally suited firebrand
particle with optimum size exists near the top of a burning tree. Particles smaller than
optimum could travel farther, but they would burn up before landing. Particles larger
than optimum would still burn when landing but would not travel that far. With this

Fig. 8.25 Experimental study of firebrand generation from a small tree (5.2 m tall) of Douglas-fir
(Pseudotsuga menziesii) showing (a) the burning tree and (b) the firebrands generated with their
size distribution. (From Manzello et al. 2007b)
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assumption, Albini (1979) produced spotting models independent of firebrand size
and related only to fuel, fire, and wind variables.

“An individual firebrand starts as a leaf, twig, seed, nut, pine cone, piece of bark,
or a small fragment of a larger piece of fuel that was partially consumed” (Potter
2016). All of these fuel components might develop into firebrands with different
probabilities due to their different characteristics. The two main parameters to assess
to evaluate the potential for spotting of the different fuel components are their
aerodynamic characteristics and the burnout time.

8.4.3 Lofting of Firebrands

The Aerodynamic Characteristics of Firebrands

For a firebrand to be lofted, the updraft wind velocity must be greater than the
maximum rate of fall that the firebrand would achieve in still air (i.e., the terminal
velocity). The terminal velocity is defined as the maximum speed of an object freely
falling through a medium such as air. Based on experimental and theoretical work,
Tarifa et al. (1965) indicated that “it is an excellent approximation to assume that the
firebrands always travel at their terminal velocity”.

Studies on terminal velocities of wood samples followed (Muraszew 1974).
Clements (1977) was the first to determine terminal velocities of different fuels
common in forest fires by measuring the time of their fall from a fire tower. The
results showed significant differences between fuel components and species types
(Fig. 8.26). The average terminal velocity for all 14 broadleaves tested was 1.8 m s�1

(ranging from 1.3 to 2.2 m s�1), while that of the needles of three pine species was
3.7 m s�1 (2.9–4.1 m s�1), about twice that of the hardwood leaves. The terminal
velocity of pine cones was much higher, averaging 12.1 m s�1 (8.6–16.5 m s�1). The
only bark studied was that of Betula papyrifera, which had an average terminal
velocity of 5.6 m s�1.

Terminal velocities of burning firebrands were measured experimentally in a
vertical wind tunnel designed by the Bushfire Behaviour and Management Group
at CSIRO and built in Canberra specifically for firebrand studies (Knight 2001). This
facility was fundamental for the pioneering work of Ellis (2000, 2010), who
addressed the aerodynamic characteristics of typical firebrands in Australian forests
generated by eucalypt bark (Fig. 8.27). Ganteaume et al. (2011) also evaluated the
characteristics of common potential types of firebrands commonly encountered in
forest ecosystems in southern Europe.

The terminal velocity of fuel particles derives from their physical characteristics.
Tarifa et al. (1965) represented this with a general drag equation for falling objects.
They also demonstrated that firebrands in flight orient themselves to achieve max-
imum drag. At terminal velocity, there is an equilibrium between two forces, a
downward force of gravity applied on the particle’s mass and a drag force, resistant
to the downward movement.
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The downward force depends on the mass of the object (m) and gravity (g).
The upward (drag) force depends on the density (ρ) of the fluid (air) through which
the object is falling, on the falling terminal velocity of the object (vt), or equivalently
the upward velocity of air (Wz), the projected area (A), and the shape of the particle
expressed by a dimensionless drag coefficient (Cd). The equilibrium between the two
forces can be expressed as:

m g ¼ 0:5 ρ v2t A Cd ð8:33Þ

where m is the mass of the object (kg), g is the acceleration of gravity (m s�2), ρ is
the density of the air (kg m�3), vt is the terminal velocity of the object (m s�1), A is
the projected area (m2), and Cd is a dimensionless drag coefficient. Rearranging
Eq. (8.33) to solve for the terminal velocity (vt) results in:

vt ¼ 2 m g
ρ A Cd

� �0:5

¼ 2 g
ρ Cd

� �0:5

� m
A

� �0:5
ð8:34Þ

Fig. 8.26 Average terminal
velocities for different fuel
components. (Data from
Clements 1977)

8.4 Spotting 215



This equation indicates that the terminal velocity of an object is dependent on the
ratio of mass (m) to the area projected (A), which has been termed as surface density
(m/A) (Ellis 2010). Assuming a density of air of ρ ¼ 1.27 kg m�3 and a drag
coefficient Cd ¼ 1, the standard value for flat plates (Ellis 2010), and expressing the
surface density (m/A) in g cm�2, the terminal velocity vt in m s�1 can be estimated
as:

vt ¼ 12:4
m
A

� �0:5
ð8:35Þ

The values of the drag coefficient (Cd) have been studied in relation to the shape
of the object with values of 0.47–0.50 for spheres and cones to 1.05 for cubes and
varying from 0.82 to 1.15 between long and short cylinders. The value of Cd ¼ 1.17
was used for wooden disks by Anthenien et al. (2006). Ellis (2010) found that for
eucalypt bark pieces, the average values of Cd ranged from 0.77 to 0.85 for samples
where no spin occurred to values from 1.13 to 1.39 where spin occurred. In Fig. 8.28,
we illustrate the relation between surface density and terminal velocity for different
values of the drag coefficient.

Fig. 8.27 In the vertical wind tunnel of CSIRO, in Canberra, it is possible to determine experi-
mentally the terminal velocity of burning firebrands by finding the balance between the two
opposite forces, the gravitational downward force and the upward force generated by vertical air
velocity from a blower fan
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The terminal velocity of a fuel particle, or the equivalent upward velocity of air to
maintain it floating in the convection plume, is basically a function of two charac-
teristics of the particle, its mass and its projected area. The ratio of mass to projected
area, or the surface density, is very different between different types of wildland
fuels. Therefore fuel particles with low mass and high projected area, as leaves of
broadleaved species, are able to float in plumes of very low-intensity fires, whereas
pine cones can only be lifted in fire plumes with high vertical velocity originated by
fires burning with high intensity. Typical values of the surface density of the
different fuel materials that may be potential firebrands are shown in Fig. 8.29.

Based on Eq. (8.35), broad leaves with a surface density below 0.025 g cm�2 can
be lifted in a fire plume with updraft velocities as low as 2 m s�1. For most thin bark
plates, with surface density values below 0.1 g cm�2, it would take an updraft of
about 4 m s�1 to loft the bark plates. However, for some bark types, cone scales, and
some twigs with a surface density closer to 0.2 g cm�2, a vertical wind velocity of
around 6 m s�1 is required. For oak acorns, eucalypt capsules, or pine cones, with
surface densities above 0.6 g cm�2, transport in the fire plume requires updrafts of
around 10 m s�1.

Fig. 8.28 Graphical representation of the relationship between surface density (m/A, the ratio of
mass m to projected area A) and terminal velocity (vt) for typical drag coefficients (Cd) of 0.8, 1.0
and 1.2
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The Maximum Potential Firebrand Lofting Height

The lofting of fuels from the ground surface is more difficult than those that are
already located at higher places as bark particles in the trunk or leaves or twigs
already at the canopy level. The fire’s updraft initially accelerates as it rises, causing
spotting vertical velocity to be higher at the canopy than at the ground level. Thus,
spotting is more prolific in crown fires than in surface fires (Potter 2016). After
firebrands are detached from the trees (or from other fuel components), and if their
terminal velocities are lower than the updraft velocity created by the fire, the process
of lofting starts.

The updraft winds above the flaming front are highly turbulent and, therefore,
very difficult to measure in the field. In experimental fires in dry eucalypt forest,
Gould et al. (2007) observed alternate updraft and downdraft periods. Because of
field measurement difficulties, most initial approaches were based on laboratory
experiments and theoretical modeling efforts (Tarifa et al. 1965; Muraszew 1974).
More recently, more physically-based fire behavior models using computational
fluid dynamics methods, as FIRETEC (Linn et al. 2002) or WFDS (Mell et al.
2005), have been used to model the updrafts, downdrafts, and horizontal movements
of air during fires. However, simpler approaches that are more computationally
efficient, such as those provided by Albini (1979, 1981, 1983), are widely used
and included in operational fire behavior systems such as FARSITE and FlamMap
(Finney 2004, 2006).

Fig. 8.29 Typical values of surface density (mass per unit surface area projected) based on data
from Ellis (2010), Ganteaume et al. (2011), and Rego and Ellis (unpublished data)
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The maximum height, zmax, at which a firebrand of optimum size would be lofted
can be estimated independently of firebrand characteristics (Albini 1979). This
approach predicts the maximum firebrand lofting height attainable from one or
several torching trees (Albini 1979), by a pile of burning timber debris (Albini
1981), or by a wind-driven surface fire (Albini 1983). Morris (1987) found that
variations in fuel parameters in the equations of Albini (1983) for wind-driven fires
had little influence on the results. He proposed a simplified model that can be applied
to firebrands lofted in any fuel type from torching trees, piles burning, or a surface
fire (Fig. 8.30):

The maximum lofting height for firebrands lifted from torching trees is:

zmax ¼ 25 NT0:303 þ 0:5 HT ð8:36Þ

where zmax is the maximum lofting height of a firebrand (m), DBH is the tree
diameter at breast height (cm), NT is the number of torching trees, and HT is tree
height (m).

For firebrands from burning piles, the maximum lifting height is estimated as:

zmax ¼ 12:2 H ð8:37Þ

where H is the flame height of the burning pile (m).
Finally, the maximum lifting height for a firebrand from a wind-driven surface

fire is:

zmax ¼ 5:63
IB
U10

� �0:5

ð8:38Þ

where IB is Byram’s fireline intensity (kW m�1), and U10 is the wind speed at 10 m
height (km h�1). These equations are represented graphically in Fig. 8.30.
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Fig. 8.30 Predictions of maximum firebrand lofting height zmax in meters using models for (a)
torching trees (Eq. 8.36), for (b) burning piles of forest debris (Eq. 8.37), and for (c) wind-driven
surface fires (Eq. 8.38)
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In the next section, we discuss the transport of firebrands, and we will see that it is
the wind that mainly governs firebrand transport. As wind speed typically increases
with height (Chap. 7), it is necessary to estimate the maximum height that firebrands
can attain in order to be able to estimate how far they can go. Only firebrands that are
lifted very high into the air can be transported great distances. This topic is discussed
in the next section.

8.4.4 The Transport and Fall of Firebrands: Searching
for the Maximum Spotting Distance

Estimation of the maximum spotting distance that a firebrand can be transported to
originate a spot fire is important for fire fighter safety and operational decisions in
fire management. The transport of firebrands is governed by the velocity of the air
and by the terminal velocity of the firebrand as well as the size and shape of the
firebrands and their mass loss during transport (Tarifa et al. 1965; Muraszew 1974).
If the primary interest is in predicting maximum spotting distance, one can assume
that the maximum velocity of the firebrand within the fire plume is that of the wind-
driven fire plume.

In general, wind measurements are made at certain fixed heights, typically at 10 m
(here referred to as U10) or 6.1 m (here referred to as U6). The wind speed at any
height (Uz) can be estimated from the wind speed measured at a reference height (for
example, U6) by assuming that the vertical changes in wind velocity follow a power
law (see Chap. 7):

Uz ¼ U6
z
6:1

� �1=7
ð8:39Þ

Conversely, we can make:

U6 ¼ Uz
6:1
z

� �1=7

ð8:40Þ

The prediction of the maximum spotting distance was analyzed by Albini for
burning trees (1979), burning piles (1981), and wind-driven surface fires (1983). The
maximum spotting distance was approached as having two additive components: the
horizontal distance traveled by firebrands during lofting (SL) and the distance
traveled after lofting (SD), that is, after attaining the maximum height zmax.

For torching trees and burning piles, Albini (1979, 1981) assumed that the
firebrands were lofted vertically, and SL was negligible. However, for wind-driven
surface fires, Albini (1983) added the predicted horizontal distance that firebrands
travel downwind during lofting (SL). Chase (1984) gave the equation based on the
measured wind speed (U6) and the maximum firebrand height zmax as:
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SL ¼ 0:000503 U6 zmax
0:643 ð8:41Þ

where SL is the downwind drift during lofting (km), U6 is the measured wind speed
at 6.1 m above the ground (km h�1), and zmax is the maximum firebrand height (m).

The prediction of spotting distance in flat terrain (SD) after lofting was deter-
mined by the estimated maximum firebrand height zmax, by the wind speed measured
at 6.1 m (U6) and by the average height of the surrounding vegetation zv. Chase
(1984) gave the equation as:

SD ¼ 0:0013 U6 z
1=2

v 0:362þ 0:5
zmax
zv

� �1=2

ln
zmax
zv

� �" #
ð8:42Þ

where SD is the spotting distance in flat terrain after lofting (km), zv is the average
height of vegetation (m), and U6 and zmax have the same meaning and units as before
(km h�1 and m, respectively).

These models may be seen as overestimating spotting distance as they attempt to
predict a maximum spotting distance of an optimal virtual firebrand (Chase 1984). In
reality, different types of firebrands have different characteristics that will influence
lofting. Furthermore, firebrand consumption during lofting is not considered. Fur-
ther, as with all empirical models, they may not apply well for conditions outside
those for which they were built. This justifies the words of caution by Catchpole
(1983), who suggested that Albini’s models “may underpredict maximum spotting
distance in eucalyptus forests due to the aerodynamic nature of the tree bark”.

8.4.5 The New Ignitions from Firebrands

Firebrands, also called embers, are burning fuel particles transported from the main
fire. They may ignite spot fires if they land on fuels that can readily burn. The
ignition probability from firebrands depends on the state of the firebrands when
reaching the surface fuel, their size, and if they are flaming or smoldering. The
probability of successful ignition also depends strongly on the characteristics of the
fuelbed where the firebrands land, with fuel bulk density and moisture being of
particular importance.

Flaming firebrands ignited fuelbeds more readily than smoldering firebrands in
Mediterranean fuels (Ganteaume et al. 2009). The type and weight of firebrands
were also important, with pine cone scales and eucalypt leaves and bark more likely
to ignite fuelbeds. The characteristics of the fuelbeds were also important. Higher
bulk density and fuel moisture both increased the time-to-ignition and decreased the
probability of successful ignition (Ganteaume et al. 2009). Firebrand characteristics,
wind, and the landing fuelbed all interact. Working with small bark samples of
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Eucalyptus obliqua as firebrands, Ellis (2000) concluded that the probability of
ignition was highly dependent on litter moisture content and the surface wind
velocity. At 8% dead fine fuel moisture of the receiving fuel and no wind, the
probability of ignition by small flaming firebrands was 100%. If those firebrands
were smoldering, the probability of ignition was 0%. However, with fine fuel
moisture of the receiving fuelbed of 4% and a wind velocity of 1 m s�1, the ignition
probability from smoldering firebrands increased to around 60%.

Few firebrands are flaming by the time they land on a fuelbed. Although flaming
firebrands are more successful than smoldering firebrands in igniting fuelbeds and
starting spot fires, smoldering combustion determines most of the spotting processes,
especially long-range spotting as flaming firebrands typically only burn with flames
for short periods of time (Tarifa et al. 1965). Ellis (2000) observed reflaming during
the flight of firebrands that were smoldering, indicating that this could be significant
to the ignition probability by a firebrand.

The relative importance of smoldering and flaming duration of fuel particles of
different types can be seen in Fig. 8.31. In all cases, regardless of the total duration of
fuel particle combustion, or burnout time (tB), smoldering is its most important
component.

Fig. 8.31 The duration of smoldering combustion is much greater than that of flaming combustion,
but both vary with fuel particle type. (Data from Ganteaume et al. 2011 for leaves of Quercus ilex,
and needles, cone scales and bark of Pinus halepensis and from Clements 1977 for pine cones
(Pinus echinata, P. taeda and P. elliottii))
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A simple way to estimate maximum spotting distance after lofting (SD, km) is by
multiplying the total combustion duration of the fuel particle (burnout time tB, min)
by the wind speed (Uz, km h�1) at height z of transport of the firebrand:

SD ¼ Uz
tB
60

ð8:43Þ

The height of transport can be set at the maximum firebrand height zmax men-
tioned before. An example can illustrate this simple calculation.

Suppose that we have established a maximum firebrand height zmax of 200 m
for which a wind speed Uz of 30 km h�1 is estimated. If our firebrands are
dry leaves of Quercus ilex, with a burnout time (tB) of 0.5 min, we could
simply estimate the maximum spotting distance using Eq. (8.43) as 0.25 km
or 250 m.

This would be a relatively short-distance spotting.
With the exact same wind conditions, Uz ¼ 30 km h�1, a pine cone, with a

combustion time of tB ¼ 6 min, could travel 12 times more to a maximum
SD distance of 3 km.

This illustrates the importance of burnout time in estimating spotting distance.

For any given wind speed, the total duration of combustion sets the limit of the
maximum distance that a firebrand can travel and land still burning in the fuel ahead
of the main fire. This is a simple way to understand the limits for a successful
secondary ignition.

8.4.6 The “Optimal” Firebrand for Long-Range Spotting

Long-range spotting is a critical influence on wildfire suppression effectiveness.
Long-range spotting is highly unpredictable as it is impossible to know with
precision where and when spot fires will start. If the possible maximum spotting
distance is several kilometers, fires could start from firebrands anywhere within that
distance. Ecologically, long-range spotting often creates more heterogeneity by
creating burned islands (See Chaps. 9 and 12) and spatial variability in crown scorch
height. Fire intensities can be higher where multiple fires burn together (See Sect.
8.5.3). Long-range spotting contributes to rapid fire growth and thus to large,
extreme fires. This can be especially challenging for fire managers who are often
trying to protect people and their homes or other values from multiple fires burning
at the same time within a region. If spotting is likely on one of those fires, it is likely
on many of those fires.

One approach to estimate long-range spotting is by using the “optimum firebrand
material” (Albini 1979) concept. This ideal firebrand for long-range spotting is a
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trade-off between combustion time and surface density. Large fuel pieces, like pine
cones, tend to burn for a long time, but they generally have large surface density and
can only travel within the plume as long as the upward lift of the plume is higher than
their terminal velocity and as such are not transported as far as firebrands associated
with smaller surface densities. In contrast, small light fuels are easily lifted in the
convection column but their combustion time is short, and therefore are not able to
spread fires by spotting over long distances.

The optimal situation for long-range spotting comes from eucalypt forests in
Australia. Eucalypts have been classified as having either fibrous stringy bark or
smooth bark (Fig. 8.32a, b). For those with stringy bark, the bark is held loosely on
the stem and is easily torn off by wind during a fire and carried through the air
producing abundant short-range spotting. Low-intensity prescribed fire can be used
to reduce spotting potential by consuming part of the bark. Eucalypts with smooth
bark produce long streamers or ribbons referred to as candlebark which tends to
accumulate in the forest floor, especially around trunks, and semi-detached from the
trunks up to variable height in the tree. Anthony Mount (Fig. 8.32c) described the
process as “as plates or ribbons that form part of the forest floor litter or in other cases
the ribbons hang on the trees and in the crotch of the branches and are the main
source of fire brands for long distance spotting” (Mount 1969). During fires, “the
candlebark pieces burn slowly and have good aerodynamic properties” that “are the
source of very long-distance spotting ranging from 10 to 30 km” (Luke and
McArthur 1978).

The aerodynamic properties of candlebark were studied by Ellis (2000, 2010).
The surface density of the bark is between 0.2 and 0.3 g cm�2, indicating easy
transport by a convection plume with an upward air velocity of 5–7 m s�1, which is
common in Australian “bushfires”. However, these candlebarks burn in a more
distinct way. Ellis and Rego (unpublished) found that the cylindrical bark samples
burned slowly, floating in the air, in equilibrium with vertical wind velocity,
indicating that combustion rate is not influenced by wind velocity. The relative
velocity is negligible as the particle and the surrounding air are moving almost at the

Fig. 8.32 Eucalypt bark types: (a) stringybark burning, (b) candlebark with ribbons, respectively
associated with short and long-distance spotting (Photographs by P. Fernandes), and (c) Anthony
Mount with Francisco Castro Rego in the forests of Tasmania. (Photograph by Stefano Mazzoleni)
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same speed inside the plume. The cylinder burns from one side to the other, with
alternate flaming and smoldering, at a rate of about 1 cm min�1, as a cigar
(Fig. 8.33).

The importance of this mechanism can be illustrated with an example. A 30 cm
cylinder, very common in these eucalypt forests, could burn for 30 min, which, if the
wind speed is 30 km h�1, could land still burning 15 km ahead of the fire front
(Eq. 8.43). This process explains the observations of Luke and McArthur (1978) that
“a burning piece of candlebark must remain alight for upwards of 30 min or more to
produce a spot fire 20–30 km ahead of the main convection centre of the fire”.

The duration of combustion or burnout time of these barks is therefore only
dependent upon their length allowing for spotting distances several times more than
fuel particles of other forest types. It can be recalled that some of the firebrands that
burn the longer in pine forests, the pine cones, have a maximum burnout time of no
more than 6–7 min (Fig. 8.31).

These results illustrate that fuel characteristics are very important in determining
fire behavior and spotting distances.

Fig. 8.33 (a, b) Experiments in CSIRO’s vertical wind tunnel by Peter Ellis (lighting the sample)
with the assistance of F.C. Rego (recording). (c) A sample of a bark streamer with the typical form
of an empty cylinder, as a cigar, floating in the air in equilibrium with vertical air velocity. The bark
cylinder burns with flames on one side and smoke on the other side. (Photographs by Francisco
Castro Rego)
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8.5 Complex Fire-Atmosphere Interactions

Fires and the atmosphere interact across a range of spatial and temporal scales on all
fires, but the interplay is especially influential in extreme fire behavior. In extreme
fires the convective plume may significantly affect atmospheric patterns that may in
turn influence fire behavior. Here we discuss the complex interactions that may occur
in extreme fires.

8.5.1 The Relative Strength of Buoyancy and Wind

In large wildland fires, updrafts due to plume rise can reach velocities of
30–60 m s�1 (Coen et al. 2004; Filippi et al. 2014; Sullivan 2017). The relative
strength of these updrafts depends upon many factors, including the rate of heat
release and the velocity of the ambient wind (Fig. 8.34). Fires behave differently
when dominated by the upward forces associated with the fire plume, rather than by
ambient winds. Plume-dominated fires are less predictable and more likely to result
in spotting.

The relative strength of the buoyant plume compared to the ambient wind can be
estimated using the non-dimensional Froude or Byram’s convective number, Nc

Fig. 8.34 Forces that govern fire behavior. (Background photograph of a northern Portugal wildfire
in pine forests by Paulo Fernandes)
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(Byram 1959). This is defined as the ratio between the vertical force associated with
buoyancy and the inertial force due to horizontal wind flow:

Nc ¼ 2 g IB
ρa Cpa Ta U � Rð Þ3 ð8:44Þ

where g is gravity (9.8 m s�2), IB is Byram’s fireline intensity (kW m�1), ρa is the
density of air (1.2 kg m�3), Cpa is the specific heat of dry air at constant pressure
(1.005 J kg�1 K�1), Ta is the absolute ambient air temperature (K), U is the wind
velocity (m s�1), and R is the forward rate of fire spread (m s�1).

When Nc is much greater than 1, fire behavior is dominated by the upward forces
associated with the fire plume, with a relatively weak effect of the ambient wind
velocities. This results in more vertical flames and a well-defined convective column
that is orientated vertically rather than leaning with the wind. Rothermel (1991)
suggested that such plume-dominated fires are often associated with relatively low
ambient wind velocities. The strong updrafts associated with plume-dominated fires
foster rapid fire growth, and the potential for spot fires in part is due to a so-called
“reverse wind profile” where the lower level winds have a greater velocity than the
upper winds farther above the ground. Plume-dominated fires are often associated
with very high fireline intensity, rapid growth, and have contributed to fire fighter
fatalities (Rothermel 1991). Where NC is much less than 1, fire behavior is primarily
driven by the ambient wind flow. In these cases, called wind-driven fires, the fire
plume is deflected in the direction of the dominant wind flow rather than rising
vertically and the growth of the fire is closely related to the wind speed and direction
(Fig. 8.35).

Plume-dominated fires often exhibit significant variability in fireline intensity
relative to wind-driven fires which can make them more unpredictable. The updrafts
and downdrafts within the fire plume can cause erratic winds on the ground that can
endanger fire personnel. Furthermore, the fire rate of spread associated with plume-
dominated fire is greater than would be expected for a wind-driven fire given the
ambient wind speed (Morvan 2014).

8.5.2 Downdrafts Associated with Firestorms

Kerr et al. (1971) identified eight types of large fires as defined by the interactions
between wind and the convection column of the fire, providing generic fire behavior
features for each type in terms of rate of spread and spotting. The nature of the
convection column is an outcome of the heat release rate and temperature and wind
speed gradients in the atmosphere.

An unstable atmosphere is one where the temperature decreases rapidly with
height. Under these conditions, the rate of upward flow will be greater resulting in
increased indrafts into the fire plume. The smoke plume will then grow in height as
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long as there is enough fuel available, fire is burning intensely, and the wind speed
decreases with height above the ground. The increased indraft into the fire will
amplify fire behavior and phenomena induced by wind gustiness and turbulence
such as spotting and fire whirls. Byram (1954) said that a plume-driven fire:

“, ...bears about the same relation to the ordinary fire that a large railway locomotive bears to
a small house furnace. The furnace converts fuel into heat and nothing more. The locomotive
on the other hand converts not only fuel into heat but in turn converts a part of its heat energy
into the driving or kinetic energy of motion, which is evident in the speed of the locomotive
and the cars it pulls.”

In very extreme fires, pyrocumulonimbus (pyroCb) clouds (or cumulonimbus
flammagenitus) may form (Fig. 8.36). In these situations, an added major concern in
wildfire behavior occurs when the convective plume “collapses” resulting in strong
outward winds near the ground. This phenomenon is similar to downbursts associ-
ated with cumulus clouds and occurs as evaporative cooling causes an air mass to
rapidly descend towards the ground and spread out horizontally. The downdraft
winds can exceed 100 km h�1 and can fan out in all directions when they hit the
ground resulting in erratic fire behavior. Lightning may also be produced from the
pyrocumulonimbus clouds.

Fig. 8.35 Wind-driven (top) and plume-dominated (bottom) fires interact quite differently with the
surface winds. This depends on the wind speeds at different heights above the ground relative to the
vertical winds within the fire plume. Photographs (a, e, f) were taken by Christopher Templeton
while serving as a pilot. Photographs (b, c, d), were taken by members of elite firefighting crews
known as hotshots. All photographs were taken by government employees at work and are not
subject to copyright. (Figure made by Heather Heward)
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Pyrocumulonimbus formation is a particularly severe event that can be decoupled
from surface weather, as measured by weather stations in the region. Such
decoupling was observed in the deadly wildfires of 2017 in Portugal, with firestorms
forming in the evening and at night that coincided with the timing of human fatalities
(Castellnou et al. 2018). The processes of downbursts and lightning strikes may
further accelerate extreme fire behavior (Fig. 8.36). See Sect. 8.6.2 for an example of
a pyroCb event.

8.5.3 Complex Interactions Between the Environment
and Fire, and Between Fires

The complex interactions among the fire, fuels, topography, and atmosphere that
drive variability in fire behavior are difficult to predict. As we often do not fully
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Fig. 8.36 The pyrocumulonimbus clouds that can form over intensely burning fires can influence
surrounding winds and the behavior of the fire. Thus, (a) upward convection in the smoke plume
results in surface winds drawn into the base of the fire from multiple directions. (b) As the rising air
cools with elevation, the water vapor released during combustion condenses forming (c) a cloud.
(d) A thunderstorm may result from the turbulent circulation of air in updrafts and downdrafts in the
pyrocumulonimbus cloud. (e) Some of the downdrafts result in intense vertical winds down, enough
to cause trees to fall and winds to spread outward along the surface, often resulting in fire spread
rapidly increasing and changing directions with the wind. (f) Lightning and firebrands may ignite
fires far from the area currently burning. Graphic adapted from Australian Bureau of Meteorology
http://media.bom.gov.au/social/blog/1618/when-bushfires-make-their-own-weather/. Accessed
21 Nov 2020
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understand these influences, we are not able to anticipate the conditions for extreme
fire behavior, or we underestimate them. One of the key elements of the fire
environment triangle (Part III) is that it recognizes the importance of these complex
interactions. These couplings affect numerous aspects of a vegetation fire, including
the balance between different modes of heat transfer, turbulent mixing of gaseous
reactants, fire spread, and the shape of a fire perimeter and smoke transport. When
these aspects interact, their alignment can contribute to blowup fire conditions that
appear disproportionally intense in relation to the prevailing conditions (Byram
1954). Such fires take the form of a localized topographically-related ‘eruption’, a
large conflagration with a well-defined moving fire front, or a firestorm producing
multiple and coalescing ignitions.

Many different manifestations of extreme fire behavior may occur in wildland
fires often as a result of complex interactions, including phenomena such as fire
whirls, vortexes, or mass ignition that are not detailed in this book. A good reference
for the current understanding of those processes is Werth et al. (2016).

Complex fire-atmospheric interactions can occur when multiple fires burn in
close proximity. This topic is of relevance to both prescribed fire operations and
suppression fire operations where multiple point or line ignitions occur and merge.
The interactions between multiple fires influence flame properties, fuel consumption
rates, fireline intensity, and fire rate of spread. In turn, these could influence fire
effects.

To understand the interaction between multiple fires, one can first think about a
single shrub burning in the absence of wind. In this situation, a vertical plume forms
above the shrub with entrainment of cool air into the plume occurring from all sides
(Fig. 8.37). However, if a nearby shrub is also ignited, the plume from the second
shrub interferes with the entrainment of air into the first plume, resulting in the

Fig. 8.37 Representations of increasing interactions between flames from burning shrubs from no
interaction (a single shrub burning on the left) and flames from two shrubs burning with increasing
proximity (from left to right). Flames almost merge when the two shrubs are burning in close
proximity (right). The gas-phase temperatures in and above the shrubs are simulated using a
computational fluid dynamics model. Absolute temperatures vary from inside the shrubs at around
500 K (light blue) to 1300–1500 K (red to pink). (Adapted from Dahale et al. 2013)
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plumes bending towards each other, due to a decrease in the pressure between the
two shrubs. As the two plumes merge together, complex feedbacks between the two
fires and the atmosphere can result in heat transfer modifications resulting in
increased burning rates. The strength of the fire-fire interactions is highly dependent
upon the separation distance between the shrubs (d) and the diameter of the shrubs
(D). Simulation modeling by Dahale et al. (2013) suggested that at distances of
d/D > 0.1 the behavior of the burning of two shrubs is essentially the same as a single
shrub suggesting that at these distances there are no longer plume interactions
(Fig. 8.37).

A common example of fire interactions occurs during prescribed fire operations
where multiple lines or points of fire are ignited, or in the use of backfiring
operations during a wildfire. In these cases, the fire fronts are purposefully ignited
so that their interactions will achieve a given management objective. When fire
fronts are close enough to interact and merge, the burning rate of the fire can change
dramatically as flame height increases (Werth et al. 2016).

When interactions occur between large fires burning simultaneously, these wild-
fires are described as mass fires, area fires, or “firestorms” (Countryman 1974).
Hundreds or thousands of individual fires may interact over an area and exhibit some
“unified” behavior. Such fires are generally described as having very strong indrafts
with minimal outward propagation. They have extremely tall convection columns or
smoke plumes and burn for long durations until most of the fuel within the perimeter
is consumed (Werth et al. 2016). When two fire fronts interact in the vicinity of
canyons or ridges, fire fighter fatalities have resulted from the intense fires driven by
strong winds. Experiments on the flow and fire spread in canyons (Viegas and Pita
2004) showed strong feedback between fire behavior and winds channeled by
topography.

The interaction between fire lines has been studied experimentally in mixed
heathland in Galicia, Spain (Vega et al. 2012). The air flow was significantly affected
by the fire fronts. In the first phase of their experiments, the backfire and the head fire
propagated independently with quasi-steady rates of spread of around 0.03 m s�1

(backfire) and 0.25 m s�1 (headfire). When the 2 fire fronts were 20 m apart, the head
fire accelerated suddenly. Just before their encounter, the progression of the 2 fire
fronts accelerated to 0.45 m s�1 (backfire) and 0.61 m s�1 (headfire). The interaction
between fire fronts has also been analyzed in numerical simulations (Morvan et al.
2009, 2011), as shown in Fig. 8.38.

A useful application of the understanding of the interaction between fires is in the
use of a counter fire to suppress a wildfire (Fig. 8.39).

Simulations of the interactions between fire lines have provided valuable knowl-
edge about fireline interactions which can assist fire operations. In a study on the
wildfire in-draft flows for backfiring (sometimes called counter-fire) operations,
Roxburgh and Rein (2008) suggested that the flow field ahead of the main fire can
be divided into three zones. Zone 1 occurs relatively close to the main fire front. In
this zone, the wind flow is dominated by the local effects of flame dynamics. Zone
2 is characterized as an area downwind of the main fire front. There, the greatest
in-draft velocities occur. The length downwind of this zone depends upon both the
ambient wind flow and the fireline intensity. Greater ambient winds tend to reduce
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this zone, while larger fire intensities tend to increase it. This zone has been
suggested as the most suitable area for backfiring during operations because it should
allow the main fire front to pull in the fire and still result in a significantly wide area
of burned fuel. Zone 3 is located the furthest from the main fire front and is an area
where fire behavior is dominated by the ambient wind flows.

Using fire as a tool to suppress the advance of a wildfire front has been a subject
of many discussions. Fire is an extremely powerful tool in fire suppression and in
fuels management, but its use should be based on our understanding of the processes
and solid experience in fire management. Also, as wildland fire management strat-
egies increasingly recognize the ecological role of fire and seek to increase the
application of managed and prescribed fire there is a need for increased science
surrounding the interactions between multiple fires. For example, there is currently a
paucity of knowledge about fire-atmospheric interactions associated with complex
ignition patterns and how these interactions will impact fire behavior and effects. A
research agenda focused on advancing prescribed fire science will inherently rely on
advancing our understanding of fire-atmospheric interactions and the interactions
among multiple fires. Hiers et al. (2020) suggested that a research agenda focused on
prescribed fire is critical for managing resilient ecosystems in the face of global
change.

8.5.4 Other Hypotheses for Unexpected Fire Behavior

In some special cases, there are reports of unexpected fire behavior that are difficult
to explain with current approaches and suggest the exploration of other hypotheses.
One of these hypotheses relates to the possible role of flammable volatile gases
during a wildfire. Already in 1954, Arnold and Buck, describing blowup fires,
indicated that “most fires burn so inefficiently that large quantities of volatile
flammable gases are driven off without being burned” and that, “under certain air

Fig. 8.38 Simulation of interaction between two fire fronts showing the influence in the patterns of
wind flows. Arrows indicate wind direction and speed. The color indicates temperature with flames
shown in red or orange, while the smoke is gray. (From Morvan et al. 2011)
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conditions these gases may be trapped near the ground in low inversions or in poorly
ventilated basins or canyons”.

By analyzing the concentrations of gases in smoke plumes from wildfires in pine
or eucalypt forests in Portugal, various authors (Maleknia et al. 2009; Alves et al.
2011; Evtyugina et al. 2013) confirmed that large quantities of flammable gases are
released in wildfires without being burned where they are produced. Researchers
have found similar results for Rosmarinus officinalis (Chetehouna et al. 2009),
Cistus monspeliensis, and Pinus nigra (Barboni et al. 2011), suggesting that when

Fig. 8.39 (a) Processes of indrafts and convection involved in the interaction between two ignited
fire lines. (From Rothermel 1984). (b) Cover of the book with the outcomes of the European Project
Fire Paradox (Silva et al. 2010) showing the interaction between a wildfire front and counter fire
front. (Photograph by Pedro Palheiro)
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these plants are heated, enough volatile organic compounds (VOCs) could be
emitted to support “eruptive” fires to occur or at least to accelerate forest fire spread
to endanger fire fighters.

These problems might occur in interaction with topography. Chetehouna et al.
(2014) indicated that these processes may accelerate fire spread in canyons. Chatelon
et al. (2014) suggested that these situations may arise where and when clouds of
flammable gases originating from incomplete combustion or heated vegetation
accumulate in a zone where their concentration can reach the Lower Flammability
Limit (See Sect. 1.3), triggering the burst of flame when the cloud comes into contact
with the fire (Fig. 8.40). These situations have been suggested to have occurred in
several extreme wildfires, including the Palasca wildfire in Corsica in 2000 (Dold
et al. 2009) and in the very destructive wildfires of Canberra (Australia) in 2003
(Dold et al. 2005; Williams 2007).

This phenomenon is difficult to determine beyond doubt. Sullivan et al. (2007)
pointed out that because of the buoyancy of heated gas, these flammable pyrolysis
products are probably not found downwind of the fire front, where the turbulent
flows typically associated with wildfires are likely to quickly disperse the gases.
However, many of these compounds are much heavier than air and may have a
tendency to not disperse easily. Recall from Chap. 1 that the molar weight of the
main constituents of air are 28 g mol�1 for nitrogen and 32 g mol�1 for oxygen
whereas isoprene (68 g mol�1), monoterpenes (136 g mol�1), and sesquiterpenes
(204 g mol�1) are respectively about 2.3, 4.7, and 7.0 times denser than air. The
same applies to oxygenated terpenoids such as eucalyptol, with a molar weight of

Fig. 8.40 a The combustion products typically mix with air by convection with no contribution to
fire spread. b, c Possible situation where, due to wind and topography, flammable gases originated
from incomplete combustion or by heated vegetation may accumulate in a cloud that may burn
suddenly and intensely when the ignition source (firebrands or the fire front) arrives
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154 g mol�1 that is 5.3 times denser than air. These compounds do not last for long
in the atmosphere as they are reactive with air at different degrees. However, most of
these volatiles remain active in the air for some hours, and therefore may contribute
during that period to the flammability of their mixture in air. There is a great
variability between the different volatiles in their lifetime and reactiveness with air.

Our understanding of the phenomena involved in fire behavior at the upper end of
its variation is difficult because of their scale and because they are rare by nature and
not replicable. We do not understand well the rare phenomena that are not captured
by current models, but we know they can threaten the safety of fire fighters and other
people by unexpected changes in fire behavior. Generating and testing explanatory
hypotheses are the first steps for the necessary scientific development.

8.6 Anticipating and Predicting Extreme Fire Behavior

Extreme wildfire events typically unfold abruptly and often unexpectedly. It is thus
critical to forecast the conditions leading up to potentially catastrophic fires, which
requires prior understanding and then developing and operationalizing decision-
support and communication tools. The upper end of extreme fire behavior, involving
complex fire-atmosphere interactions, is difficult to predict. However, the conditions
for such phenomena are reasonably understood and so it is important to forecast the
atmospheric conditions that may increase the probability of extreme fire events.

Different approaches can be combined to anticipate critical fire behavior situa-
tions, including predictions on a daily or multi-day scale, based on fire danger rating,
and fire growth projections of ongoing fires. Predictions at short time steps can be
made from hourly-resolved fire danger rating or the fire spread prediction of
developing fires. Hence, these options vary with the spatiotemporal scope, basically
from regional and daily to local and hourly, provided that the data needed are
available.

8.6.1 Predictions on a Daily Basis: Fire Danger Rating

The general approach of integrating the various known drivers of fire behavior has
been used in fire danger rating systems used by fire management agencies. Fire
danger can be defined as the consequence of the “factors affecting the inception,
spread, and difficulty of control of fires and the damage they cause” (Chandler et al.
1983). Thus, fire danger incorporates the aspects of individual fire danger elements
into calculated and interpretable indices related to fire behavior. The continuum of
index values is partitioned into rating classes from Low to Extreme, a scale expected
to constitute an objective basis for sound fire management planning and decision-
making. Fire danger classes are often defined to indicate resistance to control
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(or suppression difficulty) of a wildfire. Fire danger rating systems have diverse
applications, including:

1. Guidance for land management activities, e.g., use of equipment or prescribed
burning;

2. public use restrictions and warnings, namely related to fire bans and access;
3. definition of the preparedness of fire pre-suppression and suppression organiza-

tions, e.g., staffing levels committed to fire detection and initial attack;
4. preplan fire-control dispatch levels; and
5. the allocation of fire suppression resources to ongoing fires.

Over the last one hundred years a diversity of fire danger rating systems, ranging
from simple equations to complex systems linking multiple equations have been
developed. The former are usually straightforward to use and require only a few
input variables but are limited in their capabilities, because they are unable to
provide a complete picture of fire danger considering its various facets. More
complex fire danger rating systems require more input variables and are more
versatile and objective.

The input variables and indices are similar for the three better-known fire danger
rating systems: the National Fire Danger Rating System (NFDRS) of the USA
(Cohen and Deeming 1985), the Canadian Forest Fire Weather Index System
(CFFWIS) (Van Wagner 1974; Stocks et al. 1987), and the Forest Fire Danger
Index (FFDI) (McArthur 1967), one of the systems in use in Australia (Fig. 8.41).
The three systems have in common the reliance on basic weather variables observed
over consecutive days as input (wind speed, air temperature, relative humidity, and
precipitation), but they differ in how, and to what extent, fuels are described. While
the NFDRS distinguishes between fuel models, the Canadian and Australian
approaches are for vegetation types.

The CFFWI system is nowadays widely used for both research and management
applications at national to regional to global scales. The CFFWIS includes numerical
ratings for the moisture content of litter and other surface fine dead fuels (Fine Fuel
Moisture Code, FFMC), an indicator of the relative ease of ignition and flammability
of fine fuels; the moisture content of duff (Duff Moisture Code, DMC); and
the moisture content of deep, compact organic layers (Drought Code, DC). For the
relationship of these indexes with fuel moisture dynamics, see Chap. 11. The
CFFWIS includes a numerical rating of the expected rate of spread, the Initial
Spread Index (ISI), based on wind speed and FFMC. The ISI and BUI are combined
to compute the Fire Weather Index (FWI), the overall fire danger index, and an
indicator of the expected fireline intensity. From the value of FWI, a Daily Severity
Rating (DSR) can be calculated as an indicator of the difficulty of controlling
wildfires and the expected effort required for their suppression. In the NFDRS, the
fire danger index and analog for fireline intensity is the Burning Index, resulting
from combining the Spread Component (SC), representing the rate of spread, with
the Energy Release Component (ERC), representing fuel consumption. The relative
amount of available fuel is also considered in the Australian FFDI through the
Drought Factor.
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Extreme fire behavior is often associated with extended rainless periods and,
consequently, significant to extreme drought. Fire danger rating systems integrate
the influence of drought on fuel availability, in contrast with simpler fire weather
assessment methods, namely those developed in Europe and Russia. The CFFWI
uses the Drought Code (DC), commonly used as an indicator of seasonal drought
effects on forest fuels and the amount of smoldering in deep duff layers and large
dead woody fuels, whereas the NFDRS uses the Keetch-Byram Drought Index
(KBDI) (Keetch and Byram 1968). The KBDI is also used in Australia as an
indicator of the quantity of rainfall needed to saturate the soil, which then goes
into the calculation of the Drought Factor. Alternatively, and because the KBDI was
found to underestimate the rate of fuel drying in Tasmania, the Drought Factor can
be calculated from the Soil Dryness Index of Mount (1972), derived and tested on
the basis that “the long-term drying of the soil has an important effect on fire
behavior and a measure of this long-term drying is vital for planning fuel-reduction
burning, for the proclamation of fire danger periods and for fire weather forecasts”
(Fig. 8.42).

Fig. 8.41 Structure of fire danger rating systems in the USA (National Fire Danger Rating System,
NFDRS), Canada (Canadian Forest Fire Weather Index System, CFFWIS), and Australia (Forest
Fire Danger Index, FFDI). NDFRS pathways are simplified; unlike other systems, the NFDRS
considers the contribution of live fuel moisture content, omitted from the flowchart
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Fig. 8.42 The use of the Mount Soil Dryness Index in Tasmania with indications for spring
burning and weather for protective burning (Mount 1972)
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8.6.2 Predictions on an Hourly Basis

Fire danger rating is typically produced based on weather data forecasted for the
early afternoon. However, fire danger resolved at hourly levels can provide more
precise and useful information. Understanding the daily variation in fire behavior
potential can assist with the planning of the various fire management activities and
identify peaks in potential fire activity that could occur outside the early to
mid-afternoon period.

As an example, the Pedrogão Grande fire killed 66 people in central Portugal in
June 2017 (Guerreiro et al. 2017). Fuel moisture was already relatively low over-
night, but then it decreased from 11% to 2% between 7 AM and 3 PM, as estimated
from the Canadian FFMC (Fig. 8.43). Combined, the FFMC, ISI, and FWI indices
suggest peak fire rate of spread, intensity, and spotting potential at 2 to 4 PM, as
usually expected. However, fire development was greatly enhanced during two other
time periods. At 6 PM, the fire was hit by strong outflow wind from a nearby
thunderstorm that blew perpendicular to the main direction of fire spread and
changed the right flank of the fire into a 5 km-long headfire, which then moved at
a much higher rate of spread. Similar sudden shifts in wind direction and velocity
have been implicated in other catastrophic fires (Sharple et al. 2016). The heat output
resulting from this change, combined with a highly unstable atmosphere, resulted in

Fig. 8.43 Hourly means for the forecasted indices of the Canadian FWI System for the initial day
(June 17, 2017) of the Pedrogão Grande wildfire in Portugal. The FFMC is an indicator of fine dead
fuel moisture content. The ISI is an indicator of potential fire spread rate. The FWI is an indicator of
potential fireline intensity. From left to right, the vertical lines indicate the timing of ignition, 90o

change in wind direction due to a thunderstorm outflow, and downburst occurrence. Built from
IPMA data based on the AROME model (Guerreiro et al. 2017)
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pyrocumulonimbus development and firestorm conditions, with the plume collaps-
ing at 8 PM and the ensuing downburst causing most of the fatalities. In this case, the
weather forecast did not predict the wind change. An hourly fire danger rating
(Fig. 8.43), if in place, would underestimate the fire growth potential. To increase
the capability to predict extreme fire behavior, the Australian national fire danger
rating system under development will integrate atmospheric instability and wind
changes in the afternoon (Matthews et al. 2019).

Fire growth simulation can assist with fire management planning, and guide fire
suppression strategies and tactics and for civil protection. Such predictions can be
made in the form of burn probabilities for large fires that are not initially contained or
for rapidly developing fires with the potential to impact the human population
(Fig. 8.44). Current operational fire spread models were developed with a robust
empirical basis allowing for sufficiently accurate projections for many fire manage-
ment challenges (Cruz and Alexander 2013). A rule-of-thumb that predicts the
forward rate of spread in shrubland, eucalypt, and coniferous forests as 10% of
mean 10-m open wind speed was found to perform as well as the fire spread models
currently used operationally, especially for drier fuels and windier conditions (Cruz
and Alexander 2019; Cruz et al. 2020). The rule-of-thumb approach is fast and user-
friendly and so is valuable for rapid decision making, especially when homes and
people in the WUI are in the path of a fast-approaching fire.

8.6.3 Forecasting Conditions for Blowup Fires

The first significant contribution with operational value regarding the likelihood of
plume-driven fires was due to Haines (1988), who developed the Haines Index for
describing lower atmosphere stability. The less stable and drier the air mass
becomes, the higher the Haines Index and the greater the probability of extreme
fire behavior. Stability is derived from the temperature difference between different
pressure levels of the atmosphere and dryness is expressed by the moisture content
(dew point depression) of the lower atmosphere.

The Haines index can be calculated over three ranges of atmospheric pressure:
low elevation (950–850 hPa), mid-elevation (850–700 hPa), and high elevation
(700–500 hPa). The Haines index includes a stability component (A) and a moisture
component (B) that are weighted equally. The calculation for the mid-elevation
(applied for western North America by Winkler et al. 2007) is as follows:

ΔT ¼ T850 � T700 ð8:45Þ
ΔD ¼ T850 � DT850 ð8:46Þ

where ΔT is a stability indicator, the temperature lapse rate, the difference between
the temperature at the atmospheric height of 850 hPa (T850) and the temperature at
the atmospheric height of 700 hPa (T700), andΔD is a moisture indicator, a dewpoint
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Fig. 8.44 An example of a fire spread forecast distributed to the public for early warning purposes.
Produced by the New South Wales Rural Fire Service, Australia, based upon a combination of
manual (Cruz et al. 2015) and software (Tolhurst et al. 2008) predictions
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depression term, the difference between the temperature at the atmospheric height of
850 hPa (T850), and the dewpoint temperature at the atmospheric height of 850 hPa
(DT850).

The stability component (AC) is based on the value of ΔT as follows:

AC ¼ 1 if ΔT < 6oC ð8:47Þ
AC ¼ 2 if ΔT from 6oC to 10oC ð8:48Þ

AC ¼ 3 if ΔT≧11oC ð8:49Þ

The moisture component (BC) is based on the value of ΔD as follows:

BC ¼ 1 if ΔD < 6oC ð8:50Þ
BC ¼ 2 if ΔD from 6oC to 12oC ð8:51Þ

BC ¼ 3 if ΔD≧13oC ð8:52Þ

The Haines Index is simply the sum of the two components:

Haines ¼ AC þ BC ð8:53Þ

A Haines index of 6 indicates high potential for a fire to become large or exhibit
erratic fire behavior, 5 indicates medium potential, 4 indicates low potential, and
anything less than 4 indicates very low potential. A continuous version of the Haines
index (C-Haines) developed by Mills and McCaw (2010) for Australia uses the
following calculations:

AC ¼ T850 � T700ð Þ
2

� 2 ð8:54Þ

BC ¼ T850 � TD850ð Þ
3

� 1 for B < 5 ð8:55Þ

For values of BC above 5, the adjusted value of B is:

BC ¼ 5þ T850 � TD850ð Þ
6

� 3 for 5 < B < 9 ð8:56Þ

The value of BC is limited to BC ¼ 9. The C-Haines index is calculated as in
Eq. (8.53):

C � Haines ¼ AC þ BC ð8:57Þ

In order to understand if the values of the C-Haines index are extreme, they are
then compared with established regional percentiles (Mills and McCaw 2010).
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In spite of its wide use in wildland fire management to evaluate the potential for
‘large and/or erratic’ fire behavior, the Haines index is a subject of debate. There is a
need for further developments and some scientists suggest that the Haines index
should be revised or replaced (Potter 2018).

Alternatives or refinements of the Haines index are underway, trying to build on
the current understanding of the physics involved. This is the case of a new fire
weather index called the Hot-Dry-Windy Index (HDW). The HDW uses the basic
science of how the atmosphere can affect a fire and takes into account the meteoro-
logical conditions both at the Earth’s surface and in a 500-m layer just above the
surface (Srock et al. 2018). The HDW uses the vapor pressure deficit (VPD) to
account for the combined effect of atmospheric temperature and moisture on a fire.
Larger VPD implies a faster evaporation rate, and consequently higher fire potential.
The HDW is calculated by multiplying wind speed (in m s�1) by VPD (in hPa).

This approach is promising but C-Haines continues to be used. This is the case of
the Blow-Up Fire Outlook (BUFO model) developed by McRae et al. (2018) in
Australia. The BUFO model consists of a decision-support flowchart where the user
combines fire danger, wind speed, and dead fuel moisture content thresholds,
whether wind direction will change >45�, C-Haines, and topographic features to
establish whether a blowup fire event can occur. In Portugal, 63% of the cumulative
area burned by the largest (>2500 ha) fires combine extreme fire danger ratings with
high Haines index, and the largest and fastest-growing fires occur when C-Haines is
very high (Fernandes et al. 2016). To address this effect of atmospheric instability,
Pinto et al. (2020) enhanced the FWI with a C-Haines correction such that the
probability of exceedance of energy (FRP) released by fires is better predicted.

A different approach used to predict the potential for extreme fire behavior is to
estimate the potential for the formation of a pyrocumulonimbus. The potential for
pyroCb cloud formation can be estimated using the Briggs equations to calculate the
minimum energy rate required to enter the atmosphere (Fig. 8.45). Following Tory
et al. (2018), a pyrocumulonimbus firepower threshold (PFT) could be simply
calculated by inverting the Briggs equation as:

PFT ¼ a1 zfc
� �2

U bfc ð8:58Þ

where PFT is the minimum amount of energy release (gigawatts) a fire needs to
produce for a pyroCb to develop, a1 is a constant, zfc is the minimum height (km) the
plume must rise to before the cloud will form with enough energy to generate a
thunderstorm, U is the average wind speed (m s�1) in the layer below that free-
convection height, and bfc is the minimum buoyancy the smoke plume must have to
generate the pyroCb (related to the temperature difference between the smoke plume
and the ambient air needs to be than the air ΔT in �C).

Alternatively, a simpler formulation provided by Kevin Tory can be used (https://
phys.org/news/2020-01-bushfires-weather.html):
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PFT ¼ 0:3 zfc
� �2

U ΔT ð8:59Þ

This approach has the advantage of showing very interesting properties, as it is a
simple and easily understandable formulation requiring inputs that are generally
available. The formation of a pyroCb depends on the conditions of the fire and of the
atmosphere. The size of the area that is burning and its heat release rate favor the
possibility of pyroCb. Light winds that favor pyroCb do not favor intense fires and
vice versa. This approach allows for the forecast of pyroCb events with the indica-
tion of the predicted heat flux, or fire power.

8.7 Limitations and Implications

Extreme fires burn large areas, are difficult to control, and commonly have signif-
icant negative social, economic, or ecological impacts. Given those negative
impacts, scientists and managers must understand what factors are related to their
occurrence, their effects, and how social-ecological systems recover following an
extreme fire. Further discussion on both beneficial and negative ecological effects
of fires and ecosystem recovery can be found in Chaps. 9 and 12. Several approaches
have been developed to identify and quantify extreme fires, including statistical
descriptions and operational approaches that focus on fire control difficulty. Statis-
tical approaches have been based on fire size, burn severity, cost, damage to
infrastructure, and human lives lost. Extreme fires that pose significant control issues
are often associated with particular types of fire behavior, such as crown fires,
spotting, and plume-dominated fires. Extreme fires are often spectacular events
that garner great media attention. Changes in national policies are often triggered
by extreme fires (Mateus and Fernandes 2014). Though few extreme fires occur, they

Fig. 8.45 Schematic
representation of the
variables involved in
defining the pyroCb
firepower threshold (PFT),
zc is the height of the center
of the circular section of the
fire plume with area A, zfc is
the free-convection height,
or the height of the stable
layer, and U is the wind
speed. (Adapted from Tory
and Kepert 2019)
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burn more area, cost more money, and have more social, economic, and ecological
impacts than many other fires combined.

Although extreme fire behavior results from the interactions among the topogra-
phy, fuels, and weather, as discussed in Chap. 7, scientists are still studying the
factors that lead to extreme fires and the context around which extreme fires occur.
One of the key aspects of identifying and discussing extreme fires is to remember
that many of the phenomena we associate with their occurrence commonly occur on
fires that are not considered extreme. This is the case of crown fires, spotting, or
complex fire-atmosphere interactions.

The implications associated with understanding crown fires are of various nature.
From the forestry perspective, management to prevent crown fire spread can be done
by understory fuel treatments and silviculture practices (pruning and thinning).
Increased foliar moisture of the canopy can be obtained, for example, by mixing
conifers with deciduous tree species. The knowledge of fuel and wind conditions can
be used to anticipate the likelihood and rate of spread of wildfires threatening fire
fighters and people in general. The models presented have been used in the predic-
tion of the probability and speed of active crown fires. However, as cautioned by
Van Wagner (1977), other factors might be involved, including the shape and the
arrangement of leaves and gaps between tree canopies or tree canopy layers, or the
presence of flammable waxes, oils, and resins, factors that are often synergistic in
extreme fires.

Spotting can occur under a range of conditions, and does not necessarily result in
extreme fire behavior. However, under hot, dry, windy conditions, many spot fires
may occur, resulting in rapid increases in the spread rate and mass fire behavior,
limiting the ability to control the fire. In other cases, the fire regime of a given
ecosystem (See Chap. 12) may be such that the presence of rapid spread or high
severity fires might be considered characteristic rather than extreme within the
historical context. However, such fires may still be considered extreme due to their
resistance to control, costs, or social impacts. The anticipation of the likelihood and
potential distance of spotting can be used during wildfires to inform firefighting
strategies and enhance safety. Also, the understanding of the processes allows for the
recognition of the importance of reducing potentially dangerous long-range spotting
firebrands, as eucalypt bark, by fuel treatments. Firebrands can ignite homes if the
homes are vulnerable (See Chap. 10 for protecting people and their homes from
fires).

The understanding of buoyancy and its interaction with wind is important to
anticipate extreme fire behavior. Plume-dominated and wind-dominated fires behave
differently, and they require different strategies for their management.

Over the last several decades, extreme fires have emerged as a global phenom-
enon. Their occurrence has been primarily tied to extreme weather events associated
with global climate change and alterations in fuel type and load associated with fire
and land management practices. Often the conditions that favor extreme fire behav-
ior are regional and as multiple ignitions are common, managers are often coping
with multiple large fires burning at the same time in a region. In many cases, extreme
fire behavior has been associated with unique weather events such as droughts or
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wind systems, which result in low fuel moisture and high wind speeds. In other
cases, extreme fire behavior is associated with interactions between the fires’ plume
and the atmosphere or multiple ignitions associated with spotting. Extreme fire
behavior is often erratic and can occur under a variety of weather, fuels, and
topographic conditions. Therefore fire managers, scientists, and the public should
never assume that extreme fire behavior is impossible (Potter et al. 2016).

Fire managers have developed a number of strategies and predictive tools that can
be useful in mitigating extreme fires. Land management strategies focus on modi-
fying the fuels complex to reduce fire intensity and severity and support fire
suppression. Fuels management strategies are discussed further in Chap. 11. In
addition to treating fuels, fire managers use a variety of predictive tools to anticipate
when and where extreme fires are likely. Using these predictions, the public can be
alerted to potential dangers and develop appropriate preparation strategies, including
staffing levels and evacuation protocols. While many of the current tools available to
managers are useful, many were not specifically developed to capture the mecha-
nisms driving extreme fires. Therefore fire behavior analysts often use a mix of
predictive models, experience, and training when assessing potential extreme fire
behavior. There is a need for more integrated fire science on the topics of extreme fire
behavior and effects. See Chap. 14 for future developments.

8.8 Interactive Spreadsheets: CROWNFIRE and
MASS_TRANSFER_Spotting

Two different spreadsheets can be used to simulate the processes associated with
crown fires and spotting. The corresponding equations were implemented in inter-
active spreadsheets to simplify calculations and rapidly visualize the effect of the
various factors involved. These spreadsheets allow you to explore the implications
of the multiple equations without having to solve the equations yourself.

In the spreadsheet CROWNFIRE_v2.0 (Fig. 8.46), you can input different types
of data, according to the model used. We suggest that you interpret the implications
for changing environmental conditions for the likelihood of crowning and spreading,
and to evaluate the effects of changing inputs in the rate of spread of a crown fire.

You can use the spreadsheet MASS_TRANSFER_Spotting_v2.0, to see how far
the firebrands from torching trees, burning piles, and wind-driven surface fires can
travel (Fig. 8.47). Vary the input variables under different conditions to further test
your understanding of spotting potential.

Recall that we do not intend for you to use these spreadsheets as predictive tools.
Instead, we expect that they will help you further your understanding of the
processes involved and the main factors responsible for crown fire behavior and
spotting.
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Fig. 8.46 Illustration of the calculations in the interactive spreadsheet, CROWNFIRE_v2.0, for
estimating the likelihood and the rate of spread of crown fires. These calculations are based on the
equations by Alexander (1998), Cruz et al. (2004, 2005), Rothermel (1991), Van Wagner (1977,
1989, 1993), and Xanthopoulos and Wakimoto (1993). See text for details

Fig. 8.47 Illustration of spotting calculations based on the models of Albini (1979, 1981, 1983) for
torching trees, burning piles, and wind-driven surface fires. This is from the interactive spreadsheet,
MASS_TRANSFER_Spotting_v2.0, included in this chapter
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Chapter 9
Fire Effects on Plants, Soils, and Animals

Learning Outcomes
At the conclusion of this chapter, we expect you will be able to

1. Describe how the fire effects on plants, soils, and animals are linked to fire
behavior concepts learned in earlier chapters, including both flaming and
smoldering combustion,

2. Describe fire effects on the crowns, stems, and roots of trees and other
plants and relate those to fire behavior and post-fire vegetation changes,

3. Discuss how burn severity can be assessed in general, and soil burn severity
in particular, as these influence vegetation response and post-fire soil
erosion potential,

4. Critically think about how fire can affect nitrogen availability and nutrient
dynamics in both the short and long term post fire, and

5. Use the interactive spreadsheets to understand the factors influencing the
degree of soil heating at different depths and what this means for ecosystem
functions.

9.1 Introduction

Wildfires are a dominant disturbance agent in most terrestrial ecosystems around the
world. Fires influence plant mortality, survival, growth, and regeneration, and thus
the structure, composition, and dynamics of ecosystems (Payette 1992; Bowman
et al. 2009; Pausas and Keeley 2019). Fires may directly affect individual plants
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through tissue necrosis (i.e., tissue death) due to heat exposure or indirectly by
altering physiology and resistance to insect attack or unfavorable environmental
conditions. The more visible effects are in the upper parts of the plants but, as
recognized already by the Greek philosopher Theophrastus (372 BC–287 BC),
plants are composed of two interconnected parts, the aboveground part, more
controlled by Air and Fire, and the belowground, mostly dependent on Soil and
Water. And if most of the immediately visible effects are due to fire top killing
plants, many of the longer-term effects are due to fire influencing soil and the water
regime. Also, many other post-fire factors affect fire survival and recovery.

How do plants survive fires? What are the immediate and short-term effects of fires
on plants (these are the direct or first-order fire effects)? What are the longer-term
effects (indirect or second-order fire effects) of fires on plants, soils, and ecosystems?
How dowe assess and predict these effects?Why are wildfires so integral to ecosystem
function, and how can we use that knowledge to guide management? For instance,
forest managers can reduce erosion potential by selecting best management practices
during fires and the best treatments after fires to limit soil erosion potential if they
understand what influences soil burn severity and vegetation response to fires. In this
chapter, we illustrate key concepts with examples from ecosystems around the world.

The ecological effects of fire on plants and habitats (Figs. 9.1 and 9.2) depend on
the heating above the ground (typically measured by fireline intensity for which

Fig. 9.1 Both fire intensity and soil burn severity influence vegetation and habitat response to fire.
The outer arrows illustrate the influence of key environmental variables. (Redrawn from Ryan 2002)
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flame length is an indicator or by Fire Radiative Energy (FRE) as described in earlier
chapters) and below the ground (here termed soil burn severity). Vegetation survival
and recovery through sprouting or seeding depend on whether or not the above-
ground portions of plants survived (such as trees that can be a seed source for
seedling establishment or that may resprout from the trunk or branches) or below-
ground in which the propagules of buds for resprouting or seeds in the soil seedbank
are the source of vegetation growth post fire. Clearly, then, what survives the fire
above and below ground and what can spread from surviving plants in areas
unburned or burned with low severity (these are often called refugia) all influence
post-fire vegetation, as do site productivity, climate, land use, and spatial heteroge-
neity. Here we focus on individual plants and plant communities as well as soils and

Fig. 9.2 (a) Heat during fires directly affects the crowns, stems, and roots of trees. Thick bark can
insulate all or part of the cambium underneath it, while the bark on most small trees and shrubs is
too thin to effectively protect the cambium. The foliage of small trees, grasses, shrubs, and forbs are
consumed or killed even with low-intensity fires, so the degree of soil heating and the degree of
exposure of bare mineral soil whether they regrow or establish as new individuals post fire. Note,
however, that fire effects are spatially variable, so that small trees and other plants may survive if
they are “skipped” by fires. (b) Fire effects are commonly assessed visually soon after fires. If
meristematic tissue survives in buds, the tree may replace foliage and continue growing. Where
twigs and branches are black, the buds have likely been killed, except in particularly fire-resistant
species that sprout readily. Where foliage is brown, it is dead but some buds may survive. Indirect
fire effects may not be evident for some time; trees that are stressed by drought are more susceptible
to insects post fire. (From Hood et al. 2018)
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nutrients. The implications for landscape dynamics and management are addressed
in Chap. 12.

Fire ecology is a relatively new science that has steadily expanded in recent
decades globally as scientists sought to understand how fires affected plants, ani-
mals, and soils, and as managers sought to manage vegetation sustainably. The study
of the ecological effects of fire lagged behind the study of fire behavior in the support
of fire suppression. However, fire ecology is part of human culture. Fires were one of
the few tools that Indigenous people had to manage vegetation, and so they had to
observe and understand both fire behavior and fire effects to use fire to accomplish
their objectives. Fire ecology is thus part of Traditional Knowledge (see more on this
in Chap. 10). In integrated fire management (See Chap. 13), fire ecology helps shape
strategic management decisions about fire use, fire suppression, and managing fire
effects on ecosystems.

9.2 Heat Transfer Has Implications for Plant Survival
and Post-fire Response

Directly and indirectly, fires influence plant survival and response. Immediate
and direct fire effects occur as a result of heat-induced damage to plant tissue and
function. This heat damage occurs as a direct result of radiative, convective, and
conductive heat transfer from the fire to the plant (Figs. 9.2 and 9.3, see Chap. 5).
Living plant tissues die when they are exposed to sufficient heat from a fire for long
enough. The death of plant tissues can result in either the death of the plant or partial
damage to the plant, which can influence plant function. Indirect fire effects result from
non-lethal injury to plants and alterations to the immediate post-fire environment that
may lead to further stress or the inability to defend against secondary mortality agents
such as insects. Plant damage, mortality, and the post-fire response to heating vary as a
function of the overall rate or “dose” of heat exposure and, therefore, to variations in fire
behavior and heat transfer. For instance, buds and leaves may survive if the tempera-
tures in the buoyant plume above the fire are relatively low, or plants may regrow after
the above-ground portions are killed if the seeds and roots are sufficiently deep in the
soil to escape soil heating. Both direct and indirect fire effects influence long-term
ecosystem response to fire. To understand the potential effects of fire on individual
plants and vegetation communities, it is useful to begin by understanding how fires can
directly injure plants and what traits are associated with the survival of wildland fires.

Currently, there are two competing hypotheses for how the direct effects of heat
from wildfires can damage plants: the cambium necrosis hypothesis and the xylem
dysfunction hypothesis (Balfour and Midgeley 2006; Kavanagh et al. 2010;
Michaletz et al. 2012; Hood et al. 2018). Although there is growing support for
the xylem dysfunction hypothesis, many discussions of fire-induced plant injury and
mortality have focused on understanding cambium necrosis. The cambium necrosis
hypothesis suggests that the heat transfer from a fire to a plant results in necrosis
(death) of phloem, cambium, or buds in the plant roots, stem, and crown (Fig. 9.3)
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which then limits carbon translocation and ultimately results in hydraulic failure and
mortality of the individual (McDowell et al. 2008; Hood et al. 2018). Tissue necrosis
due to heating is thought to result from the denaturation of proteins and is dependent
upon the rate and duration of heat exposure (Dickinson and Johnson 2004).
Although many researchers have suggested that the necrosis of tissue can be
modeled based on a critical tissue temperature of 60 �C for 1 min (e.g., Brown and
DeByle 1987; Steward et al. 1990; Gutsell and Johnson 1996), this threshold is an

Fig. 9.3 Fires can affect the
crown, bole and roots of
trees through both flaming
and smoldering. Early
conceptualizations of the
processes evolved from (a)
one- to (b) two-dimensional
diagrams of the modes of
heat transfer affecting
different parts of trees. (c)
Current approaches reflect
interactions between fire,
vegetation, and atmosphere
in multiple dimensions.
(From O’Brien et al. 2018)
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overly simple generalization. Necrosis can occur when tissues are exposed to
elevated temperatures for longer durations or to higher temperatures for shorter
duration (Dickinson and Johnson 2004; Pingree and Kobziar 2019).

The xylem dysfunction hypothesis suggests that plant mortality occurs due to
damage to the hydrologic function of xylem (Balfour and Midgeley 2006; Michaletz
et al. 2012; Thompson et al. 2017). The heat generated during a wildfire can
influence plant hydraulic conductivity through two different mechanisms:
(1) reduced conductivity due to cavitation, and (2) reduced conductivity due to the
deformation of cell walls. Cavitation occurs when the plant stomata are exposed to
high vapor pressure deficit within the fire plume. When the stomata cannot close fast
enough, and the water tension in the xylem increases beyond a critical threshold,
small gaseous bubbles are aspirated and embolisms form (Tyree and Zimmermann
2002; Kavanagh et al. 2010). Ultimately this reduces hydraulic conductivity in the
xylem, which can lead to reduced tree productivity, increased vulnerability to insects
or diseases, and potentially death (Sperry et al. 1993; Brodribb and Cochard 2009).
Hydraulic conductivity can also be impaired due to heat-induced deformations of the
cell walls. The deformation of the cell walls results in reduced stomatal conductance,
which increases xylem water tensions, increases periods of stomatal closure, and
limits carbon assimilation and growth. Reduced growth and fitness results, and in
extreme cases, plants die from either hydraulic failure or carbon starvation
(McDowell et al. 2008; Sevanto et al. 2014).

9.2.1 Fire Effects on Plant Crowns

Thermal injury to tree crowns is frequently evaluated in the field by assessing the
portion of foliage and buds that are consumed or scorched during a fire (Peterson and
Arbaugh 1986; Ryan and Reinhardt 1988; Fowler and Sieg 2004). Scorching occurs
when crown foliage is killed through radiative and convective heat transfer (see heat
transfer equations in Chap. 5 and prediction equations in Chap. 8). Scorched foliage
looks red or brown in color. In contrast, consumed foliage and twigs are blackened as
they are directly involved in the combustion process and contribute to the heat
release rate and spread of a fire. In practice, the amount of damage to foliage,
twigs, and buds associated with consumption and scorch are lumped into a single
estimate of crown damage. However, care should be taken as foliage death doesn’t
mean that the terminal buds also died. The terminal buds may survive even when
surrounding foliage is scorched; then a tree can produce new foliage. When buds are
killed, that portion of the tree crown will not recover.

Scorched needles often fall to the ground in the days or weeks after a fire. This
needle fall (sometimes called needle cast) can increase surface fuels and, therefore,
the potential for the spread of future fires. The fallen needles can contribute to
nutrient cycling and can help to protect soils from erosion. When lower branches
of trees die, the base of the live crown is higher, which can increase the potential that
the tree(s) survive the next surface fire.
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The crowns of trees (especially small trees), shrubs, graminoids, and forbs are
commonly consumed or scorched by even low to moderate-intensity fires (Fig. 9.2).
In general, short trees, with crowns near the heat from the flames, are predicted to
experience more crown consumption and scorch for a given fire intensity. However,
local variations in the surface fireline intensity and convective cooling can also
influence the spatial variability in crown scorch and consumption (Ritter et al. 2020).
The terminal buds on branches are better protected in trees with crowns farther above
the ground and those with long needles such as ponderosa pine (Pinus ponderosa) or
longleaf pine (Pinus palustris) in the USA, or maritime pine (Pinus pinaster) in
Europe. Both mechanisms serve to protect the buds from heating, particularly when
the duration of heating is short because flame residence time is short.

9.2.2 Fire Effects on Stems, Especially Vascular Cambium

The vascular cambium is the primary meristematic tissue located in the stem of trees
and shrubs where it produces xylem towards the inside of the stem and phloem and
bark to the outside. Vascular cambium is responsible for diameter growth in trees.
Damage to the vascular cambium depends upon the rate and magnitude of radiative
and convective heat transfer from the flames to the plant stem and the subsequent
conduction of heat through the bark to the vascular cambium.

One of the earliest approaches to modeling vascular cambium mortality due to fire
is based on modeling heat transfer through bark using a semi-infinite
one-dimensional conduction equation (see Chap. 5). In this approach, cambial
mortality depends upon two main factors: (1) the temperature and duration of heat
on the outside of the bark and, (2) the thickness and thermal properties of the bark.
Cambial death can be estimated by comparing the predicted or measured residence
time for a fire to the critical residence time estimated with Eq. (5.16). This approach
requires estimates of the thermal diffusivity of the bark and the bark thickness. The
thermal diffusivity of bark is fairly consistent across species and can be treated as a
constant (e.g., 1.35 � 10�7 m2 s�1). Bark thickness is typically estimated based on
species-level empirically-derived regression equations that use the diameter of the
tree at breast height (DBH, outside bark) and in some cases the age of the tree.
Interestingly, researchers have found that the relationship between the DBH and
bark thickness for a given species is generally not influenced by factors such as site
productivity or competition, though both factors influence tree diameter. Given that
bark thickness varies with bole diameter, necrosis is more likely for small trees than
for large trees and in species that tend to have thinner bark. Although regression
equations relating bark thickness to tree diameter exist for some tree species (e.g.,
Hare 1965; Hood and Lutes 2017), there is still a lack of information on many tree
species. Spatial variation in vascular cambial mortality occurs across scales. At fine
scales, variability in airflow around a tree bole can result in variations in the
temperature and duration of bole heating, enough that a tree can survive with only
some of the cambium being killed around the circumference of a tree. The greatest
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temperature and duration of heating are commonly found on the leeward side of tree
boles (often the uphill side) where mixing is limited and a significant increase in
flame height occurs.

Many plants are readily top-killed by fire. As many shrubs and young trees have
very thin bark, and because most plants other than large trees lack bark, the
meristematic tissue in their stems is very likely to die in fires. Foliage that is in the
flames or close to them is readily killed by heat. When plants are top-killed by fire,
they may still survive fires and grow in abundance soon after fires if their seeds or
buds on roots or in the root crown of the plants survive on-site.

9.2.3 Fire Effects on Roots and Buds

Lethal heating of belowground plant parts is primarily associated with conductive
heat transfer through the soil. Soil heating during fires can contribute to the death of
large trees in fires, even when those trees live in forests where fires were once
frequent. O’Brien et al. (2010) found that more than 40% of longleaf pines (Pinus
palustris) died post fire in a forest unburned for more than 50 years. During the fire,
thick bark protected tree stems and most trees had limited crown scorch, yet many
trees died. O’Brien et al. (2010) attributed tree death to loss of fine roots where
accumulated needles, cones, and bark chips under tree crowns were consumed,
especially if greater than 30% by weight was consumed resulting in soil heating
and root damage which led to reduced sap flux post fire so that trees could not supply
enough water to crowns and photosynthesis was limited.

In addition to roots, many plants have meristematic tissue (i.e., buds) on under-
ground stems (rhizomes), on above-ground horizontal stems (stolons), in bulbs or
corms, or in the root crown (sometimes called a basal caudex or lignotuber)
(Fig. 9.4). Such meristematic tissue can also be damaged via conductive heat transfer
through the soil. Even low-intensity fires can kill the crowns of low-lying plants,
such as shrubs, graminoids, and forbs, so the survival of these plants depends on
their ability to resprout following the fire. This means that heat conduction through
the soil, and subsequent heating of roots and other belowground plant tissues, is a
crucial factor determining if plants will resprout post-fire. Therefore, to predict
plants’ survival following a fire, it is important to know both the degree and depth
of soil heating relative to where the plant propagules are located in the soil.

Basal sprouting can be important for the recovery of many species following fires.
Resprouting from epicormic buds is less common but occurs in eucalypts
(e.g., Eucalyptus marginata) and other Australian trees, savanna trees, oaks such
as Quercus suber in the Mediterranean Basin or Q. kelloggii in California, and even
pines such as Pinus canariensis, often in association with thick bark (Pausas and
Keeley 2017). This allows rapid regrowth of the canopy and forest or woodland
resilience to a regime of high-severity crown fires. Sprouting is very prevalent. Most
plants have multiple regeneration strategies, so that many plants both resprout and
establish from seed if conditions are favorable, and the few initial colonizers may
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rapidly produce seed that then establish new individuals. If conditions are not
favorable post fire, and we may expect that changing fire frequency, severity, and
season and climate change will affect regeneration success.

9.2.4 Heat and Smoke Effects on Seeds, Including Serotiny

Following a fire, many plant species regenerate following a fire by recruiting new
individuals from seeds that survived in the canopy or soil layers. The seeds of
different species can be more or less tolerant of heat, depending upon various
characteristics, including the seed size, shape, mass, and moisture content. In
general, seeds with lower moisture content can tolerate more heat than those with
greater moisture content. Most plants produce many seeds with different dormancy
levels, some of which are stimulated to germinate after fires.

Fire is a double-edged sword for many seeds stored in the soil. Many plants and
seeds may be killed or damaged, particularly if the seeds are exposed to heat on or
near the soil surface. Many seeds can tolerate extended heating, and the dormancy of
some, such as Ceanothus in California or Cistus in southern Europe, is broken by
heat. Germination of the seeds may be stimulated in the post-fire environment. This
could be triggered by altered soil chemistry or changes in the post-fire environment,
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Fig. 9.4 Heat exposure of meristematic tissues (buds) in plants influences their response to fires. If
meristems survive the fire, new growth may be stimulated post fire depending on the environmental
conditions. (From Brown and Smith 2000)
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including increased light, temperatures, and moisture at the soil surface. Therefore,
the successful germination of soil-stored seeds is a fine balance between mortality
caused by excessive heat and receiving sufficient heat to break dormancy or provide
the needed environmental conditions for germination. Seeds are numerous, and with
the spatial variability in both fuel consumption and soil heating, many seeds will
survive and may germinate post fire if other conditions are favorable. Further,
additional colonization is likely from seed produced from the plants that survived
or established soon after fires.

Serotinous plants delay the opening of cones (or fruits) until favorable conditions
for germination occur. For example, serotinous lodgepole (Pinus contorta) and
Alepo (P. halepensis) pine trees in North America and southern Europe produce
serotinous cones that are sealed shut with waxes and resins so that cones don’t open
when seeds are ripe. Instead, the seeds accumulate. When the serotinous cones are
exposed to sufficient heat, the waxes and resins melt, the cones open and many seeds
are dispersed onto the bare ground, which is favorable for germination. Alterna-
tively, the cones may be consumed in the fire or be exposed to enough heat to cause
seed mortality or the cones may be consumed in the fire. Models that predict cone
opening based on predicted fire behavior are available for some species (e.g.,
Alexander and Cruz 2012). The density of serotinous cones and the length of time
that plants retain cones or fruit is highly variable across different species and
populations of the same species. For example, more of the lodgepole pine cones
are serotinous where nonlethal fires and other disturbances are prevalent, and are
also more abundant as the time since stand-replacing fire increases.

The recruitment of plants in burned areas occurs when their seeds are carried into
burned areas via transport from wind, water, or animals. The recolonization of
burned areas depends on several factors, including the size and shape of the burned
area, the size of the seeds, and the local topography, weather, and climate. Stevens-
Rumann et al. (2018) and Stevens-Rumann and Morgan (2019) highlighted the
importance of seed source proximity and climate on whether or not trees can
germinate, survive, and grow following fires (see Case Study 12.3).

Many plants are stimulated to germinate post fire, whether by heat exposure,
increased light availability, changing soil nutrients, charred wood, smoke, or a
combination. For some species, short exposure to smoke enhances germination,
while long-duration exposure can inhibit germination, perhaps because of allelo-
pathic compounds in the smoke (Pennacchio et al. 2007). Keeley and Pausas (2018)
found that chemical compounds in smoke stimulate the germination of seeds from a
diversity of plant species in California chaparral ecosystems. Furthermore, they
found that smoke exposure can make the seed coats of long-dormant seeds more
permeable to water in soils (Keeley and Fotheringham 1998). In contrast, at least
30 min of smoke exposure reduced the germination of several dwarf mistletoe
species (Zimmerman and Laven 1987). Variations in fire-stimulated germination
among species within an ecosystem can play an important role in maintaining
species diversity and structuring plant communities (Clarke and French 2005).
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9.3 Predicting Immediate Fire Effects on Plants

The ability to predict post-fire tree mortality has important management applications.
For example, the planning of conifer salvage logging can consider retaining the trees
with good prospects of surviving fire. The decision to coppice broadleaf trees can be
based on their top-kill likelihood. Prescribed burning can be planned to either avoid
tree death or purposefully kill small trees to thin them to accomplish vegetation
management goals. Predictive models can help identify environmental conditions for
burning that will not likely kill large trees while meeting other objectives such as
consuming surface fuel and killing some small trees.

Peterson and Ryan (1986) devised a conceptual approach to model fire-caused
conifer mortality. The probability of mortality is computed from the fraction of
crown volume killed, the critical time for cambium death, and the duration of lethal
stem heating. The crown kill fraction depends on crown kill height (which differs
from crown scorch height), tree height, and crown length. Crown kill height is
determined from fireline intensity, ambient temperature, wind speed, and the tem-
perature of necrosis for foliar buds. Finally, bark thickness determines the critical
time for cambium death, as previously explained. The probability of mortality is
given as:

Pm ¼ Ck

tc
tl
�0:5

� �
ð9:1Þ

where Pm is the probability of tree mortality (0 � Pm � 1), Ck is the fraction of the
crown killed (0� Ck� 1), tc is the estimated critical time for killing cambium (min),
and tl is the duration of lethal heat (min).

One advantage of Peterson and Ryan (1986) approach is that it estimates the
likelihood of tree mortality directly from tree dimensions and fire behavior and can
be used to objectively compare fire resistance between species, as Fernandes et al.
(2008) did for European pines. However, predictions of tree mortality are mostly
based upon empirical data informing logistic regression models (Hood et al. 2018).
Models are available worldwide, especially for conifers of the western United States
(where there are data). Models are less effective when applied beyond the empirical
data on which they were built. Inputs are typically tree species, diameter (as an
indicator of bark thickness), height to the base of the live crown, and measures of
either crown scorch or flame length.

Some empirical models combine the effects of cambium damage and crown
scorch to estimate tree mortality. For instance, Botelho et al. (1998) used a logistic
model:

Pm ¼ 1= 1þ exp b0 þ b1 DBH þ b2Ckð �½ ð9:2Þ

where Pm is the probability of mortality, DBH is tree diameter in cm at 1.37 m above
ground, Ck is the fraction of the crown killed, while b0, b1, and b2 are regression
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coefficients. As illustrated in Fig. 9.5, even relatively small trees can survive if
crowns are little damaged, and larger trees survive more readily than smaller trees.
Others use fireline intensity instead of crown killed or scorch height, and all are
affected by air temperature and wind, which influence convective heating
effectiveness.

There are many tools useful for predicting plant response to fire. The First Order
Fire Effects Model (FOFEM, Hood and Lutes 2017) can be used to predict the
degree of crown damage and tree mortality by using fireline intensity in empirical
equations for different tree species, along with tree stem diameter and other infor-
mation. In general, trees that have thicker bark and larger diameter, and trees with
crowns high above the flames are more likely to survive fires. The soil heating
equations in the FOFEM model have recently been updated to include the soil
heating equations developed by Massman et al. (2010) and Massman (2015), see
Sect. 10.6 for further information about soil heating and how that can affect plant
survival.

Plant functional traits can be very helpful in predicting whether and how plants
will resprout or establish from seed (Pausas et al. 2004; Perez-Harguindeguy et al.
2013, 2016). In particular, understanding where the meristematic tissues are relative
to heat exposure from fires can be quite useful in predicting plant response to fires, in
particular the differences between the growth rates of sprouters and seeders
(Fig. 9.6).

The difference between sprouters and seeders is not absolute, as many species
show both strategies at different levels or intensities. For example, resprouting
intensity, measured by the probability of resprouting, the number of resprouts, and
the length of these sprouts, was studied for six Atlantic shrub species by Reyes et al.
(2009) showing the diversity of responses.

Fig. 9.5 The probability of
mortality (Pm) as a function
of tree diameter at breast
height (DBH in cm) and the
fraction of crown killed (Ck)
for young Pinus pinaster
trees after experimental
prescribed fires in northern
Portugal. (From Botelho
et al. 1998)
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Plant traits are important in determining which plants are most likely to survive
fires and which are most likely to regrow after fires (Perez-Harguindeguy et al. 2013,
2016). Many plants exhibit multiple functional traits that help them survive and
thrive through repeated fires. For instance, Ceanothus shrubs will often resprout
following top removal by fire, then produce flowers and seeds in abundance that then
establish new plants in burned areas. Plant functional traits, also called regeneration
strategies and life history characteristics, are related to the vital attributes used to
simulate the response of plants to fires (See Sect. 12.6).

The Fire Effects Information System (Smith 2010) includes succinct syntheses of
published studies of fire effects on individual plant and animal species, some
ecosystems, and some fire regimes. While the species are mostly from forests,
woodlands, shrublands, and grasslands of the western USA, the information here
could be used to support understanding the response of closely related species or
those with similar functional traits elsewhere.

Ecosystem process models are increasingly used, including fire effects on tree
crowns, stems, and roots (e.g., Keane et al. 2015) as our understanding of the
underlying mechanisms improves. This understanding will help as we seek to predict
fire effects under warmer and extended droughts or other novel conditions associated
with climate change and altered forest composition and structure (Hood et al. 2018).

Fig. 9.6 Typical growth curves from resprouters and seeders. Initially, seeders grow more slowly
as the plants must form the root system, whereas resprouters take advantage of the surviving root
and grow faster initially. This type of curves has been studied for post-fire dynamics of shrub
species in France and Spain by Casal (1987) with major differences between sprouters (including
many species of the Papilionaceae of the genera Ulex, Cytisus, Genista, Calicotome, and
Pterospartium) and many species which recolonize only by seeds (of the Ericaceae or theCistaceae
families) which become less dominant after fires. The same occurs for herbs and grasses. (Redrawn
from Casal 1987)
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9.4 Environmental Conditions and Spatial Heterogeneity
in Fire Effects Influence Plant Diversity

A plant’s ability to survive or recolonize after a fire depends on the functional traits,
the fire behavior, and the pre- and post-fire climate (see Fig. 9.3 and Sect. 9.4). The
aboveground portions of many plants are readily killed during fires with relatively
low fireline intensities. Therefore, it is critical to understand the burn severity, soil
heating, and whether bare mineral soil or other favorable microsite conditions are
available. The environment prior to, during, and after fires, such as drought, can
influence whether seedlings and sprouts can survive. The temporal and spatial
variability in plant survival, regeneration and recolonization, and post-fire climate
and disturbances play a critical role in determining how plants and plant communi-
ties recover from fires.

Fire behavior and effects vary across a range of spatial scales from very fine to
broad (Fig. 9.7). For example, some areas can experience stand-replacing fire while
other nearby areas may burn at low severity or not at all during the same fire.
Locations within wildfire perimeters that are unburned or burned with low severity
are commonly referred to as refugia. Refugia allow both fire-resistant and fire-
sensitive species to persist when surrounding landscapes burn. The vegetation in
refugia is in the “slow” lane with different vegetation trajectories, adding to the
biodiversity and resilience of landscapes (Krawchuk et al. 2020). Krawchuk et al.
(2016, 2020) and Meddens et al. (2018) described fire refugia characteristics in
forests and shrublands of the western USA, while Reside et al. (2014) defined
refugia important to biodiversity in Australia.

Fig. 9.7 All large fires are heterogeneous. In response to topography, vegetation structure,
variations in wind, spotting, and other environmental influences, even large fires burning under
extremely hot, dry and windy conditions leave some areas unburned or burned with low severity,
while others burn with mixed or high severity (here labeled as stand-replacing). (Photograph by
Wendel Hann)
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The environmental conditions that occur before and after fires can play an
important role in shaping vegetative response following a fire. Plants already
stressed by drought are less likely to survive a fire. Further, the same plant species
will survive less well when fires burn where it is growing on the dryer sites it can
tolerate, such as on the warm, dry end of their geographic distribution. Similarly,
plants are more vulnerable when they are burned during extended droughts. Once
injured by fires, many plants are more vulnerable to insects and diseases.

Plants and animals may rapidly recolonize burned areas when they survive in
nearby areas that were unburned or burned with low severity, and then they can
rapidly increase as the plants flourish and flower post fire. Even when only a few
plants survive fires, they often grow quickly, flower in abundance, and then colonize
surrounding areas. Wagenius et al. (2019) demonstrated that fires can stimulate
plants to flower synchronously, thus increasing reproductive success including
doubling seed production. Bacteria and fungi may similarly survive on-site or
recolonize from fire refugia. Thus, how ecosystems respond to fires depends, in
part, on what survives the fire and what can get to and occupy space after fires. It is
remarkable how quickly burned areas green up after fires—often new green growth
is visible within days or weeks after fires—a source of awe and appreciation for
resilience. Some plants and animals are most abundant post fire, and certainly, the
diversity of burned landscapes is often high.

9.5 Ecological Implications of Soil Heating

Soil heating during a wildfire can have long-term effects on soil structure, biota, and
processes, including soil chemistry, nutrient cycling, water infiltration, and soil
erosion potential, all of which can influence vegetation response. Although the
organic matter is commonly a source of heat during a fire, it can also act as an
insulator if it does not burn completely, thus protecting the soil. After fires, partially
burned organic matter often decomposes rapidly, especially when blackened sur-
faces are warmed by the sun, and there is less shading and evapotranspiration where
the fire has reduced living plant biomass. For these reasons, the fate of organic matter
is especially important in understanding how fire affects nutrient cycling and soil
erosion potential.

9.5.1 Consequences of Soil Heating

When soil is heated, biological, chemical, and physical changes can occur, some of
which can have long-term implications for soils and the plants growing in them
(Fig. 9.8, Moody and Martin 2009; Pingree and Kobziar 2019; Massman et al.
2010). The heat flux from the soil surface into the soil, the duration of heating,
and the properties of the soil are all important to consider when estimating soil
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effects following fires (Massman 2015). However, in many cases, soil effects are
evaluated by comparing the predicted temperature at a given depth with a specific
threshold temperature. Biological and chemical changes occur at temperatures far
below temperatures observed within flames. Temperatures will be less than 100 �C
unless water present in the surface organic layers or in the soil is vaporized; if so, the
water vapor can injure living tissue. Water vapor, CO2, and other gases can move
through the soil as heating induces air circulation within soils; these then condense
where soil particles are cool enough (Massman et al. 2010).

Soil temperature during a fire decreases rapidly with depth, and peak soil heating
lags behind surface soil temperature peaks (Fig. 9.9). The soil temperature, at a given
depth, depends on both the duration of heating and the temperature at the soil
surface. Therefore although smoldering combustion releases heat more slowly and
results in lower temperatures at the surface than flaming combustion, the duration of
heating often results in greater soil temperatures. This is especially true if the
smoldering material is in contact with the mineral soil. Both the soil and texture
influence the rate of conduction through a soil layer. Coarse-textured soil heats more
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Fig. 9.8 Biological, chemical, and physical changes in soils heated by vegetation fires. Note that
the vertical axis is not to scale. Values are combined from multiple sources, including Campbell
et al. (1995), Ryan (2002), Moody and Martin (2009), Massman et al. (2010), Pingree and Kobziar
(2019), and references therein. The boxes are colored green for biological effects and yellow for
chemical and physical effects
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slowly than those with fine texture. Conductive heat transfer into wet duff and
mineral soil can be 20% of that penetrating dry duff and mineral soil and may
peak at more than 500 �C where thick duff layers burn and soils are dry (Frandsen
and Ryan 1986). Although soil heating is complex given the movement of air, water
vapor, and CO2 within soils (Massman et al. 2010), modeled soil heating is consis-
tent with observations from multiple ecosystems as summarized by Ubeda and
Outeiro (2009). Temperatures at the soil surface commonly exceed 200 �C and
can be >700 �C during fires. Particularly in grasslands, temperatures at 2 cm into the

Fig. 9.9 Predicted soil heating under a range of input conditions. (a) A grassland with high
intensity, short duration surface fire with very little soil heating (30 s flaming with 0 s smoldering),
(b) pine forest understory with fine fuels (1 min flaming, 3 min smoldering). (c) Slash burning long
duration and high temperature (5 min flaming, 10+ min of smoldering). (d) Peat burning with no
flaming, dominated by smoldering combustion (0 flaming, 60 min smoldering). All figures are from
our interactive spreadsheet, CONDUCTION_Soils_Plants_v2.0
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soil seldom exceed 50–100 �C, while temperatures of 66, 177, and 250 �C were
measured at 2.5 cm depths in forests with the differences related to surface heating
(Ubeda and Outeiro 2009 and citations therein).

Living tissue may not die when heated to a temperature of 60 �C, and thus this
common assumption is conservative for several reasons. First, soil heating is
spatially variable at fine scales and decreases greatly with depth, so soil biota can
often survive (Fig. 9.10) and may rapidly recolonize. Second, plants and soil biota
evolved in a fiery environment where tolerance to soil heating and quick recovery
would be an advantage. On the other hand, managers should limit soil heating when
they can by not piling debris from logging into deep piles and not creating very deep,
dense fuelbeds of chipped, shredded, or masticated fuels as these could burn for a
long time at the soil surface. Third, soil heating likely has cumulative and additive
effects that can best be understood using dose and response ideas (Smith et al. 2016),
and by assuming that many plants and microorganisms have adapted to fire in
ecosystems that historically burned often.

Unexpectedly severe effects may occur in ecosystems that burn after a long
period of fire exclusion with associated accumulation of surface fuels, especially
deep layers of organic matter. The high mortality of the old trees that survived many
previous fires may be due to injury to fine roots that have grown into the surface
organic and soil layers during many years without fire (Varner et al. 2005). Varner
et al. (2007) observed up to 60% mortality of large-diameter old longleaf pine (Pinus
palustris) trees, especially in areas with low duff moisture content when burned. The

Fig. 9.10 Bacteria, microbes, fungi, soil mesofauna, and fine roots often survive heating to
temperatures higher than 60 �C for longer than 1 min. That commonly assumed time-temperature
threshold is represented by dotted lines. (From Pingree and Kobziar 2019)
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old, large, relict trees can be very important to wildlife and to people, are often
relatively rare, and they potentially have unique genetic qualities, so limiting their
mortality is a common challenge for restoring fires to long unburned forests that
historically burned frequently. Stephens et al. (2018) and Varner et al. (2007)
recommend repeated burns with an incremental reduction of accumulated fuels
and other strategies as part of restoration treatments.

Plants and soil biota will likely recover rapidly post fire, particularly if fires burn
with low or moderate severity and areas burned with high severity are small. With
the high spatial variability in fuels and soil burn severity at fine spatial scales in many
different ecosystems, and with the long history of fire in terrestrial ecosystems, there
are microsites in most fires where fire-adapted organisms survive to thrive post fire.

Many live bacteria and fungi associated with the organic matter and mineral soil
in burned areas can survive and be transported in the convective column associated
with wildfires (Kobziar et al. 2018). The transport of bacteria and fungi in fire
plumes could help bacteria and fungi rapidly colonize burned areas post fire. The
transport of bacteria and fungi in fire plumes likely has important but unknown
implications for human and ecosystem health (Kobziar et al. 2018). The viability and
distance that microorganisms are transported during a wildfire likely depend upon
several factors, including the heat release rate, convective forces, atmospheric
stability, the mixing height, and specific traits of the microorganisms.

Duff is the compact layer of partially decomposed leaves, needles, and woody
fuels that is found in many forests above the mineral soil and below the litter. When
duff is present and is dry enough to smolder, the soil temperature at different depths
reflects both radiation and conduction from long-duration heating of burning duff in
contact with the soil surface. Burning duff is a source of heat, while unburned duff
can insulate the soil from the heat from a fire.

The total energy released at the soil surface during burning reflects the heat
energy content of the duff and soil material that is burning, its moisture content,
and the duration of smoldering (Frandsen and Ryan 1986). Only some of the heat
from fires goes down into the soil, usually less than 25% (DeBano et al. 1976;
Packham 1969; Raison et al. 1986). As soils have high heat capacity, temperatures
rapidly attenuate with depth. When long-duration heating is present at the soil
surface, as when peat layers smolder or when deep piles of logging debris smolder
for long periods, soil heating can be enough to greatly affect soils. The greatest soil
temperatures usually occur beneath dry heavy slash, particularly with the consump-
tion of large piles of residue or windthrow. Burning large slash piles produces long
duration, high-temperature heat pulses that penetrate deep into the soil, potentially
altering both physical and biotic characteristics of the soil to significant depths. Due
to the high water content of wetland soils, penetration of heat generated by a surface
fire can be significantly less than in mineral soils. Organic matter has a lower thermal
diffusivity than mineral soil, so penetration of heat is further reduced in organic
wetland soils. However, organic soils can become dry enough to burn, producing
significant amounts of heat.
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9.5.2 The Fate of Organic Matter Influences Soil Processes
and Plant Survival

The effects of fire on soil processes depend on how fires affect the organic matter on
and in the soil. Organic matter plays multiple roles, for it is a source of heat if it
burns, it can insulate the soil from heat during a fire if some or all of it remains
unburned, and it acts as a source of nutrients as it decomposes. Before and after fires,
organic matter on and in the soil can help hold moisture and nutrients in the soil, and
will greatly influence infiltration and runoff, particularly if hydrophobic layers form.
The organic matter captures and holds soil moisture and nutrients, and can some-
times cover the bare mineral soil and therefore influence seed germination and
establishment, thus potentially affecting what grows after a fire. This is particularly
the case for forests where thick layers of duff can develop, but the principles apply to
areas without duff, such as grasslands and woodlands with some litter. Sometimes in
our management, we create organic layers, such as through mastication of tree and
shrub fuels as discussed here and in Chap. 11. Organic matter is crucially important
to ecosystems and can be affected by fires in multiple ways.

First, burning organic matter is a source of heat. Burning of downed dead wood,
litter, duff, or the very compact fuelbeds that result from mastication or chipping or
mulching of trees and shrubs can lead to prolonged heating at the mineral soil
surface. Although the intensity of such smoldering fires is low, direct contact with
smoldering fuel facilitates soil heating through conduction. If soils are heated for
long enough, plant tissues, including seeds and roots, may die (see Sect. 9.3).

Second, unburned or partially burned organic matter can insulate the soil during
fires and thus limit soil heating. After the fire, blackened organic matter layers absorb
heat from the sun enough that the surface reaches temperatures that may be sufficient
to damage or kill plant seedlings.

Third, organic matter on and in the soil is a source of nutrients as it decomposes
before or after fires. Post fire, the often greater daytime soil temperatures, moisture,
and incoming solar radiation can increase decomposition of any surface organic
matter that did not burn in the fire. This unburned organic matter is an important
source of nutrients and helps retain nutrients in the soil. Also, soil moisture often
increases post fire as there is less transpiration where plants that were actively
growing prior to the fire were top-killed by fire. Even if the changes in soil pH and
nutrients are short-lived, the immediate post-burn decomposition rates can be high.
If much of the organic matter on and in the soil is not consumed by a fire, it will
continue to decompose and thus gradually release nutrients needed by plants.
Further, the nutrients released during and after fires are less likely to be lost from
the site when soils are high in organic matter because the organic matter is important
to the cation exchange capacity that loosely “holds” nutrients, thereby making the
nutrients less likely to be lost in runoff or leached through the soil.

Fourth, residual organic matter can limit post-fire soil erosion (Robichaud et al.
2013a, b) through the mitigation of raindrop or splash erosion. Raindrop erosion is
the first step in the erosion process and occurs when falling raindrops displace soil
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particles that block soil pores and reduce infiltration. The reduced infiltration
associated with raindrop erosion can lead to the formation of rills and gullies.
Experimental studies have suggested that soil erosion is reduced when soil cover
exceeds 60%. Any organic matter will do, including scorched foliage that falls from
tree canopies. Short needles provide better contact with the soil surface, but long
pine needles that fall in bunches can create very small barriers to sediment move-
ment. Post-fire soil erosion potential is also higher when intense rain falls soon
enough after a fire that soils are dry and mostly bare, on steep slopes, on coarse-
textured soils, and in large patches burned with high severity (Scott et al. 2009).
Riparian vegetation may help to limit sediment in streams (Luce et al. 2012).

Fifth, the rate of water infiltration into the soil following a fire is influenced by the
presence and characteristics of surface organic matter. The presence of soil surface
organic matter slows water infiltration into the soil by holding surface water until it
can infiltrate. Organic matter is the source of the waxes and resins that form fire-
induced hydrophobicity in soils (see Sect. 9.5.5). Hydrophobicity is more likely in
coarse-textured soils and where evergreen vegetation is abundant (Doerr et al. 2006).

Sixth, organic layers on the soil surface can be barriers to soil moisture loss and
plant establishment. The organic layers may be a barrier to seedling establishment
when they limit bare mineral soil exposure, though this effect may not last long as
these residual organic matter layers often decompose quickly following fires.

Thus, the fate of organic matter during burning greatly influences soil processes,
vegetation response, and soil erosion potential. Combustion is sometimes considered
rapid decomposition. Both combustion and decomposition are oxidation processes.
Both consume organic matter, result in smaller pieces and simpler compounds, and
both are typically incomplete leaving residual organic biomass. Both release nutri-
ents in the biomass. Thus, both are important in making nutrients available to other
organisms that are otherwise tied up in the live and dead biomass. We note that fuel
consumption is very dependent upon fuel moisture (See Chap. 11).

Fire effects on both surface organic matter and soils are spatially variable. Lentile
et al. (2007) found that fire effects on the soil surface vary at spatial scales of 1–10 m.
It is important to recognize that the sale of variability identified by Lentile et al.
(2007) is smaller than the scale (30 � 30 m) commonly used in fire effects studies
that rely on satellite images and aerial photographs. Fire effects on soils tend to be
more homogeneous in areas burned at high severity (>70% overstory tree mortality)
than areas burned at lower severities (Lentile et al. 2007). Sites burned with
moderate severity (20–70% overstory tree mortality) had soil burn severity that
varied at very fine spatial scales, as these sites include small unburned areas
intermingled with those where rotten logs and stumps had burned to consume all
surface organic matter and heat soil sufficiently to change soil color, and many
intermediate effects (Fig. 9.11).
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9.5.3 Carbon, Pyrogenic Carbon, and Fires

How do soil nutrients fare through repeated fires? How are soil nutrients lost and
replenished, and when and where are soil carbon and nutrients most vulnerable?
What are the implications for ecosystem function? Soil heating affects all of these
during and after fires.

Carbon in forests, both aboveground and in soils, is increasingly important in a
rapidly changing world. Page-Dumroese et al. (2003) highlighted the potential of fire
and fire suppression to alter carbon pools and fluxes in forest soils and the implica-
tions of these alterations on global climate change. Page-Dumroese et al. (2003)
emphasized that when surface fuels accumulate in the absence of fire, some of the
carbon in those fuels is likely to be lost to the atmosphere when those fuels consume
in a future fire. Soil carbon pools will be replenished as vegetation regrows (Page-
Dumroese et al. 2003). Limiting deforestation and maintaining forest productivity
can help sequester carbon that could be released to the atmosphere.

The influence of fires and repeated fires on global carbon cycles is uncertain, with
major implications now and into the future (Santín et al. 2015). Currently, forests

Fig. 9.11 Fire effects on soils are often spatially variable at fine scales as evident from these 1-year
post-burn photographs from chaparral shrublands in California (CA), mixed conifer forests in
Montana (MT), and boreal forests in Alaska (AK). Note the differences from low to moderate
and high severity burns in each location. In these sites, burn severity was initially assessed using
satellite imagery and then confirmed on the ground based on fire effects on mortality of overstory
trees and shrubs. (From Lentile et al. 2007)
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remove about a quarter of the carbon dioxide that humans add to the atmosphere
(McKinley et al. 2011). Carbon in forests accumulates both in the vegetation and soil
(Fig. 9.12). Soil carbon is a major carbon sink for two reasons. First, while most
carbon in fuels is lost to the atmosphere, only one-third of the carbon from burned
biomass may remain on and in the soil of boreal forests (Santín et al. 2015). Second,
the charred organic matter on and in the soil (also known as black carbon or
pyrogenic carbon) may take decades to many centuries to decay (Santín et al.

Fig. 9.12 Much of the carbon in forests is in forest soils. These are data from forests in the western
USA. (From McKinley et al. 2011)
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2015; Reisser et al. 2016). Pyrogenic carbon makes up an average of 14% (range
12–60%) of the total organic carbon in soils globally, depending on land use, soils,
fires, climate, and whether it was leaves or logs, large or small (more of the large logs
become pyrogenic carbon compared with needles and other forest floor materials
whose high surface-area-to-volume ratio also contributes to more rapid decay)
(Santín et al. 2015; Reisser et al. 2016). Although the charred organic matter is
less likely to burn than unburned organic matter, repeated fires can reduce the
amount of charred organic matter at the soil surface, suggesting that pyrogenic
carbon is vulnerable to repeated fires unless it is part of the soil (Tinkham et al.
2016).

Peat fires are often overlooked, yet these highly organic soils sequester carbon on
several continents, particularly in northern temperate and boreal zones and in
tropical regions (Rein et al. 2008). Fires in peat are globally significant for their
emissions both for the atmosphere and for people affected by the smoke (Hu et al.
2018). Peat fires burn the partially decomposed organic matter that is the soil, and
thus they consume the soil itself as they burn deep and produce emissions that far
exceed other fires on a per-area basis (Hu et al. 2018). These highly organic soils
burn only after they lose moisture during droughts or through land use, and burning
depends on moisture and mineral contents. In the long duration burning typical of
peat fires, soil temperatures may exceed 300 �C for more than 1 h (Rein et al. 2008),
killing seeds and other plant propagules as well as soil organisms, and post-fire
recovery may take many years. The haze that results can greatly impact environ-
mental quality as particulates and volatile compounds pollute the air, especially as
the smoke is weakly buoyant and, therefore, near the ground. The impaired visibility
associated with peat fires can disrupt transportation, threaten people’s health, and
have other economic impacts (Hu et al. 2018).

Much forest carbon remains during and after fires. Stenzel et al. (2019) empha-
sized that much biomass remains after fires, contrary to the assumptions made in
many ecosystem process models that all above-ground biomass is consumed when
forests and other ecosystems burn (Fig. 9.13). Stenzel et al. (2019) found that only
5% of mature tree biomass is consumed even in intensely burning wildfires with high
mortality of trees. Further, the combustion coefficients in models predict emissions
much higher (by 59–83%) than actually occurs, even in recent very large wildfires
burning under very hot, dry, and windy conditions (Fig. 9.14). Instead, standing
dead trees (called “snags”) slowly decompose over decades to centuries after a fire
while providing wildlife habitat and long-term value to ecosystem processes first as
standing trees and then as logs. Grasslands and shrublands commonly have more of
their above-ground biomass (and therefore carbon) consumed. In forests, wood-
lands, shrublands, and grasslands, vegetation rapidly recovers (depending on the
climate), and much of the carbon is in the soil where it does not burn even when fires
burn severely. Further, fires are often patchy, with many areas unburned or burned
with low severity (see Chap. 12). This is what Stenzel et al. (2019) mean by variable
severity rather than the assumption that all burned areas are completely toasted.
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9.5.4 Nitrogen and Other Soil Nutrients Are Affected by Soil
Heating

The size of the soil nutrient pool is often lower post fire, at least temporarily.
Paradoxically, the nutrients needed for plant growth, such as nitrogen, are often
more available to the flush of new growth of plants post fire. Why? During and
immediately post fire, nutrients may be lost if they are volatilized (this is especially
likely for nitrogen and phosphorus that are in the organic matter that is consumed),
blown away by the wind (via transport of ash and dust) or carried away by water
(when nutrients are leached through the soil into the groundwater, or when they are
lost through overland flow) (Raison et al. 2009). Post fire, the availability of soil
nutrients can increase in multiple ways. First, when organic matter burns, the
residual ash contains a large proportion of cations that are available for plants.
Cations are positively charged ions, including potassium, calcium, sodium, and
magnesium; these are readily soluble in water and can be leached into groundwater.
Second, in the post fire environment, decomposition of residual organic matter often
accelerates, as does biological mineralization of nitrogen where the activity of soil
fungi and bacteria are favored. Soil pH often increases (this may be short-lived,
especially in grasslands), and soils are often warmer and higher in moisture given
reduced transpiration when above-ground living biomass is reduced (Wright and
Bailey 1982). Third, as described below, plants that fix nitrogen often increase post
fire, though the nutrient availability is greatly influenced by soil burn severity
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Fig. 9.13 Above-ground (AG) carbon stocks for forests in the western USA showing the amount in
live trees, dead wood, and litter/duff in pre-fire carbon pools, and the same pools post fire as a
reflection of the area burned 2000–2016 contrasted for what was measured in the forest vs. what was
simulated with variable (assuming realistic conditions for fires burning with the range of burn
severity) or static (high) burn severity. (From Stenzel et al. 2019)
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(Raison et al. 2009). Fourth, there may be less competition for nutrients post fire if
there is less biomass actively growing. However, this is likely to be short term.

Raison et al. (2009) suggested that the negative effects of fires on forest nutrients
are likely to be long-lasting especially on sites that were nutrient-limited before the
fire, or where wind or water transport of nutrients removes ash or surface soil
off-site. They were also concerned about situations where fire frequency is high
relative to historical frequency. Changes in nitrogen and other nutrients in fuels are
more pronounced where more fuel is consumed. Thus, in savanna fires where mostly
grass and litter fuels are consumed, volatilization of nitrogen and loss of other
nutrients is proportionately much less than when forests burn with high fuel con-
sumption such as when moist tropical forests are slashed and burned to convert to
agricultural uses (Raison et al. 2009).

Fires influence nitrogen availability, both during fires and after fires, across
spatial scales, and in both terrestrial and aquatic ecosystems. Nitrogen is a critical
nutrient that is often limiting in forests and streams (Vitousek and Howarth 1991;
Grimm and Fisher 1986) and can be volatilized during fires, especially if soil burn

Fig. 9.14 (a) People commonly assume that when fires burn intensely all forest biomass is
consumed. (b) In many simulation models of ecosystem processes the majority of above-ground
biomass is assumed to be consumed. (c) Field measurements post fire demonstrate that in reality
80–90% of live stem biomass is left after even high-intensity fires to remain as dead, slowly
decaying carbon, though when a subsequent fire burns soon after, 25–95% of the carbon in the
standing and fallen wood can be consumed and released into the atmosphere as gas or left as ash on
the soil surface that may blow or wash away. (Data and figure from Stenzel et al. 2019)
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severity is high. Nitrogen is part of both living and dead organic matter (see Chap. 2)
because it is part of proteins and other organic compounds. At moderate tempera-
tures of 300–500 �C, 50% of the nitrogen may be volatilized (Neary et al. 2005)
(Fig. 9.8). Nitrogen that is not volatilized remains as part of unburned organic matter
or in the soil, or it can be converted through biological action into ammonium.
However, the amount of nitrogen available to plants often increases after a fire.

Nitrogen cycling is affected by fires, including both pools and fluxes between
pools (Fig. 9.15). Nitrogen (N2) is abundant in the atmosphere but can’t be used by
plants until nitrogen-fixing bacteria, and fungi convert it to ammonium (NH4

+) or
nitrate (NO3

�). Some of the bacteria are symbiotic with nitrogen-fixing plants such
as Ceanothus or Lupinus, but others are free-living in the soil or water. The carbon to
nitrogen ratio (C:N, measured by mass) of soil organic matter (Kaye and Hart 1997)

Fig. 9.15 The nitrogen cycle in plants and soils. To be used by plants, nitrogen in the atmosphere
must be used by nitrogen-fixing bacteria that can be free-living in the soil or living in symbiosis with
plants. When fires occur, much of the nitrogen in above-ground biomass is volatilized unless it is
out of reach of the heat from flames (it may be insulated by bark or the crown may not be burned).
Plant-available nitrogen may increase post fire as residual organic matter decomposes post-fire,
where nitrogen-fixing plants increase, and soil temperature and moisture conditions are favorable to
nitrogen-fixing and nitrifying bacteria. We more often measure nitrogen pools (indicated by boxes)
than fluxes (indicated by arrows indicating nitrogen movement), but it is the fluxes that greatly
influence ecosystem function. There is a similar nitrogen cycle occurring within streams, with
Cyanobacteria fixing N, and algae, moss and biofilm using both ammonium and nitrate while
producing litter and organic N. (From https://commons.wikimedia.org/wiki/File:Nitrogen_Cycle.
svg, WikiCommons, Accessed 18 May 2019)
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influences soil microbes and plant growth. Vegetation and fire management can
affect soil C:N, particularly if these add organic materials to the soil surface that are
high in carbon and low in nitrogen, such as the agricultural straw or other mulch
applied to reduce soil erosion potential or deep beds of chipped or shredded organic
matter resulting from mastication of tree and shrub fuels. As the added organic
matter decomposes, soil microbes may demand increased nitrogen and thereby limit
inorganic nitrogen available for plant uptake. Available nitrogen is rapidly assimi-
lated into living organisms. The fine roots and leaves of plants are relatively high in
nitrogen, so as they grow and die, there is a rapid turnover of organic nitrogen.
Although much of the nitrogen that is released is rapidly absorbed into plants,
bacteria, fungi, and other organisms, some nitrogen is lost to the atmosphere through
denitrification or by volatilization when organic matter is consumed during a future
fire. Some nitrogen can also be lost if the topsoil is eroded by wind or water. In two
different meta-analyses of multiple studies, both Johnson and Curtis (2001) and Wan
et al. (2001) found that the effects of fire on soil carbon and nitrogen were more
pronounced where soils were heated to high temperatures during fires, though
carbon and nitrogen abundance returned to pre-fire conditions with time. Further,
nitrogen-fixation by plants and bacteria greatly altered the post-fire nitrogen avail-
able in soils. Nitrogen is replenished through biological processes that fix atmo-
spheric nitrogen into forms that can be used by plants. Many nitrogen-fixing plants
establish post fire, and nitrogen is also fixed by cyanobacteria free-living in the soil
and in soil crusts (Fig. 9.16). Raison et al. (2009) reported that nitrogen lost during
prescribed low severity fires in subalpine Eucalyptus pauciflora forests was
replaced, mostly by symbiotic nitrogen fixation, within 9–15 years depending on
whether 50% or 75% of the nitrogen was lost as fuels were consumed. Burning
frequently could deplete nitrogen through cumulative effects.

Other nutrients are also affected by fires, with the effects on nutrient availability
varying with the degree of soil heating, consumption of organic matter on the soil
surface, alteration of organic matter in the soil, vegetation and litter cover, and time
since fire (Raison et al. 2009) (See Fig. 9.8). Cations are typically deposited in the
ash after fires, with their abundance and location post fire often reflecting the amount
of organic matter consumed (Neary et al. 2005). The ash may be redistributed by
wind and water. The cations are quite soluble in water, and so they may be washed
away or carried into and through the soil profile. If soils are high in organic matter
and clays, then the cation exchange capacity is high and cations may be held where
they are available to plants. The distribution of potassium post fire is important
because of its influence on critical plant functions, including transpiration and
chemical defenses against insects and diseases. As potassium is most abundant in
the leaves, the effects of fire and logging on potassium availability for plants depends
greatly on the fate of the organic matter—if the branches and tops of trees were piled
and then burned, the potassium and other cations may be highly concentrated where
the piles were located, with much less between piles. Phosphorus can be lost through
leaching and volatilization. Potassium and phosphorus can be affected by fires when
particulate material is carried into smoke columns (Raison et al. 2009). Sulfur can be
volatilized at high temperatures, but this is seldom limiting. However, it is important

286 9 Fire Effects on Plants, Soils, and Animals



to realize that the effects of fire on forest nutrients are highly variable both on a given
burned area and among burned areas, enough that it is difficult to generalize fire
effects (Raison et al. 2009).

9.5.5 Hydrophobic Soils

Water repellency in soils can be (but is not always) a major culprit for post-fire soil
erosion (Fig. 9.17). Hydrophobic soils are slow to absorb water that can then
infiltrate into lower soil layers where plants can use it. Doerr et al. (2006) found
that although fire can induce or enhance soil water repellency, fire more often
reduces water repellency in surface soils. That is because the waxes and resins that
repel water come from evergreen leaves, where they are important in helping plants
limit water loss from leaves. These complex compounds decompose slowly and so
accumulate in litter and surface soils.

Soils are often water repellent before fires occur (Doerr et al. 2006). When heat
from a fire advances into the soil, the waxes and resins causing water repellency are
volatilized and transported deeper into the soil layer, where they eventually

Fig. 9.16 Soil crusts protect soils and fix atmospheric nitrogen into forms usable by plants. Soil
crusts often appear darker in color than surrounding soil as in this picture between the bunches of
grasses and cacti. These soil crusts may include cyanobacteria, algae, lichen, mosses, fungi, and
bacteria, and though they are harmed by fires, they can reestablish post fire. (Photograph by Hilda
Smith, USGS. Public domain, https://www.usgs.gov/centers/sbsc/science/a-field-guide-biological-
soil-crusts-western-us-drylands?qt-science_center_objects¼0#qt-science_center_objects)
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condense as they reach a temperature of around 200 �C (Doerr et al. 2006). The
condensed waxes and resins coat the soil particles limiting water cohesion and
creating a water-repellent layer. The magnitude of fire-induced water repellency is
dependent upon the amount and type of organic matter consumed, the soil surface
heat flux, the residence time, the temperature gradient within the soil, the texture of
the soil, and the water content of the soil (DeBano 1981; Doerr et al. 2006). The
potential erosion of the wettable soil layer on top of the hydrophobic layer is greatest
when the intensity of rainfall exceeds the infiltration rate in high severity burn areas
with little organic matter and on steep slopes (Fig. 9.18) (Parson et al. 2010). Water
repellent layers break down with time through decomposition and physical distur-
bances providing cracks.

9.6 Burn Severity

The immediate and direct ecological effects of wildland fires are commonly referred
to as burn severity (Ryan and Noste 1985; Keeley 2009; Morgan et al. 2014). Burn
severity is often mapped into distinct categories (i.e., unburned, low, moderate, or
high) using either pre- and post-fire satellite imagery or ground-based sampling.
Fires that burn with high severity result in pronounced changes in ecosystem
conditions. For instance, large patches that burn at high severity have less vegetation,
fewer tree seedlings, higher erosion potential, and thus slower post-fire recovery
(Morgan et al. 2015; Robichaud et al. 2013a, b; Stevens-Rumann et al. 2018;
Stevens-Rumann and Morgan 2019, see Case Study 12.3). In contrast, fires that

Fig. 9.17 Soil erosion potential is high when rainfall intensity exceeds infiltration, and especially
where water repellent layers are below wettable layers on coarse-textured soils on steep slopes.
(From DeBano 1981)

288 9 Fire Effects on Plants, Soils, and Animals



burn with low severity may have few detectable differences in vegetation cover,
structure, or function relative to the prefire condition. Assessing where, why, and
how much vegetation changes due to fire is important if we are to understand,
predict, and measure fire effects (Morgan et al. 2014). However, this is challenging
because ecological change can encompass the response of many different plants, soil
erosion, soil processes, and short- or long-term change. As a result, burn severity and
related terms are often used inconsistently (Morgan et al. 2014). Therefore, it is
crucial to clearly define and identify how burn severity will be measured (Morgan
et al. 2014). For more discussion about burn severity as a component of fire regimes
and as it influences landscape dynamics and management, see Chap. 12.

Burn severity (both soil burn severity and vegetation burn severity) is often
related to but can be quite different from fireline intensity (Fig. 9.19) (Heward
et al. 2013). Often, severe fires are also intense fires as when a crown fire burns in
a forest when fires occur following extended drought so that the forest floor is very

Fig. 9.18 Hydrophobic soils are more likely to contribute to soil erosion potential in areas burned
with high severity where there is little soil cover, and where soil heating has resulted in a wettable
soil layer on top of a water repellent layer (see text for explanation). If rainfall is of sufficient
intensity that the storage capacity of the wettable layer is exceeded, in part because little of the soil
water is able to infiltrate into deeper soil, then overland flow develops as water runs over the surface,
collecting sediment as it moves. (a) Soils are often water repellent before the fire, and post-fire soil
erosion potential increases for (b) low to moderate burn severity to (c) high severity burns,
especially if (d) there is more water than can infiltrate or be stored in the wettable soil layer.
Thus, soil erosion potential depends on burn severity (to consume surface organic matter) combined
with high-intensity rainfall and slope and soils susceptible to erosion. (From Doerr et al. 2006)
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dry and all fuel strata burn. However, burn severity may be poorly correlated with
fireline intensity. Consider a fire in a grassland that burns rapidly and with long
flames yet very short residence time. There, the intensity is high, yet burn severity is
often low because the grasses often grow back rapidly from meristematic tissues at
or just below the soil surface, where those tissues mostly escaped soil heating.
Similarly, when prescribed burns are conducted in the spring to consume debris
left from logging, the duff and litter are often very wet so that even though the
fireline intensity could be very high, soil heating and, therefore, soil burn severity are
low. In contrast, when the peat burns in a bog, the fireline intensity is very low, but
the ecosystem is usually very slow to recover as the organic matter in the soil is
consumed in a high severity fire.

Burn severity can be assessed remotely from satellite or airborne imagery in
conjunction with field sampling (see further discussion in Chap. 12). This process is
aided by the availability of repeated imagery over the same location, and mapping
from satellite imagery can be done relatively quickly and consistently over large
areas. However, it is very important to be clear about what aspects of burn severity
are being assessed. Burn severity assessments are widely used to strategically target
post-fire rehabilitation and in long-term planning of vegetation management. Burn
severity can be forecast using topography, vegetation, and other variables (Dillon
et al. 2011; Parks et al. 2018). Many people have produced maps of high severity fire
potential (e.g., Holden et al. 2009; Keyser and Westerling 2017; Parks et al. 2018;
Dillon et al. 2011, 2020). Keyser andWesterling (2017) examined high burn severity
relative to interannual climate variability at a coarse spatial resolution. Parks et al.
(2018) mapped high-severity fire potential, but only for the western USA and only
for forest and woodland settings, while Dillon et al. (2011, 2020) mapped it for the
USA in all ecosystems at 30-m resolution. In Australia, change in the leaf area index
(dLAI) from pre- to post-fire has been used to map burn severity from satellite
imagery and from the ground (Boer et al. 2008). Using LAI has the advantage of

Fig. 9.19 Fireline intensity is related to the rate of heat release during fires and is correlated with
flame length. Soil burn severity reflects soil organic matter consumption as well as the heat flux, and
thus the temperature and duration of soil heating. (From Parson et al. 2010)
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linking directly to many different ecosystem process models of vegetation dynamics.
Other remote sensing approaches to assess fire effects have been used across the
globe (Gitas et al. 2012). Around the globe where people want to map fire effects,
they are using combinations of sensors and alternative approaches to field data
collection to support inferences to overcome the limitations of cloud cover and
particulates affecting image quality, scale, and the ecosystem effects they wish to
assess (Gitas et al. 2012).

All fires burn with a range of burn severity. Large fires have burned extensive
areas around the globe in recent decades, and are expected to increase in many, but
not all, areas in the future (Moritz et al. 2012; Dennison et al. 2014). Areas burned
with high severity are typically intermixed with unburned islands and areas burned
with low or moderate severity in forests (Kolden et al. 2015; Birch et al. 2015;
Krawchuk et al. 2016; Meddens et al. 2018). For example, large wildfires in the
Rocky Mountains and Southeastern U.S. typically have less than 33% of their area
burned with high severity (Birch et al. 2015; Picotte et al. 2016) and 7–10% of the
area classified as unburned (Meddens et al. 2018). Birch et al. (2014) found that the
proportion of area burned with high severity was not correlated with the area burned.
Even when large areas are burned in a single day, there are unburned islands and
areas burned with low or moderate severity as fires burn across complex topography
with varying wind and fuels. Birch et al. (2015) found that less than 15% of the area
burned with high severity except in the most extreme cases (Birch et al. 2015).
Spatial variability in fire intensity, weather, and vegetation—influenced by many
factors—results in spatial variability in fire effects and long-term ecological benefits
or detriments from fire. Understanding the factors influencing burn severity is
essential to assessing ecosystems’ vulnerability to wildfires now and into the future.
For more on burn severity, unburned islands, and how spatial heterogeneity of fire
effects influences landscape dynamics, see Chap. 12.

Soil burn severity (Fig. 9.20) is often assessed immediately after fires to deter-
mine soil erosion potential. As Parson et al. (2010) explained, in areas classified with
a low soil burn severity, some or all of the organic layers on the soil surface remain
after the fire so the surface appears brown or black. The organic matter in the soil is
largely unaffected because soil heating was minimal. Some areas may even be
unburned. In areas classified with moderate soil burn severity, fires have often
consumed most (up to 80% of the areal extent) of the organic layers on the soil
surface. The soil surface often appears to be blackened (charred) and gray with ash,
with much of the vegetation brown or black immediately post fire. The brown
needles and leaves that may fall to the ground can help protect the burned soil
surface from the impact of rainfall. In areas classified with a high soil burn severity,
the organic matter on and in the surface soil is often consumed, leaving behind bare
soil with a red hue from oxidized iron compounds, a lack of soil structure, and a
powdery feel. Soil burn severity has five elements (Parson et al. 2010, Fig. 9.20) that
can be assessed and mapped using satellite imagery complemented with field
assessments in the first few days or weeks after fires. These reflect the degree and
duration of soil heating:
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1. The amount and condition of ground cover. Surface litter and plants help to
protect the soil surface from raindrop impact and may keep sediment from
moving far in surface water, especially when more than 60% of the surface area
is covered (Pannkuk and Robichaud 2003).

2. Ash color and depth. These indicate soil heating and whether the surface organic
matter was consumed. Black and gray ash contain organic matter that is charred
but not consumed, whereas the organic matter in white ash has been consumed.

3. Soil structure. If the organic matter in the soil is consumed or heated too much, it
does not hold the soil aggregates together, will not hold moisture or nutrients, and
is not favorable for plant growth post fire.

4. Fine roots. These hold the soil together and can thus limit soil loss to wind and
water erosion post-fire. If fine roots are alive, vegetation is more likely to resprout
to help protect the soil surface and grow more roots to help hold the soil together.

5. Soil water repellency. Hydrophobic soils are less likely to absorb and hold water,
limiting infiltration and increasing surface runoff.

Most assessments of burn severity encompass vegetation as well as soil effects.
The visual appearance of the substrate, surface vegetation, and canopy vegetation
can be helpful for characterizing burn severity, and therefore the potential for soil
erosion and vegetation response (Fig. 9.21). Although measures of burn severity are
often summarized by class, continuous measures are preferable to support analysis
(they can always be grouped into classes) (Morgan et al. 2014).

The Composite Burn Index (CBI, Key and Benson 2006) was designed for quick
assessments of vegetation and soil burn severity and to assist in the interpretation of
remotely sensed images of burned areas. CBI values range from 0.0 to 3.0,

Fig. 9.20 Five different factors are considered in assessing soil burn severity: ground cover is the
amount and quality of the litter or other material covering the soil surface, ash color and depth is the
color (black, gray or white) and depth of ash, soil structure is related to the soil aggregates, roots is
the number and condition of the fine roots in the surface soil layers, and soil water repellency is an
indicator of the infiltration rate of water into the soil. (From Parson et al. 2010)
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Fig. 9.21 (a) Low, moderate, and high burn severity in high-density chaparral is judged from the
combined fire effects on the substrate, the surface vegetation, and the vegetation canopy. (b)
Similarly, low, moderate and high burn severity in high-density mixed-conifer forests is judged
from the combined fire effects on the substrate, the surface vegetation, and the vegetation canopy.
(From Parson et al. 2010)
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representing burn severities from unchanged to the highest burn severity possible.
The CBI is a composite of ratings for each stratum (substrate, low shrubs, small
trees, medium-sized, and large trees) with the observer rating qualitatively the degree
to which each was changed by the fire (Key and Benson 2006). The biggest flaw
with CBI is that field observers must estimate fire effects without knowing the
pre-fire site conditions. A CBI value of 2.25 is commonly used to differentiate
moderate and high burn severity inferred using indices of burn severity such as the
Normalized Burn Ratio (NBR), differenced Normalized Burn Ratio (dNBR), and
Relativized differenced Normalized Burn Ratio (RdNBR) (Dillon et al. 2011, 2020;
Key and Benson 2006; Miller and Thode 2007). CBI values of 2.25 or above reflect
some combination of consumption of >50% of fuels >7.5 cm in diameter as well as
>80% of fuels <7.5 cm in diameter, >95% alteration of foliage of shrubs and small
trees, and >85% of foliage on small, medium and large trees made black or brown by
the fire. Sikkink et al. (2013) and Kolden et al. (2015) have accumulated CBI data
collected from more than 3600 plots and made these readily accessible via the
Internet. Although the data are from many sites in the USA, the data are clustered
in a few geographic locations with data missing from many ecosystems. Dillon et al.
(2020) and Sikkink et al. (2013) improved upon the original CBI and GeoCBI
(De Santis and Chuvieco 2009) metrics by incorporating continuous measurements
rather than broad classes, and by recording the assessment for each individual
substrate and each vegetation strata (rather than a simple average CBI value that
had been used previously). This additional information aids interpretation as does
including fraction green and fraction charred (Hudak et al. 2007; Lentile et al. 2009)
(both can be scaled, meaning they can be readily interpreted on the ground and from
remotely sensed imagery with fine to coarse resolution), the size of the smallest
remaining twig in shrublands (Keeley et al. 2008), and other indicators of burn
severity. Dillon et al. (2020) emphasized that the choice of the index (e.g., RdNBR,
dNBR, NBR) and the methods for determining thresholds for severity classes should
vary with objective and application.

To advance understanding of how fire effects are related to fire behavior, we need
more data that are spatially coincident, physically-based, and readily measured on
the ground and remotely in quantitative terms (Kremens et al. 2010). Measurements
will be more valuable if they are made consistently, and the resulting data are widely
accessible for evaluating and testing models and thus furthering our understanding of
fire effects (Kremens et al. 2010). It is a major weakness of many fire ecology studies
that we don’t know when or how a site burned, yet we know that is important to the
fire effects.

Burn severity is related to fuels, topography, weather, and the climatic conditions
before and after a fire. The legacy of past disturbances and pre-fire vegetation also
influences how severely fires burn and what vegetation develops post fire. Dillon
et al. (2011, 2020) modeled high burn severity from satellite imagery for wildlands
in the 48 contiguous United States. They found that high burn severity was consis-
tently related to topography (especially elevation), vegetation, and fuel moisture.
Based upon western U.S. forests, Parks et al. (2018) argued that burn severity was
more strongly influenced by fuels and vegetation than by climate, in contrast to the
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influence of climate on annual area burned. These results have important implica-
tions, for they suggest that managing fuels can alter the effects, the “ecological
footprint”, of fires. Variability in climate and fire weather does influence the size and
severity of large fires (Birch et al. 2015; Dillon et al. 2011; Keyser and Westerling
2017), and it will likely be increasingly important as climate changes (Parks et al.
2016; Moritz et al. 2018). For more on this topic, see Chaps. 12 and 14.

9.7 Fire Effects on Animals

In Australia, three species of raptors, “fire-hawks”, purposefully ignite fires by
carrying burning sticks into unburned areas, just as indigenous humans have done
in many areas (Bonta et al. 2017). Why would this behavior be adaptive?

Fire can greatly alter both the habitat and habitat use by animals. Fire effects on
animals vary greatly among species, life history, specific habitat requirements, and
the environmental conditions before, during, and after fires, including fire behavior.
However, a few generalities can be made. First, the indirect effects of fire on animal
populations are usually more important than the immediate, direct effects. Second,
many animals have developed life-history strategies to avoid fires altogether, such as
lining in a location that is not likely to burn or to survive fires by fleeing from the
burned area or hiding in a safe location within the burn perimeter. Immediate, direct
effects of fire include both injury and mortality of individual animals due to heat
exposure and inhalation of hot air and smoke (See this chapter). Animal tissues, like
plant tissues, are damaged at temperatures well below that observed in flames.
Individual animals may die or be injured by smoke inhalation or heat from fires.
Unfortunately, data on fire-caused animal injury and mortality are limited, particu-
larly for the many invertebrates that contribute to biodiversity.

Indirect, long-term effects of fire on animal habitat influence long-term popula-
tion viability. Landscapes change as vegetation responds to the fire effects. Animals
may recolonize burned areas immediately or soon after fires. However, the degree to
which they do so can depend on the quality of the post-burn habitat, proximity to
source populations, and how vulnerable the animals are to predation. Many different
species thrive in burned areas. However, changes in fire regimes can often be
detrimental to long-term population viability if some aspects of needed habitat are
missing, and these are influenced by landscape heterogeneity. The Fire Effects
Information System (https://www.feis-crs.org/feis/, accessed 1 May 2019) provides
the most complete single source of information on fire effects on animals and their
habitat for North America.

Descriptions and maps of vegetation fuels are potentially useful for assessing
habitat for plants and animals. The structure of vegetation, including heights of
different layers above the ground and the size and arrangement of patches of
vegetation, is important to understanding fire hazard. They are also important to
animal use. Across the USA, fuels and vegetation are mapped and updated when
fires occur by the LANDFIRE program. The related understanding of vegetation
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structure and how fuels and landscapes change through time could be used more in
the conservation and management of animal and plant populations.

Here are some examples of fire effects on animals and their habitat. We empha-
size here the indirect effects (i.e., the habitat effects). The radiative heat flux from a
fire to an animal can be estimated using similar equations to those for humans (see
Chap. 10).

Thom et al. (2015) evaluated the implications of forest floor consumption and soil
heating for the survival of the Atala hairstreak butterfly (Eumaeus atala) pupae in
prescribed fires in sandhill pine forests in Florida (Fig. 9.22). Both the butterfly
species and the sandhill pine habitat are relatively rare today. This habitat historically
burned frequently. In the absence of fire in many recent decades, the host plants used
by the butterflies have declined in abundance. Butterfly pupae cannot survive

Fig. 9.22 Sandhill pine
forests (a) before and (b)
after prescribed burning for
restoring sandhill pine forest
in Fort Cooper State Park in
Florida. (c) The Atala
hairstreak butterfly and
other butterflies, birds and
many plants inhabit fire-
prone sandhill pine
communities in Florida.
Wikimedia commons
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exposure to temperatures over 50 �C, and thus to survive through fires, the pupae
must be either in unburned leaf litter or 1–2 cm or more below the soil surface when
forests burn. Butterfly eggs and larvae on host plants likely do not survive as they are
in the above-ground plants and thus likely exposed to temperatures greater than
350 �C. Based on their findings, Thom et al. (2015) suggested carefully timing
prescribed burning to favor host plants and perpetuate the sandhill pine forest
communities, and only burning a portion of any area containing butterfly colonies
to balance the beneficial effect of fire on the host plants while limiting the lethal
effects of fire (Fig. 9.22).

The short and long-term effects of fire on wildlife habitat are important for
understanding population response to fire. Many animals will eat the new tender
tissue of plants resprouting after fires even when they are unlikely to eat the same
plant as the plant matures (Fig. 9.23). Some forbs and shrubs fix nitrogen, and others
capture available nitrogen released after the fire as organic matter decomposes. Both
of these effects can result in higher protein content in plants as nitrogen is a key
component of proteins. Further, newly sprouted plants have less lignin and other
cellulose components so they can be readily digested. In many areas around the
globe, people burn to improve the quality of forage (grass) and browse (shrubs) for
domestic and wild animals. However, people need to burn enough patches at one
time, and enough patches over time that the animals and insects do not overuse the
freshly burned areas.

For animals, the vertical structure, interspersion of habitat needs (e.g., food next
to shelter), the season of fire relative to life history, and size of the habitat patch are
often more important than plant species composition except for species that are
dependent on particular plants. Fires alter vegetation structure. For instance, fires
may consume partially decayed logs on the ground that are often used by many
invertebrates, rodents, salamanders, and reptiles. However, fires also may kill or
injure trees that become standing snags that support insects and foraging birds, and

Fig. 9.23 Grasshoper
feeding on sprouts of the
shrub, Pterospartium
tridentatum, 6 months after
prescribed fire in a heathland
of the Alvão Natural Park,
northern Portugal.
(Photograph by Paulo
Fernandes)
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birds that excavate cavities for nests. Snags and logs provide important habitats for
many different birds, small mammals, insects, and other species. Refugia are espe-
cially important for unburned or lightly burned areas within large fires, which can be
the locations where animals survive fire and recolonize burned areas. Thus, land-
scape heterogeneity through time is important to population viability, but what size
and pattern of burned and unburned patches are needed is not well understood for
many species. What is ideal for some (e.g., those needing large areas far from edges)
may not be ideal for others (e.g., those needing small openings and edges). In the
absence of such information, many managers rely upon the historical range of
variability as a clue to what species may need in the future (see related discussion
in Chap. 12).

Tingley et al. (2016) found that pyrodiversity supported avian diversity
(Fig. 9.24). Using bird observations 1, 5, and 10 years after 97 fires in California,
they found the greatest diversity in bird species occurred in areas that burned as a
mixed-severity fire. With time, bird species composition became increasingly dis-
similar in burned and unburned areas. They suggested that birds respond to the
vegetation structural changes in forests post fire, and burn severity altered the
vegetation trajectories. Similarly, Ponisio et al. (2016) found more pollinators,
more plants, and more plant-pollinator interactions in mixed-conifer forests in
Yosemite National Park in California in areas burned with variable fire frequency
and burn severity. In contrast, bird diversity was not favored by pyrodiversity in
Australia’s mallee, a fire-prone ecosystem dominated by Eucalyptus spp. trees where
bird species diversity did not vary with varying fire frequency (Taylor et al. 2012).
There, birds preferred old forests over recently burned areas. Similarly, reptiles did
not differ. Taken together these two examples suggest that pyrodiversity can favor
biodiversity. However, these effects will vary with the particular animals, habitat
preferences, time between fires, burn severity, and the influence of drought or other
climatic factors. Davies et al. (2018) found that in an experimental area in northern
Australia burned with different fire frequencies, small mammal diversity was highest
at intermediate fire frequency. This is consistent with the intermediate disturbance
hypothesis (Huston 2014). However, Davies et al. (2018) reported that different
species of small mammals had different optimal fire frequencies. Davies et al. (2018)
cautioned that simply increasing pyrodiversity will not benefit all species. Similarly,
Farnsworth et al. (2014) found that reptile diversity did not differ amongst land-
scapes with different fire frequencies in semi-arid Australia. Bowman et al. (2016)
linked fire regimes and food webs, thus highlighting how herbivory and fire interact
with vegetation heterogeneity which in turn affects habitat for animals and subse-
quent fires (Fig. 9.25). Animal and plant viability in habitats that burn is influenced
by metapopulation dynamics which explains how individual subpopulations may be
reduced (e.g., in a burned patch that is temporarily unfavorable habitat) and then
recolonized from a nearby subpopulation in an area burned differently (perhaps a
few years earlier, perhaps unburned) from which individuals may disperse. Luce
et al. (2012) described examples where fish and other fauna recovered very quickly
in stream reaches severely impacted by fires (stream reaches are segments of
streams). Such recovery was only possible, however, where the severely burned
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reaches were connected to refugia from severe fire effects. Further, the degree of
connectivity depends on how individuals of each fish species move between stream
reaches and how the stream and disturbance characteristics influence how suitable
different stream segments are as habitat.

In many areas where fires have been less frequent than historically, woody
vegetation has increased, and landscapes have become less patchy. Past land uses,
such as agriculture, logging, and roads, have fragmented the landscape in other
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Fig. 9.24 Pyrodiversity begets biodiversity. (a) Bird species richness is higher in more diverse
landscapes, and (b) bird communities differ with burn severity soon after fires but become more
similar with time. (From Tingley et al. 2016)
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areas. Fires can be part of management that can increase the habitat values. However,
burned areas need to be a large enough proportion of the landscape that the animals
don’t concentrate on burned areas and use them so heavily that plants are unable to
recover from the combined effects of fire and herbivory. Many animal populations
and communities suffer in the absence of fire if the habitats they depend upon
degrade in quality food and shelter, or the surrounding landscape becomes homo-
geneous and therefore provides some but not all qualities of habitat a given animal
needs. For instance, longleaf pine forests of the southeastern USA support very high
biodiversity, but only when frequently burned (Fig. 9.26). Management of longleaf
pine forests for red-cockaded woodpeckers, gopher tortoises, and many other wild-
life and plant species that are threatened or endangered has led to widespread efforts
to restore forest structure and composition (Fig. 9.26). In the absence of fire, habitat
for these species degrades, while frequent fire favors open pine forests with diverse
understory plants (Van Lear et al. 2005). The plant species richness increases with
frequent burning, especially if there are some unburned islands.

9.8 Implications and Management

Given the importance of forests to biodiversity, clean water, carbon sequestration,
and other ecosystem services, many have called for increasing the area of forests,
managing existing forests well to avoid losses to insects, fire and other disturbances,
prompt tree regeneration, and use of wood for biomass and building (McKinley et al.
2011), while others are calling for greatly increasing the pace and scale of forest
restoration for resilience and provision of ecosystem services. Forests will burn, so
actively managing them for resiliency to future fires is important. Restoring the
resilience of forests to future fires through both thinning and burning through
managed fires is projected to favor long-term carbon balance over space and time
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Fig. 9.25 Herbivory can interact with fires to alter vegetation patterns which in turn alters the way
fires influence vegetation diversity. Bowman et al. (2016) emphasized the importance of interac-
tions of food webs and fire regimes in influencing vegetation. Note that herbivory can reduce
biomass that can fuel fires and can increase fine-scale heterogeneity. (From Bowman et al. 2016)

300 9 Fire Effects on Plants, Soils, and Animals



in ponderosa pine and other forests by reducing the severity of future wildfires and,
therefore, the mortality of large trees and the variability in forest productivity at
landscape scales (Hurteau and Brooks 2011).

Here we discuss three different implications and related post-fire considerations.
These include vegetation trajectories (this is succession) and post-fire soil and
vegetation treatments, most of which are designed to limit soil erosion potential.
We also address the issue of how much high severity fire is desirable or natural.

Fig. 9.26 Longleaf pine forests of the southeastern United States are biodiversity “hotspots” for
they can support many plants and animals that are otherwise uncommon. (a) Many of these forests
are managed to protect and enhance wildlife. (b) Many birds and plants benefit from the frequent
prescribed burning required to maintain the open stands of pine. (c) The holes that red cockaded
woodpeckers (Leuconotopicus borealis) excavate in live longleaf pine trees provide habitat for
them and for many other cavity-nesting birds. (d) Gopher tortoises dig deep burrows that are also
used by many snakes and other animals as shelter, greatly adding to the biodiversity in these forests.
(All photographs by J Morgan Varner at the Tall Timbers Research Station, Florida)
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9.8.1 Vegetation Trajectories

Post-fire vegetation trajectories depend on burn severity, vegetation type, and time
since fire (Fig. 9.27, Bright et al. 2019). Areas burned with high severity have, by
definition, experienced greater change and may take longer to recover than similar
areas burned with low severity (Abella and Fornwalt 2015), especially if high
severity patches are large enough to limit seed rain from surviving vegetation.
Fires seldom consume all above-ground biomass, and many seeds or other meriste-
matic tissue survive, especially where burn severity is low or moderate. One year
after nine forest fires in boreal forests in Alaska, and mixed-conifer forests in
Montana, Idaho, and California, Lentile et al. (2007) concluded that understory
plant species abundance and diversity were lowest in areas burned with high severity
compared to those burned in the same area by moderate or low severity fires.
Sampling in many of the same fires in Montana 10 years later, Strand et al. (2019)
concluded that burn severity along with climate influenced plant species richness and
diversity. The highest plant species diversity both 1 and 10 years after fires were
observed in areas burned with moderate severity. Likely this is because areas burned
with mixed-severity had diverse microsites suited to survival and establishment of
many different plants post fire. One year after fires, areas burned with moderate burn
severity included a very fine-scale intermix of areas burned with high soil burn
severity (e.g., under rotten logs and old stumps that consumed), others burned with
moderate and low soil burn severity, and unburned areas (e.g., skipped by fires).
Strand et al. (2019) found few differences in understory plant species richness and
diversity 10 years after fires, with the post-fire cover similar to pre-fire cover.
Recovery was slower on areas burned with high severity, especially in large patches
burned with high severity, and these areas had more off-site and residual colonizers
(i.e., plants that resprouted from buds or established from seeds that survived the fire)
(Bright et al. 2019). That is consistent with the observation by Lewis et al. (2017)
that the cover of green vegetation detected from satellites had increased since
immediately post-burn and was similar at about 60% on all burned areas, regardless
of burn severity, though it took twice as long to develop on sites burned with high
severity compared to sites burned with low severity. These results suggest that burn
severity was quite important in the vegetation composition and structure in the early
years post-fire. However, the areas burned with different soil burn severity became
more similar in the decades post-fire.

Long-term vegetation trajectories post-fire often depend on what plants survive
fires or establish post fire. If they are abundant, shrubs and trees often dominate the
understory vegetation through time. For instance, in Florida sand pine ecosystems,
high severity fires are characteristic, Freeman and Kobziar (2011) found that herba-
ceous species cover was highest 1 and 2 years after plots burned with moderate
severity in a wildfire. More sand pine seedlings established after high severity fire,
especially when the pre-fire trees were mature. They expected the differences in oak
and sand pine abundance to affect the development of both vertical structure and tree
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Fig. 9.27 How severely an
area burns, and therefore the
degree of ecological change
from pre-fire, influences (a)
post-fire vegetation
trajectories, here quantified
as the recovery of
normalized burn ratio
(NBR) relative to the
immediate post-fire value.
Lines are means with bars
showing one standard
deviation above and below
the mean. (b) Fewer of the
patches burned with high
severity had recovered to
pre-burn Normalized Burn
Ratio values 9–16 years
after fires compared to those
burned with moderate or
low severity burns. Data are
from 8 fires in the western
USA that burned during the
years 2000–2007. Numbers
above the bars are the years
post-fire. (From Bright et al.
2019)
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and shrub composition, with these long-term community differences likely to alter
the effects of subsequent fires.

Fires may foster the coexistence of many different species if there are areas in a
landscape that are unburned along with others that vary in the time since fire and in
the effects of those fires. In many ecosystems, the plants that establish post fire are
the ones that were present prior to the fire. In Alaska, areas burned with high severity
often support aspen (Populus tremuloides) while black spruce (Picea mariana)
forests that burned less severely were more likely to return to dominance by black
spruce, likely because of the differences in microsites that resulted from the fires
(Johnstone and Kasischke 2005).

Stevens-Rumann et al. (2018) found that post-fire tree regeneration was variable,
with few or no tree seedlings on warm, dry sites sampled 3–28 years following
62 large forest fires in the northern Rocky Mountains of the USA. Areas burned with
high severity had many burned areas far from seed source trees. Stevens-Rumann
and Morgan (2019) found similar patterns in their review of field studies on
152 large forest fires across the western USA, echoing similar observations in the
Mediterranean region and elsewhere (Pausas et al. 2009) (see Case Study 12.3 for a
related discussion of post-fire tree regeneration (or lack thereof) in recent large forest
fires). If trees fail to regenerate in sufficient abundance post fire, forests are replaced
by shrublands, woodlands, and grasslands. These ecosystem changes may be accel-
erated by climate change (Stevens-Rumann et al. 2018; Walker et al. 2018; Davis
et al. 2019).

Dodson et al. (2010) found that post-fire mulching treatments applied to reduce
soil erosion altered vegetation recovery in forests 2 years after agricultural straw
mulch was applied to burned areas. They found higher plant cover and species
richness as well as more tree seedlings where mulch covered less than 40% of the
ground, but in areas with mulch more than 5 cm deep in the second year after fire,
there were few plants. Succession following fires follows multiple pathways
(Cattelino et al. 1979), as the vegetation structure and composition at the time of
the fire greatly influences what is there after the fire.

The legacy of past fires influences vegetation structure and composition, and
therefore how the next fire burns. Burn severity also influences what survives to
regrow and what will colonize burned areas, while also influencing the microsites
available for plant establishment. This varies with site productivity, burn severity,
and time since the previous fire. The legacy of past fires influences future landscape
dynamics as they are shaped by fire, people, topography, vegetation, and climate (see
related discussion of repeated fires in Chap. 12). Other disturbances before or after
fires can also alter post-fire vegetation trajectories, and these vary with site produc-
tivity. After all, that is the goal of fuel management (see Chap. 11) and other
vegetation management treatments.
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9.8.2 Post-fire Soil and Vegetation Treatments

Managers conduct many different types of treatments to reduce potential negative
impacts of fires on ecosystem goods and services and communities following a fire.
Treatments designed to limit soil erosion potential, including seeding and mulching,
may be applied within the first few days or weeks following fires. Many burned areas
are also planted with tree or shrub seedlings or seeded with grass with the goal of
speeding or otherwise managing vegetation post fire (See Case Study 12.3). Salvage
logging is done on some sites to recover some of the economic value of logs from
trees killed or severely damaged by fire (these are judged to be likely to die soon
from injury). However, ecosystems often recover from fires without treatments.
Treatments can be expensive and may have unintended consequences, so they
should be strategically applied only where they are most needed to protect values
at risk.

Mulching can be very effective in stabilizing soil post fire when mulch is spread
to cover bare mineral soil to limit soil erosion potential (Bautista et al. 2009;
Wagenbrenner et al. 2006; Williams et al. 2014). Mulch can immediately cover
bare soil but may not be needed where litter, logs, trees, or other vegetation already
provide at least 60% ground cover needed to limit soil sediment movement (Pannkuk
and Robichaud 2003). Mulching treatments are expensive, so they are typically
strategically targeted where they will help to limit the exposure of values at risk, such
as buildings, road infrastructure, and high-quality aquatic habitats (Bautista et al.
2009; Williams et al. 2014), and where high-intensity rainfall events are likely to
occur soon after an area burns and before vegetation can establish and grow in
abundance (Dodson and Peterson 2010; Robichaud et al. 2013a, b). Mulching
treatments are commonly focused on large areas burned with high soil burn severity
on steep upper slopes and other locations where soils are highly vulnerable to
erosion. Mulching is often done with agricultural straw but also with wood shredded
from nearby trees or wood straw derived from waste from lumber manufacturing
(Robichaud et al. 2014), but can also be accomplished with wood chips, pine
needles, and other materials (Bautista et al. 2009). There have been few studies of
the long-term effects of post-fire mulching treatments on vegetation response.
Bontrager et al. (2019) sampled six different large forest fires 9–13 years after
mulching with agricultural straw in the western USA. They found no differences
in understory plant species diversity and richness nor tree seedling density when they
compared pairs of otherwise similar sites that were mulched or not immediately post
fire. Compared to similar plots within the same burn with little or no mulch, Dodson
and Peterson (2010) found less plant cover where mulch cover exceeded 70% of the
ground. Dodson and Peterson (2010) found that non-native species were abundant
2 years after mulching on the Tripod fire that burned large areas of mixed-conifer
forest in Washington, but Bontrager et al. (2019) found few of the same non-native
species 10 years later. Together these results suggest that mulch treatments with
agricultural straw can effectively increase ground cover post fire to reduce soil
erosion potential while not significantly altering post-fire vegetation trajectories. In
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contrast, Beyers (2004) and Kruse et al. (2004) found that 2 years after mulching
with agricultural straw applied immediately after fires, mulched areas had fewer tree
seedlings, less abundant understory vegetation with more non-native species in
comparison to similar areas that were not mulched. Although the mechanisms
responsible for driving the variability in treatment response remain unknown, local
knowledge and judicial monitoring of treatments can be used to support long-term
adaptive management following a fire.

Broadcast seeding is one of the most widely applied treatments post-fire to reduce
soil erosion potential by increasing post-fire vegetation cover (Peppin et al. 2010;
Robichaud et al. 2013a, b). Often, grasses are seeded by hand or from the air as part
of post-fire wildfire rehabilitation. Peppin et al. (2010) reviewed 94 studies of post-
fire seeding conducted in the western USA in both forests and rangelands. Recent,
well-designed studies showed that grass seeding was ineffective at reducing soil
erosion (Peppin et al. 2010). Furthermore, 62% of the studies suggested that seeding
(mostly done with non-native species) reduced native plant abundance though there
are few long-term studies. Seeding done with native, locally adapted seed sources is
often recommended as it may be less likely to alter the post-fire recovery of native
species. However, native seeds that are certified weed-free can be expensive and may
be limited, especially when multiple large fires increase the demand. Morgan et al.
(2014) described the Umatilla National Forest native seed program where managers
collect seeds of native grasses, then contract with local farmers to plant it to produce
more seeds for use on areas burned on the National Forest or to be sold for use
elsewhere.

Strategically deciding whether or not to apply treatment post fire, and what to do
where, can be informed by careful mapping of burn severity and field reconnaissance
(Parson et al. 2010) combined with available predictive tools, local knowledge, and
experience (Robichaud et al. 2014). Relying on natural recovery without post-fire
treatments is often recommended, but local management objectives and conditions
should guide such decisions. Typically, less than 5% of burned areas are treated with
emergency stabilization and rehabilitation. This reflects expense and the focus on
large patches burned with high severity where soil erosion potential is high (e.g.,
steep slopes with highly erodible soils and high potential for high-intensity rainfall).
With time, with or without treatment, soil erosion potential declines as more
vegetation and litter cover the soil, soil water repellency decreases, and reduced
sediment is available as organic matter in the soil increases (Scott et al. 2009).

Planting of tree seedlings post-fire is done where policy and management objec-
tives require replacing trees killed by fires. Although managers commonly favor
natural regeneration from surviving on-site trees, they may decide to plant to ensure
that future forest achieves the desired density or species mix within a specified
timeline. As Stevens-Rumann et al. (2018), Stevens-Rumann and Morgan (2019),
and North et al. (2019) suggested, planting of tree seedlings needs to focus on those
species and sites where planting is more likely to be successful. Successful tree
regeneration is less likely (or unlikely) on the hottest and driest sites, sites with
competing vegetation, and in areas likely to burn again before tree seedlings can
grow to a size to survive fires (See Case Study 12.3). Planting with low and variable
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density could foster spatial heterogeneity with multiple benefits, such as for wildlife,
and increased resilience to future fires (North et al. 2019). Certainly, the likelihood
that the plantation will burn again should be considered. Prescribed burning within
the young stands may be needed to help manage the fire hazard within these valuable
assets, even if there is some mortality. In Portugal, pine plantations previously
treated with prescribed burning experienced decreased burn severity when encoun-
tered by wildfire (Espinosa et al. 2019). Burning within plantations can increase
within-stand heterogeneity, help manage stand density, and reduce fuels (Fernandes
and Botelho 2004; Kobziar et al. 2009; North et al. 2019). Mechanical thinning with
or without mastication of the resulting fuels is often done in pine plantations in many
locations globally. See Case Study 12.3 for discussion of tree seedling regeneration
and related post-fire planting strategies informed by science and the experience of
managers. See the discussion about mastication as a fuels treatment in Chap. 11.

Salvage logging post fire involves the removal of merchantable trees that are
dead, often from fire but also from bark beetles or other disturbances. Salvage
logging can be controversial for multiple reasons. The wood does have value and,
therefore, can be economically valuable. The timber loses value quickly, so salvage
logging is often done soon after the trees die, and sometimes includes trees that were
injured and judged likely to die soon. There is little evidence that salvage logging
significantly reduces fire hazard if fuels created by logging are treated promptly
(Fig. 9.28, Peterson et al. 2009). Compared to areas not salvaged and planted, areas
salvaged and planted with trees after the 1987 Silver Fire in Oregon burned some of
the same areas more severely in the subsequent 2002 Biscuit Fire (Thompson et al.
2007). Because many woodpeckers and other birds nest and feed in large-diameter
snags, salvage logging, which targets the removal of these large dead trees, can
greatly reduce their habitat. Salvage logging using existing road networks, on snow,
and with low-impact machinery can minimize soil compaction and disturbance that
could lead to erosion. Salvage logging is often focused within areas burned with
moderate to high severity as that is where there are higher proportions of trees killed.
Given the variety of terrain, fire effects, and salvage logging approaches, careful
monitoring and more studies are needed to understand both short and long-term
effects of post-fire salvage logging.

9.8.3 How Much High Severity Fire Is Natural or Desirable?

Areas burned with high severity, especially in large patches, will always be of
concern. By definition, these are areas with a high degree of ecological change
due to fire. The ecological changes associated with high severity fire are associated
with a variety of negative and positive ecological and social effects, depending on
what fire effect is being assessed and what time frame it is being assessed over.
Indeed many plants and animals thrive in areas burned with high severity (DellaSala
and Hanson 2015; Hutto et al. 2016), and so it is unfortunate that the term “severe”
sounds disastrous.
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Certainly, all wildfires include at least some areas burned with high severity, and
no doubt fires always had some areas burned with high severity. However, with
changed fuels, increasing the likelihood of extended and warmer droughts with
changing climate, and with increasingly homogeneous fuel conditions in many
areas, we can expect many more and larger areas to burn with high severity.
Increasing the area burned under less extreme conditions of weather and fuels

Fig. 9.28 Salvage logging post fire can reduce the number of dead trees (known as snags), but fire
hazard is less likely to increase as a result of salvage logging if fuels from logging are treated
immediately after logging. (From Peterson et al. 2009)
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could reduce the probability that areas will burn with high severity in the future. How
much high severity fire is natural or desirable has and will be debated by both
scientists and managers (Moritz et al. 2018). However, there is no shortage of area
burned severely as many very large patches have burned with high severity in recent
decades. The more relevant questions are about the spatial pattern and post-fire
management within these large patches.

Pausas et al. (2009) reviewed fire effects in forests and shrublands of the
Mediterranean. They concluded that some areas are sensitive to high severity fires
as indicated by soil loss and long-term change in vegetation, but many ecosystems
are quite resilient to high severity fires, such as cork oak (Quercus suber) woodlands.
Ecosystems are less resilient where human actions have greatly altered them. The
implications of changing climate and fuels (or both) for fire size, burn severity, and
other fire effects are discussed in detail in Chap. 12.

9.9 Conclusions

The effects of fires on plants and soils depend on the fire behavior, the transfer of
heat energy from the fire, the properties of organisms and the soil, and the environ-
ment. Understanding convective, radiative, and conductive heat transfer is critical
for estimating many fire effects, including plant mortality, soil heating, nutrient
availability, and post-fire soil erosion potential. Plant functional traits, especially
those related to regeneration, are especially useful in predicting post-fire plant
response (Sect. 9.3).

There is a pronounced legacy of prior fires that influences what grows and
dominates after fires and, therefore, both vegetation trajectories and ecosystem
processes. Future fires will interact with topography and heterogeneous vegetation
as they burn across landscapes as influenced by the weather.

Fuels management, including the use of prescribed and managed wildfires, can be
used to strategically influence fire and fire effects. Prescribed burns often result in
less fuel consumption and soil heating than wildfires, and thus reflect ways in which
we can use fire and fuels treatments to alter vegetation response and fire effects (see
Chap. 11). What we do during and after each fire will be part of what will influence
the behavior and effects of the next fire.

9.10 Interactive Spreadsheet:
CONDUCTION_Soils_Plants

We encourage readers to use the interactive spreadsheet, CONDUCTION_Soils_
Plants_v2.0, to explore how varying intensity and duration of fires can alter the
degree of soil heating at different depths (Fig. 9.8). Why does soil heating depend so
much on smoldering combustion? The graphs for different conditions can be readily
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compared, as can the implications for the temperature and duration of soil heating
(Fig. 9.7) to draw some inferences about the ecological implications of different
burning conditions.
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Chapter 10
Fire and People

Learning Outcomes
After reading this chapter, you should be able to

1. Build a table of costs and benefits of fires and then describe in your own
words how you think those can be balanced to inform people making
decisions about fires,

2. Articulate how smoke can compromise human health and name several
strategies for reducing the vulnerability of people to smoke from fires,

3. Develop three short statements you can use to inform people about fire, and
for one of them how you will adapt them to communicate with people from
different perspectives within wildland-urban interface communities, and

4. Explain, based on the fire science you learned in this and previous chapters,
one strategy for protecting fire fighters and other people and their homes
and communities from fires long-term.

10.1 Introduction

Humans have long used, valued, and feared fire. Fires have been part of the Earth’s
system for millennia (Fig. 2 in Introduction to this textbook), and people have long
influenced how fires burn. People often aggressively suppress fires, usually out of
fear of how fire will affect them or those people and resources they care deeply
about. People also ignite fires, sometimes accidentally and sometimes on purpose,
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and people make tremendous efforts to control fire and fire effects. In all human
cultures, fire is a symbol of power, warmth, and renewal.

“Fire is a bad master but a good servant”. This old saying, and similar sentiments
deeply rooted in many different languages, reflect the complex realities of fire. Fires
can threaten people and property, yet people can use their understanding of fire to
mitigate such threats. People are often affected by fires and smoke, yet people also
value the ecosystem services that fires often maintain and sometimes enhance. For
instance, fires consume fuels that otherwise accumulate and can lead to future high-
intensity fires. Many plants and animals survive and thrive after fires. However, fires
can also have negative impacts on the things people value.

Living with fire depends on taking action based upon a sound understanding of
fires behavior and effects. Some people suggest that we learn from Indigenous
cultures about fires (See Sect. 10.5 and Case Study 13.7). As climate changes,
both traditional knowledge and scientific knowledge about fire and ecosystems can
help people coexist well with fire (Moritz et al. 2014; Schoennagel et al. 2017).

Fires are what people make of them, and fires will reflect how people perceive
them. Thus, although fires are biophysical processes, they are influenced by the
social, political, economic, and cultural context in which they occur. The success of
fire suppression policies and tactics to protect people and homes can paradoxically
lead to the accumulation of fuels that can increase the intensity of subsequent fires.
Thus, the fear of negative consequences of fires has led people to make policies and
take actions that can lead to fires that adversely affect people. Integrated fire
management (see Chap. 13) seeks to increase positive and decrease negative impacts
of fires. This often involves balancing the need to protect people and property from
fires with the ecological imperative of fires burning.

How do people value the costs and benefits of fire, including ecosystem services?
How are people affected by and what will protect fire fighters and other people from
heat during fires? How can people reduce the likelihood that their homes will burn in
wildfires? The smoke that commonly spreads far from the flames can endanger
human health, so how can we manage smoke while using fire proactively and
effectively? How might individual people and the communities we live in become
fire-adapted so that we can live well with fire? How can we reduce vulnerability and
increase the resilience of social-ecological systems to fires? How might we learn
together, and how can traditional ecological knowledge complement science to help
people? We address these questions in this chapter. We don’t review all of the ways
fires and smoke affect people. Instead, we highlight important concepts and how
they are linked to fire behavior (Parts I and II, including Chaps. 1–5, 7, and 8), and
ultimately to fire effects (Chap. 9), fuels management (Chap. 11), changing fire
regimes (Chap. 12) and integrated fire management (Chap. 13).

10.2 Different Perspectives About Fire

The relationship between fire and people can be complicated because there are
different perspectives. Much active research in social science and environmental
economics is devoted to this topic. Here we present different perspectives, starting
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from those emphasizing the adverse effects of fire, focusing on wildfire damages and
other changes due to fire, to those including the beneficial effects of fire under a more
comprehensive perspective.

10.2.1 Fire as a Disaster and Change Agent: Vulnerability,
and Resilience

This perspective of viewing wildfire only as a hazard is common to the approaches
used for other natural hazards, like floods or earthquakes. Many of the concepts and
terminology agreed upon internationally provide a common understanding for use
by the public, authorities, and practitioners (UNISDR 2009) and allow for the
development of indicators to measure global progress in implementing the Sendai
Framework for Disaster Risk Reduction 2015–2030. The perspective of fire as a
disaster focuses on the negative effects of wildfires. Extreme wildfires represent
disasters when they lead to human, material, economic, and environmental impacts.
However, this perspective typically does not take into account the possible benefits
that fires can also provide. Alternatively, we can view fires as agents of change that
can have both positive and negative effects.

Fires change system values, as fires affect people, infrastructures, and ecosys-
tems. The degree to which the system is affected depends upon its exposure and
vulnerability. The fraction not affected is the resistance of the system to the event.
The accumulated change is a function of the value of the system, its exposure and
vulnerability to the event, and the recovery time (Fig. 10.1). Resilience is the ability
of a system, community, or society exposed to hazards to resist, absorb, accommo-
date, adapt to, transform and recover from the effects of a hazardous event in a timely
and efficient manner (UNISDR 2009).

The vulnerability of people to fires varies widely. Vulnerability to wildfire and
peoples’ ability to adapt to fire often varies with race, ethnicity, and economic
capacity (Davies et al. 2018). Wildfire vulnerability increases when and where
large fires result in large areas burned with high severity. Both social factors and
fire behavior and size influence the vulnerability of both individuals and the com-
munities they live in. Older adults are especially vulnerable to both fire and smoke,
as is anyone who is not very mobile and has limited financial and social resources.

Resilience depends on the adaptive capacity of people to prepare for, live
through, and recover from wildfire (Holling 1985). Resilience will be different for
different people and places. Globally, 55% of the world’s people live in urban areas,
as many people have left many rural areas (UN 2018). North America is mostly
urban (82% of all people live in cities), while Africa is mostly rural (43% of people
live in urban areas). Abandoning marginally productive agricultural lands increases
fuels and fire hazard in many places. Many poor people are so vulnerable that
wildfire events can be both devastating and difficult to recover from. Resilience
depends on socioeconomic resources, including insurance. Families who rent rather
than own their homes may not be eligible for the federal and state funding designed
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to help people recover from fires (Davies et al. 2018). Sadly, many Native Ameri-
cans, especially those living on reservations, are vulnerable to fire. Early settlers of
central North America learned about fires from Native Americans, and many tribes
now are innovative in their use of fires. White people of higher incomes are more
likely to live in communities with adaptive capacity for fires. Some rural areas, often
described as “amenity communities”, are growing fast because they are attractive for
recreation and second and third homes.

Recognizing, adapting, and mitigating risks are critical for increasing the resil-
ience of social-ecological systems to fires (Smith et al. 2016). For communities to
become more resilient, Schoennagel et al. (2017) emphasized the concept of “adap-
tive resilience” based on recognizing both the potential and the limitations of fuels
management, acknowledging the vital role of wildfire in maintaining many ecosys-
tems and ecosystem services, and embracing new strategies for living with fire.
Understanding fire and smoke can help communities develop local strategies to
become fire adapted. Outreach advisors working with communities long before and
long after fires can aid preparations and recovery and share the messages that fires
have benefits as well as costs. Communicating in ways that are meaningful depends
on recognizing and appreciating who is listening and when. People vary in their
attitudes about fire and protection strategies. Engaging people effectively depends on
listening well, understanding, and messaging.

System
value

Accumulated
change

Instantaneous
change

Value at
risk

Recovery
time

Resistance

Event Event
TimeReturn interval

Fig. 10.1 Fires result in changes in system values. The accumulated change (shaded area) depends
on the instantaneous change and the recovery time. The recovery rate (instantaneous change/
recovery time) is a fundamental indicator of the capacity of the system’s resilience. The fraction
changed is an indicator of its vulnerability. Originally developed for fire as a damaging agent, we
adapt this perspective to recognize that fires can have both positive and negative effects. Then,
vulnerability and resilience are evaluated relative to change due to fires, whether those are positive,
negative, or both. (Adapted from Rego and Colaço 2013)
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10.2.2 The Economic Perspective: Costs of Pre-suppression,
Suppression, and Net Value Changes

A second perspective about fires comes from the economic models used to evaluate
wildfire management programs. Sparhawk (1925) focused on minimizing costs and
losses due to fire. Optimal program levels were based on the trade-offs between
pre-suppression costs (fire management costs before fires), suppression costs (during
fires), and losses due to fires. According to this model, the optimum pre-suppression
budget is the value that minimizes total cost plus losses due to wildfires (Fig. 10.2).

This Least Cost plus Loss model has many drawbacks that limit its practical use.
In particular, it is challenging to estimate wildfire damage, or even area burned, only
as a function of the pre-suppression budget. The assumptions of the models are
difficult to verify and many other factors are involved in the outcome. In the USA,
area burned has increased in recent decades with increases paradoxically paralleling
investments in fire suppression (Fernandes et al. 2020, Fig. 10.3). Further, while
these analyses may indicate how much pre-suppression resources are optimal, the
approach does not guide allocating to the many pre-suppression activities that can
take place. Although this model has evolved through time (e.g., Gorte and Gorte
1979), in its initial formulation the possible benefits from fires were not considered.

The recognition that some effects of wildfire can be beneficial (e.g., fuel con-
sumption and ecological benefits) led to the development of more comprehensive
economic models under the concept of Cost plus Net Value Change (C + NVC)
model (Donovan and Rideout 2003). The Net Value Change (NVC) is the difference
between losses and benefits to the resource resulting from the fires. The
pre-suppression and suppression costs are considered as independent inputs,
whereas only pre-suppression was independent in the previous model. The economic
analysis of the efficiency of fire management programs is now generally evaluated
by this C + NVC model (e.g., Thomas et al. 2017) with resources allocated
accordingly (Fig. 10.4). Still, determining the optimal mix of fire-fighting resources
for a given fire management program is a necessary condition for identifying the

Costs
and
Losses

Optimal
resource
allocation

Pre-suppression budget

Cost plus Losses

Cost (pre-suppression)

Losses (damage and
suppression)

Fig. 10.2 Least Cost plus Loss model for fire management (Sparhawk 1925). The optimal resource
allocation for the pre-suppression budget minimizes total Cost plus Losses
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Fig. 10.3 Observed (dots) and smoothed (lines) area burned in the USA and costs of fire
suppression (1985–2018, adjusted for inflation) based on data from the National Interagency Fire
Center. (From Fernandes et al. 2020)
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Fig. 10.4 The Cost plus Net Value Change (C + NVC) model for fire management with the
indication of the optimal resource allocation for the Suppression Costs, considering Pre-suppression
Costs separate from Suppression Costs. The total Cost plus Net Value Change is obtained by adding
Pre-suppression and Suppression Costs to the Net Value Change resulting from the wildfires.
(Redrawn from Donovan and Rideout 2003)
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minimum of the Cost Plus Net Value Change (C + NVC) function (González-Cabán
et al. 1986; Mavsar et al. 2010).

The C + NVC model has been widely applied in strategic budgeting in fire
management and has integrated benefits from fire and ecological restoration
(Rideout et al. 2014, 2017). However, this is challenging as fire management
includes multiple objectives. The costs associated with suppression are often easier
to estimate than the other costs that may be 2–30 times than the fire suppression
(AFE and IAWF 2015). The costs associated with fire management include a diverse
array of activities from prevention (including personnel, education, training, detec-
tion, enforcement, and equipment), to mitigation (including personnel, fuels man-
agement, insurance or disaster assistance), and suppression (including personnel,
equipment, training), and post-fire management, as well as legal issues and regula-
tions. This complexity increases when considering the direct and indirect costs of fire
management and fire effects in the wildland-urban interface (WUI) fires (Thomas
et al. 2017). In WUI fires, because of the people and property values at risk, the
tactics and the costs of fire suppression are very different from those in fighting
remote fires; WUI fires account for as much as 95% of suppression costs
(Schoennagel et al. 2017) and risk to fire personnel.

Fires have sometimes burned electrical power lines and other infrastructure.
Sparks from electrical power lines have ignited fires during windy, dry conditions,
and the companies distributing electricity have been sued for related fire damages.
As a result, Pacific Gas and Electric stopped providing power during high fire danger
in California during the summer of 2019 (Abatzoglou et al. 2020). Avista Utilities
(2020), a major utility company in the northwestern US, has a comprehensive fire
management plan designed to reduce risks to the public, workers, and infrastructure
while also limiting the impact of electric system outages due to fires. In addition to
hardening the powerline grid by replacing infrastructure such as wooden poles with
metal poles in fire-prone areas, the plan calls for managing vegetation to reduce the
potential for trees to fall into power lines, improving situational awareness to aid
managers, installing automated systems to alter powerline systems in response to
fire, and improving operations and emergency personnel. The company works
closely with local communities and fire management personnel.

Adverse health impacts of smoke from fires represent a cost to society, but the
multiple costs can be difficult to quantify (Kochi et al. 2010; Moeltner et al. 2013).
Visits to hospital emergency rooms for respiratory or cardiac complaints due to
smoke increased over 3 years in Nevada, USA (Moeltner et al. 2013). More people
were exposed to more smoke when fires consumed more fuel close to urban areas in
Indonesia, Florida, and elsewhere. Better data on the area burned, the amount of
fuels burned each day, and daily medical cost records are needed to inform alterna-
tive fire management strategies (Moeltner et al. 2013). Smoke impacts on urban
areas are often part of fire suppression decisions. See Sect. 10.4 for information on
smoke effects on human health.

Because it can be challenging to value the ecosystem impacts and benefits
fiscally, Net Value Change (NVC) is even more difficult to estimate than costs.
Quantifying NVC requires information about the direct and indirect effects of fire on
the spatial and temporal provision of goods and services, and information about how
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fire-induced marginal changes in the quality and quantity of goods and services will
affect social welfare (Venn and Calkin 2007; Mavsar et al. 2010).

Alternative systems for valuing intangible resources are needed. Rideout et al.
(2012) elicited relative values of various natural and cultural resources, from wildlife
habitats to archaeological sites. They worked with managers to estimate the relative
degree to which the resources would be enhanced or harmed by wildfire in four
national parks in the USA.

10.2.3 The Environmental Perspective: Focusing
on Ecosystem Services

Ecosystem Services are “the benefits people obtain from ecosystems” (Millennium
Ecosystem Assessment 2005). People value many ecosystem services for contribut-
ing to health and well-being. Some of these services are provided at the landscape
scale. The concept of Landscape Services has also been proposed as a unifying
common ground where scientists from various disciplines are encouraged to coop-
erate in producing a common knowledge base that can be integrated into
multifunctional, actor-led landscape development (Termorshuizen and Opdam
2009). In Chap. 9, we discussed both the positive and negative effects of fire on
ecosystems. Fire management at the landscape scale will be discussed and exempli-
fied in Chaps. 11–13. Here, the term Ecosystem Services will be used in a broad
sense encompassing various scales.

Ecosystem services include (a) provisioning, as ecosystems provide both nutri-
tional and non-nutritional materials, water, and energy; (b) regulation and mainte-
nance in ways that affect human health, safety, and comfort; and (c) cultural values,
including how people feel about and see places (Haines-Young and Potschin-Young
2018). People have taken advantage of burned areas and used fire to make openings
for grazing, agriculture, and hunting, consume fuels and stimulate the production of
desirable biomass, including forage, seeds or fruits, and provide edible, medicinal, or
other culturally important plants (Huffman 2013). Fires can consume fuels that
would otherwise accumulate to fuel future fires, though fires may also stimulate
grass and other surface fuel to grow (See Chap. 11). Fire can be used to regulate
carbon (see Case Study 13.1), to create and maintain habitat for plants and animals or
to enhance biodiversity, vegetation composition, and to influence pest populations
(Pausas and Keeley 2019). Certainly, subsistence hunting and agriculture, and some
recreational hunting can be enhanced in burned areas (Huffman 2013; Pausas and
Keeley 2019).

Having enough water of sufficient quality is a growing global problem exacer-
bated by fires (Doerr and Santín 2016). Water quality and quantity are essential
ecosystem services as most people depend on streams and other surface water for
drinking for people and animals and often for agriculture. Martin (2016) declared
fires to be a severe threat to water supply globally, as fire-prone ecosystems,

326 10 Fire and People



including forests, shrublands, grasslands, and peatlands, provide about 60% of the
water for the 100 largest cities in the world. Vegetation fires burn about 4% of the
burnable land globally each year. Years of widespread fires are dry years. In
droughts, the competing demands for water use for agriculture, industry, drinking
water, habitat for fish and other aquatic organisms, and other services often exceed
available water. Surface water supplies can be vulnerable to fires if the amount of
sediment, debris flows, and wood increases after the lands adjacent to streams, lakes,
and reservoirs burn, especially when high-intensity rain falls before vegetation
recovers from fires. Areas that burned severely may develop hydrophobic layers in
the soil that limit infiltration (See Sect. 9.5). How fires affect vegetation and soils
and how quickly vegetation recovers can influence whether surface runoff increases
post-fire. Nunes et al. (2018) provide a useful framework for assessing and managing
the potential for fires to influence water (Fig. 10.5).

Because of this strong connection between fire and ecosystem services, Pausas
and Keeley (2019) consider fire an ecosystem service, summarizing both the evolu-
tionary and socioecological benefits generated by fires. However, while many
ecosystem services increase in the short or long-term after fires, many others
decrease because of fires. It is, therefore, more appropriate to see fires as a part of
a complex network of ecosystem processes whose interactions may translate into
services or disservices for society (Sil et al. 2019).

10.2.4 An Integrated Fire Risk Framework

A more comprehensive fire risk framework is needed, one that integrates the
definitions from other hazards and the aspects specific to fires. Miller and Ager
(2013) proposed a generalized framework for fire risk based upon their review of
advances in risk analysis for wildland fire management (Fig. 10.6). They defined risk
as the expected loss or gain, similarly to the Net Value Change concept. Risk results
from the combination of the likelihood, or probability, of the fires occurring, as well
as the intensity of the fire, and the resulting fire effects, that are valued positively or
negatively according to the value system (ecological, social, economic) used. This
framework acknowledges that both the likelihood of the fire and its intensity are
related to fire behavior, ignition, fuels, and weather (Fig. 10.6).

One of the most complex issues in fire economics results from the fact that fires
are different in their behavior and, therefore, in their effects. This issue is solved,
from a quantitative point of view, by Finney (2005) in his formula to integrate
likelihood, intensity, and effects in the calculation of risk as the expected Net Value
Change to resource j:

E NVCið Þ ¼
Xn

i
ρi x RFij ð10:1Þ
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where pi is the probability of fires of intensity i and RFij is the response function of
resource j as a function of a fire at intensity i.

The difficulties in calculating NVC values are the same as before, and the
temporal dynamics of risk are not fully integrated. However, in this formulation,
fires of different intensity, or severity, will have effects associated with resource
values in resource functions. It also allows the integration of different resources in
the same analysis.
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Fig. 10.5 Mitigating the risk of high severity fire is a high priority in key watersheds, such as those
that supply drinking water. In some, contamination by sediment and chemicals may also be
mobilized during and after fires. This framework is valuable, but it does not reflect the effects of
burn severity, size of burned patches and proximity to streams, nor time since fire and degree of
vegetation recovery, all of which affect fire effects on water and watersheds. (From Nunes et al.
2018)
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10.3 Protecting People from Fires

The exposure to heat, embers, and smoke generated during a fire can cause various
impacts on human health, property, and infrastructure. People’s vulnerability from
wildfires depends on several factors, including fire behavior and effects, and people’s
mobility and health. The safety of people traveling in the area often depends on
timely (think early!) advice on escape routes. For residents, shelter in a safe building
is usually preferable to trying a last-minute escape. Threats to houses and other
infrastructures are often associated with exposure to heat and embers. Here we focus
on concepts associated with estimating heat effects on people and buildings. See the
discussion about embers and extreme fire behavior in Chap. 8.

Fig. 10.6 Fire risk can be evaluated as expected loss or gain based upon how likely fires are to
occur, their intensity, and both positive and negative effects of fire. (From Miller and Ager 2013)
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The heat from fires can injure or kill people. Fire’s effect on people depends upon
the level of exposure. Exposure can include both the amount of heat and the duration
over which heating occurs. Heat damage to human health, including pain and skin
blisters, can be limited by the personal protective clothing (PPE) worn by wildland
fire personnel. Similarly, fire fighters develop safety zones to reduce the heat
exposure of fire personnel so that they can survive the passing of a fire front without
the use of a fire shelter. Drawing upon the concepts in earlier chapters, we first
discuss the direct effects of heat from fires on individual people. Then we address
strategies for protecting people and their property from fires.

We acknowledge but don’t address the mental and physical toll that increasingly
long fire seasons in recent decades are having for fire fighters, residents, and
politicians.

10.3.1 Fire and Skin

Human skin provides natural protection against radiation, in particular, that from the
Sun. The Sun has a temperature of around 5780 K, an emissivity of 1, and it radiates
with an average energy flux of 632.8 � 102 kW m�2. Taking into account the radius
of the Sun (6.96 � 108 m) and the distance between Sun and Earth (1.49 � 1011 m),
the maximum potential radiant heat flux received at Earth’s surface (qrad in W m�2)
is:

qrad ¼ 632:8� 102 kW m�2
� �

6:96� 108 m
� �2 � 1:49� 1011 m

� �2

¼ 1:38 kW m�2 ð10:2Þ

With an average value of the albedo at around 0.7, the radiant heat flux from the
Sun at the Earth’s surface is about 1.0 kW m�2. It should be no surprise that
1.0 kW m�2 is also the radiant heat threshold to cause pain to a human’s bare skin
after prolonged exposure (Quintiere 2016).

The effects of radiant heat flux on the human skin have been a subject of many
studies (e.g., Wieczorek and Dembsey 2016) that conclude that the human body
cannot tolerate elevated temperatures for long periods of time without causing pain,
blistering, or other injuries. Humans feel pain when the skin temperature reaches
about 43 �C, and exposure to a heat flux of 4 kW m�2 for 20 s will cause blisters on
bare skin. The relationship between radiant heat flux (qrad) and the exposure time
required for a human to feel pain or cause blisters (Fig. 10.7) and can be estimated
using Eqs. (10.3) and (10.4) (Stoll and Green 1958, 1959; Quintiere 2016):

Pain threshold qrad ¼ 30 t�0:75 ð10:3Þ
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Blister threshold qrad ¼ 75 t�0:80 ð10:4Þ

where qrad is the radiant heat flux threshold (kW m�2), and t is the time of skin
exposure (seconds). The thresholds of exposure to radiant heat for bare skin pain,
blisters, or for protected fire fighters have been used to calculate safety distances and
safety zones, as discussed next.

10.3.2 Safe Distances from Fires for Fire Personnel
and Others

The safety of fire personnel is of concern in all fire operations, whether in fighting
wildfires or in prescribed burning. Whether people experience pain or injury from
heat exposure from a fire depends on radiant heating (Table 10.1) and the degree to
which their skin is protected from heat. There are two strategies for limiting the heat
exposure of fire personnel: wearing personal protective equipment and creating safe
separation distances between people and flames (Fig. 10.8). This section draws upon
the concepts we presented in Chaps. 3 and 5 on heat production and heat transfer
from fires.

Fig. 10.7 Approximate relations showing the combinations of radiant heat flux (qrad) and exposure
time for the thresholds of pain and blister of bare human skin
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Fire fighters use personal protective equipment, including Nomex clothing, to
provide protection from the heat and flames and ultimately reduce the risk of injury.
Tests of the effectiveness of protective clothing have used different radiant heat flux
levels (typically from 1.5 to 10 kW m�2) applied to thermal manikins covered with
the test clothing. The time to attain the pain threshold (43 �C) is recorded to evaluate
the adequacy of the clothing for the different fire operation activities (e.g., Heus and
Denhartog 2017). With a single layer of 210 g m�2 Nomex clothing, second-degree
burns will occur after 90 s when a fire fighter is subjected to radiant heat fluxes
greater than 7.0 kW m�2 (Butler and Cohen 1998).

Fire fighters experience heat through a combination of radiation and convection.
Historically, wildfire fire safety studies assumed that radiation was the dominant heat
transfer mechanism affecting fire personnel. Radiation modeling can be used to
estimate the separation distances required between flames and some target, such as a
fire fighter or a home, to prevent ignition or injury. Recent work has built upon
lessons learned from radiation modeling while incorporating convective heat transfer
into the estimation of safety distances.

The radiative power (Pg) from the flame can be calculated as:

Pg ¼ EσSBT4 ð10:5Þ

where ε is flame emissivity, σSB is the Stefan-Boltzmann constant
(5.67 � 10�11 kW m�2 K�4), and T is the absolute temperature (K) of the flame
(See Chap. 5 for more about radiation). In many studies, authors assume a surface
flame temperature of 1200 K and an emissivity of 1 (e.g., Zárate et al. 2008). For
high-intensity fires, where there are typically more fire safety concerns, the
corresponding radiative powers range from Pg ¼ 82 kW m�2 to Pb ¼ 118 kW m�2.

Table 10.1 Thresholds of pain and injury from radiant heat to unprotected skin, quantified as
radiant heat flux (kW m�2). (Adapted from Drysdale 1990; Quintiere 2016; Zárate et al. 2008)

Radiant heat flux
(kW m�2) Effect

1.0 Threshold for indefinite skin exposure

2.1 Threshold for pain after 60 s

4.0 Threshold for pain after 20 s, first skin blisters

4.7 Threshold for pain after 15 s, skin blisters after 30 s

6.4 Threshold for pain after 8 s

7.0 Threshold for fire fighters with protective clothes

10.4 Thresholds for pain after 3 s

12.5 Volatiles from wood may be ignited by pilot after prolonged
exposure

16.0 Skin blisters after 5 s

29.0 Wood ignites spontaneously after prolonged exposure

52.0 Fibreboard ignites spontaneously in 5 s
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The transfer of heat between the radiating surface and the object can be estimated
using approaches that span a range of detail, accuracy, and applicability. A method
that is commonly used in wildland fire safety distance studies is called the solid
flame model. In this method, the flame can be represented using a variety of simple
geometric shapes, including cylinders and rectangles. The thermal radiation is
assumed to be emitted from the surface of the object (Fig. 10.9).

The radiative heat transfer from the flame to an object using the solid flame model
can be estimated by multiplying the radiative power by the view factor (Fab) :

qrad ¼ FabPg ¼ FabEσSB T4 ð10:6Þ

The view factor considers the geometry of the flame and the object receiving the
radiation, the distance and the angle between the emitter and target, and whether or
not the emitter and receiver can “see” each other. The view factor can take on values
from 0 to 1. Equations to estimate the view factor for several simplified 2- and

Fig. 10.8 (a) A fire fighter
is close enough to feel the
heat from a high-intensity
experimental fire in
Portugal. (b) A prescribed
burn with much smaller
flames in northern Portugal
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3-dimensional scenarios can be found in heat transfer textbooks such as Incropera
et al. (2007). Using the view factor from Zárate et al. (2008) for the scenario shown
in Fig. 10.9, the radiative heat flux increases as a function of the flame height and
decreases as a function of the distance between the flame and the target (Fig. 10.10).
These calculations can be combined with the threshold radiative heat flux from
Table 10.1 to identify the safe separation distance.

Safe Separation Distance is defined as “the minimum distance a fire fighter in
standard Nomex wildland protective clothing must be separated from flames to
prevent radiant heat injury”. Using a solid flame model approach, Butler and
Cohen (1998) suggested that an appropriate rule of thumb for the safe separation
distance is at least four times the maximum flame height. This is the rule of thumb
used in the BehavePlus system to calculate fire safety distance (Andrews 2014).
There, the flame length is used in place of flame height, as a worst-case estimate. The

Fig. 10.9 Representation of an object, receiving a radiant heat flux (qrad) from a fireline,
represented as a wall of flames of height H, at a temperature of 1200 K (typical of flames), and at
a distance x

Fig. 10.10 Radiant heat flux (qrad) received as a function of the distance (x) for diverse flame
heights (H) from flames with surface temperature T ¼ 1200 K, with an emissivity (ε) of 1.0,
Pg ¼ 118 kW m�2, and a flame front of 20 m. (From Zárate et al. 2008)
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idea is for fire personnel to identify both safety zones and escape routes to those
safety zones at all times when they are working near fires. Safety zones are
sufficiently large that people in their center will be at low risk of injury even if the
vegetation surrounding the safety zone burns intensely. A more recent rule of thumb
replaces flame height with twice the height of the surrounding vegetation, which
eliminates the need to predict flame height. The distance of transport of convective
energy ahead of the fire front is at least equal to two or more flame lengths under steep
terrain or windy conditions (Butler 2014). To account for convective heat, the previous
quantity (8 times vegetation height) is then multiplied by a slope-wind factor that
varies from 1 to 6 and increases with wind speed and terrain slope (Fig. 10.11).

10.3.3 Protecting Peoples’ Homes

Fires can endanger people due to heat and smoke, and disrupt lives when homes and
property burn. Though “no one should ever die to save a house” (Kolden 2013),
many fire fighters may risk injury or death to protect people and property. Further,

Fig. 10.11 The safe distance and the size of safety zones for fire fighters varies with the height of
the surrounding vegetation, wind, and slope. Graph by the authors based upon the rule of thumb in
https://wildfiretoday.com/2014/07/11/revised-guidance-for-safety-zones-is-released/, accessed
11 September 2020
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most of the money spent during fire suppression is used to protect homes (Steelman
2016). For more about fire management costs, see Sect. 10.2.

Fires have threatened and burned homes worldwide, including China, Mexico,
and southern Europe, not just in Australia and the US, where most of the research has
been done on protecting people and property from fires (Mutch et al. 2011). Most of
the homes that have been threatened or burned are located in the Wildland-Urban
Interface (WUI). Many of the strategies for protecting people and property within the
WUI are focused on preparing for fire by managing fuels around homes, reducing the
ignitability of the homes themselves, and readying people for early evacuation if
needed.

The WUI is commonly defined as an area where buildings meet or intermix with
vegetation that can support fires. Sometimes the WUI is divided into two unique
areas, the interface, and the intermix, depending upon the density of homes and the
amount of vegetation cover. This division effectively distinguishes areas where
homes are adjacent to wildland vegetation from areas where homes are interspersed
with wildland vegetation. Definitions of WUI can vary from location to location, so
it is essential to know what definitions are being used in mapping WUI.

Incorporating fire-resistant building materials and removing fuels from the imme-
diate vicinity around homes can greatly reduce the potential that homes will ignite
during a fire. The FIREWISE program addresses the home plus the surrounding
Home Ignition Zone up to 30 m from the home (Fig. 10.12). Cohen (2008)
developed the Home Ignition Zone concept based upon empirical observations of
homes that did or didn’t burn in large wildland fires, empirical modeling, and
experiments. Recommended treatments are designed to limit the probability that
embers will ignite a home or that flammable material on the home will ignite by
flame contact. As in Australia (Handmer and Tibbets 2005), many of the homes
burned in wildfires are ignited by embers. Cohen (2008), Calkin et al. (2014), and
others emphasize that it is the house, the roof, and the fuels within 30 m of the home
that are most important. When houses don’t ignite from the shower of embers,
houses are more likely to survive fires burning surrounding vegetation. If houses
have few flammable parts and the flames don’t come into contact with them, homes
are more likely to survive when even intense fires pass.

The International Wildland-Urban Interface Code (IAWF 2013; International
Code Council 2015) is used by local to national governments to guide building
and community design to reduce fire risk to homes and the people in them. These
codes mainly address home construction based on the science of fire behavior both in
and outside of homes. They are designed to limit contact of embers and flames with
the house or fuels adjacent to the house—hence the focus on screening, cleaning, and
limited fuels in contact with buildings.

Preparation of home is key to avoiding urban disasters. Even the best fire fighters
and fire suppression equipment can be overwhelmed when fires threaten many
homes at once (Calkin et al. 2014, Fig. 10.13). This is more than creating defensible
space, for fire fighters may not be there to defend homes when fires burn near them.
Calkin et al. (2014) aptly point out that if homes did not ignite, then they would not
burn, and so WUI fires are a home ignition problem rather than a fire control
problem. Preparation in advance of fires is key, as is early evacuation.
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Fig. 10.12 Reducing risk of home ignition during a wildfire involves proactively managing the
vegetation around the house, ensuring your home is constructed of fire-resistant materials, and
being prepared for evacuating if needed as fires approach. (From NFPA n.d.)
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Fuels management near homes can alter fire behavior, aid fire fighters or
homeowners in structure protection, and increase the potential that houses will
survive when surrounding vegetation burns (See Chap. 11). Fuels management at
a distance from homes well beyond the Home Ignition Zone could alter how fires
and their embers approach homes. The effect of fuels treatments far from homes is
enhanced when used as part of integrated fire management. Three points are
important. First, fuel treatments alone, especially if they are limited to public
lands, will not fully address the vulnerability of WUI communities to fire, for
communities are vulnerable if individual homes are vulnerable. Fuel treatments
need to be part of broader fire management strategies that also include prevention
to limit ignitions by people and other strategies that help communities become
adapted to fire and smoke (see Sect. 10.4.2). Second, fuel treatments are less
effective as the vegetation regrows. Third, only 10% of the total number of fuel
treatments completed by the US Forest Service 2004–2013 later burned
(2005–2014) (Schoennagel et al. 2017, Fig. 10.14). However, fuels management
can help people feel safer and can be part of community-based forest management
and landscape management that can contribute to jobs and engage communities in
helping themselves thrive. The 2010 WUI in the western United States (Martinuzzi
et al. 2015) will grow to cover 40% of the landscape area in some locations
(Theobald and Romme 2007). With extensive areas burned in recent decades and
projected to increase in many areas, much attention and fire fighting resources are
focused on the WUI (Schoennagel et al. 2017). See Chap. 11 for more about fuels

Fig. 10.13 Disastrous losses of homes in the Wildland Urban Interface can be avoided if homes are
prepared so they are unlikely to ignite, thus increasing the success of structure protection. (From
Calkin et al. 2014)
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treatments, including their purpose, effectiveness, and strategic placement in
landscapes.

Early evacuation of residents is widely encouraged when fires threaten homes.
Most civilian deaths during fires are from heat exposure when fires trapped the
people evacuating. Ready, Set, Go! and similar programs are widely used to
encourage people to prepare for evacuation in advance in the event of a fire, and
then evacuate early. Since the 2009 Black Saturday fire in Australia, in which
173 people died, early evacuation has mostly replaced the shelter in place strategies
promoted during the early 2000s (see discussions by Paveglio et al. 2014; McCaffrey
et al. 2015). However, some residents (11% in studies cited by McCaffrey et al.
2015) prefer to manage fuels around their homes actively and then stay to protect
them in the event of fire despite the challenges and risks of doing so (Paveglio et al.
2014). McCaffrey et al. (2015) found that many emergency responders felt that in the
interest of public safety, they needed to provide information to people about how to
prepare for fires in case people chose not to evacuate or could not evacuate safely.
Also, emergency responders in communities affected by wildfires thought that early
evacuation would reduce uncertainty for both residents and emergency responders.
Where limited access makes evacuation difficult, early evacuation is especially
important. Indeed, if people do evacuate, it is better to do so early rather than at
the last minute to avoid the potential for being trapped because of poor roads, smoke
limiting visibility, or where trees or power lines and poles have fallen on the road.
Traffic snarls when people flee while fire fighters are trying to access key areas for
their fire suppression efforts. However, evacuation is emotional, stressful, and

Fig. 10.14 Homes in the Wildland Urban Interface (WUI) are likely to be threatened by fires and
smoke when surrounding landscapes burn (Schoennagel et al. 2017)
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costly, particularly when residents don’t know whether the homes they left are safe
or not (McCaffrey et al. 2015). Planning and practice help people prepare mentally
and physically, and both need to fit the people and place. The fire behavior condi-
tions should be considered, including extreme fire weather and the potential for
embers and long-term smoke exposure (Mutch et al. 2011).

10.4 Smoke Can Compromise Human Health

Although the heat from fires can pose significant threats to people, inhaling partic-
ulates and other components of smoke from burning vegetation is a much more
common threat to peoples’ health and well-being. Smoke can also affect visibility
that can interfere with traffic and therefore contribute to traffic accidents or interfere
with views enabled by the exceptionally good air characteristic of many national
parks. Smoke is often regulated as air pollution, especially particulate matter. The
small airborne particulate matter of various sizes (Fig. 10.15) in smoke can affect
visibility and also cause short-term and chronic harm to people. Young children,
elderly adults, pregnant women, and people with asthma or other respiratory

HUMAN HAIR
50-70µm

(microns) in diameter

PM2.5
Combustion particles, organic

compounds, metals, etc,
<2.5µm (microns) in diameter 

PM10
Dust,pollen, mold, etc,

<10µm (microns) in diameter 

90µm (microns) in diameter 
FINE BEACH SAND

Fig. 10.15 Much of the particulate matter in smoke from vegetation fires is much smaller than a
human hair and thus small enough that they can be drawn deep into our lungs. Air quality
regulations often limit the concentration of particulates (especially those smaller than 2.5 μm in
diameter, PM2.5). (From Peterson et al. 2018)
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ailments are especially sensitive to smoke. Exposure to the smallest particulates,
those less than 2.5 μm in diameter, commonly called PM2.5, poses the greatest risk
because these fine particulates can be drawn deep into our lungs and can reach our
bloodstream. The particulates and the tars and resins that have condensed on them
irritate lung tissues. Due to the importance of the particulate matter, the air quality
index used in many countries to communicate with the public is focused on
particulate matter (Table 2.4 in Chapter 2). In the USA, federal and state regulators
set limits based on the Clean Air Act for air pollutants, including particulate matter,
carbon monoxide, sulfur dioxide, and nitrogen dioxide. Many air pollution regula-
tions are focused on the concentration and duration of PM2.5 (Table 10.2). Smoke
also includes other air pollutants such as carbon monoxide, sulfur dioxide, nitrogen
dioxide, volatile organic compounds (VOCs), aldehydes, benzene, as well as metals,
soil, pollen, bacteria, and mold spores (Kobziar et al. 2018; Peterson et al. 2018).

Healthy children and adults usually quickly recover from short-term exposure to
smoke. However, many people are more sensitive. Chronic exposure is also prob-
lematic and may lead to long-term health consequences. Fire fighters exposed to
smoke suffer both acute and chronic health hazards. Eye and nose irritation, nausea,
and headaches are usually relieved with a brief respite in clean air (Peterson et al.
2018). However, more serious, chronic health effects may result from repeated and
long-term exposure to smoke, including that experienced by fire fighters on firelines
and in fire camps. These pose occupational safety risks and are being studied
(Peterson et al. 2018).

Smoke from wildland fires poses health hazards for people and may cause lung
irritation, hospital visits, and in some cases premature death, particularly where
biomass burning is widespread (Johnston et al. 2010), such as in the tropics
(Fig. 10.16). Historically, at least seven times more area burned in the western
USA than currently, and emissions were accordingly high (Leenhouts 1998;
Stephens et al. 2007). Fire and smoke are part of most forests, woodlands,
shrublands, and grasslands. Although the area burned has increased in recent
decades in some regions, the global burned area is decreasing. Expanding intensive
farming has resulted in the fragmentation of some tropical savannas and grasslands

Table 10.2 National ambient air quality standards for the USA. The air quality index is used in the
USA to communicate the health hazards of ambient smoke to the public to encourage people to take
care of themselves during smoke exposure from wildland fires. (From the US Environmental
Protection Agency (2014) in Peterson et al. (2018)

Air quality
24-h average particulate matter PM < 2.5 μm
(μg m�3)

Good <12

Moderate 12–35

Unhealthy for sensitive groups 35–55

Unhealthy 55–150

Very unhealthy 150–250

Hazardous >250
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and so they burn less (Andela et al. 2017). Global change could result in more smoke
exposure to more people in many areas (Fig. 10.16, Johnston et al. 2010).

10.4.1 Smoke from Prescribed Fires and Wildfires

In general, prescribed fires produce less smoke than wildfires (Fig. 10.17), though
this depends on the fuel type and amount of fuel consumption. There are many
reasons for this (Navarro et al. 2018). First, prescribed fires are often initially set
under conditions that will lead to low-intensity fires that consume less fuel. For
example, prescribed fires can be implemented such that there is limited consumption
of the duff and large woody fuels to decrease soil heating, potential loss of soil
fertility, or carbon emissions. Second, prescribed fires often occur over a relatively
short time, limiting people's overall exposure to smoke. Third, the smoke from
prescribed fires is usually more localized than wildfires (Navarro et al. 2018). See
Chap. 11 for more discussion about prescribed fires and alternative fuels treatments.

Fig. 10.16 (a) Estimated annual average (1997–2006) of fine particulate matter concentrations
(PM < 2.5 μm in diameter) from wildland fires in the air people breathe. Estimates are based on a
chemical transport model and satellite-based observations. (b) Estimated human mortality from
smoke from wildland fires. (Both from Johnston et al. 2010)
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Generally, air quality regulations are applied to smoke from prescribed fires but
not from wildfires. In some countries, air quality regulations are applied to smoke
from prescribed fires but not from wildfires because wildfires are considered excep-
tional events out of our control. Nonetheless, wildfires may contribute significantly
to long-term exposure to smoke in some locations (Peterson et al. 2018). Further,
future wildfires may burn more intensely and produce more smoke if fuels have
accumulated in the absence of prescribed fires or other treatments.

10.4.2 Smoke Management

Smoke management programs are often designed to limit smoke exposure for
people, communities, and areas, especially those designated as sensitive (Peterson
et al. 2018). Managers utilize weather, smoke, and emissions forecasts (Fig. 10.18)
to estimate the potential impacts of smoke and guide management and communica-
tion strategies.
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Fig. 10.17 Daily concentration of fine particulates from a distant wildfire (green) and a prescribed
fire near Washoe County, Nevada. Currently, in the US, 3.2–3.6 million ha are prescribed burned
annually compared to an average of 4 million ha burned in wildfires in 2017. However, in the USA,
most of the prescribed burning is in the southeastern USA. (From Peterson et al. 2018)
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Smoke forecasting is especially important for prescribed burning operations.
Managers can choose to ignite prescribed fires when smoke will carry away rather
than into areas with many people. Managers can limit the amount of fuel consumed
by burning when the fuel is relatively moist, limiting the area burned, or burning
before rains or in the spring before the largest fuels are dry. They may also burn to
favor flaming combustion over smoldering combustion (Peterson et al. 2018) when
the higher intensity and resulting convection can help carry the particulates up to mix
with ambient air. Managers may voluntarily coordinate their burning with others to
share the airshed and thus limit total smoke in the air. Despite these efforts, smoke
and smoke impacts will happen, particularly during nighttime inversions and for
areas close to fires and downwind or downslope from fires. Increasing the area
burned for ecological restoration (see Chap. 12) could increase the number of smoky
days even if the total particulates are low if relatively little fuels burn in repeated
fires. Smoke must be considered in planning prescribed fires and managing ongoing
wildfires with less than the most aggressive suppression. In all cases, monitoring
smoke and communicating with the public and with air quality regulators are key to

Fig. 10.18 Smoke forecasting tools are used by fire managers and those concerned about smoke
impacts on people. On August 24, 2015, many large wildfires burned in the US and Canada. The red
symbols indicate actively burning large fires, and the triangles indicate urban areas being subjected
to low (green), moderate (yellow), or high (red) health hazards from smoke from fires. Shaded areas
indicate smoke in the air, with darker shading indicating more smoke in the air. Clearly, smoke can
affect people far from fires. (From EPA 2014)
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success. Providing air filters to schools and childcare centers, or to especially
vulnerable people as recommended by their doctors, has helped reduce the negative
impacts of smoke. Managing smoke for large burns (whether planned or not) over
multiple days is a growing challenge, especially when those fires are managed with
limited suppression to reduce costs or to provide natural resource benefits (Schultz
et al. 2018, 2019).

10.4.3 Future Opportunities and Challenges

Smoke affects human health and well being. Globally, fires and their smoke have
affected 5.8 million people, caused more than 1900 deaths of people, and cost more
than US$52 million from 1984 to 2013 (Doerr and Santín 2016). The indirect costs
are orders of magnitude more than the direct costs of suppression (Doerr and Santín
2016; AFE 2015). These trends will likely increase as the global human population
increases, especially where people move into areas where they could experience fires
and smoke. Fire fighters, fire managers, and fire lighters often work in the smoke, but
the effects of repeated and extended exposure to smoke are not well understood.
Likewise, there has been little study of the long-term implications of the extended
exposure of the public to smoke when smoke spreads into towns from fires burning
far from the towns. Indeed, many people object to smoke in the air.

Proactively addressing concerns about smoke impacts on air quality will require
engagement among fire managers, policymakers, people potentially affected by
smoke, and regulators (Peterson et al. 2018). One thing that seems inevitable is
that smoke will continue to be part of our landscapes. Many scientists and managers
have called for increased prescribing burning (e.g., Schoennagel et al. 2017; Moritz
et al. 2018), and for managing for more “good” fires. However, in most regions of
the world, the area burned in wildfires far exceeds the area burned in prescribed fires
or treated with other methods. Considerations of the smoke effects on human health
are central to fire management decisions today and moving forward. Key consider-
ations are: how much smoke is expected, how many people will potentially be
exposed to the smoke and for how long, and what alternative strategies can be
used to manage smoke exposure.

The reality is, however, that we cannot avoid smoke or fire entirely, and we likely
do not wish to avoid fire because of the many ecosystem services that come from
burned areas. Prescribed burning provides two benefits as it reduces the fuels
available to burn in a future wildfire. It also allows a level of control of how much
smoke is produced and where it goes that is not possible with wildfire management
(See Chap. 11). Smoke is regulated as a component of air pollution in many places.
Even in the absence of regulations, public concerns about smoke can significantly
affect public perceptions, enough to limit the use of prescribed fires in some
locations. Paradoxically, smoke from prescribed fires is often less acceptable to
people if it is perceived as optional while smoke from large vegetation fires can be
very unpopular but may be perceived as inevitable. If we can accept that fires will
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occur and that we cannot fully suppress all wildland fires, then we can have the
needed conversations about how we will adapt to more fire and more smoke in the
future in some places.

Smoke is just one of multiple barriers for implementing prescribed burning on
federal lands in the western USA (Schultz et al. 2018, 2019). Near large populations
of people and where air quality is already low, limiting smoke is especially crucial
for prescribed fire programs. The greatest challenges to implementing a successful
smoke management program are limited funding and availability of trained people
and equipment, lack of incentives and internal agency support for prescribed burn-
ing, and having enough people with needed expertise available when weather is
conducive to prescribed burning (Schultz et al. 2018, 2019). Sharing resources for
planning and conducting burns helps, as do programs where people come together
with skills and equipment to conduct burns while also documenting the training and
experience gained. Prescribed Fire Councils (Coalition of Prescribed Fire Councils
n.d.) have also fostered policy, media outreach, partnering, and other ways that local
people help each other with their challenges to enable successful prescribed fire
programs. For more on these and other approaches, see Chap. 13 for case studies of
Integrated Fire Management.

Managing smoke is an essential skill to master if we want to use prescribed fire to
foster resilient, fire-adapted communities and landscapes and to have safe, effective,
and efficient fire management. These are the goals of the National Cohesive Wild-
land Fire Strategy that involves all levels of government agencies from federal to
state and county as well as non-governmental organizations and the public in the
USA (USDA and USDI n.d.). Similar goals guide fire management in other coun-
tries, e.g., Canada (Canadian Council of Forest Ministers 2016).

10.5 Communities Becoming Fire-Adapted

Fire Adapted Communities have citizens who work together to coexist and thrive in
ecosystems. They work closely with local, state, and federal land management
agency personnel and organizations to lessen the need for protection when surround-
ing ecosystems burn (https://fireadapted.org/, accessed 22 June 2019). Through
actions, learning, and communication, communities become more resilient. Fire
Adapted Communities can become more so as they gain skills, knowledge, and
experience.

Communities differ in their adaptive capacity (Fig. 10.19) for recovery from fires,
their experience and acceptance of fire and smoke, and their past exposure to fire
(Paveglio et al. 2015, 2018). Adaptive capacity depends on the combination of four
different aspects. First, interactions and relationships amongst people determine how
communities take collective action and the degree to which locals volunteer to
reduce risk. Second, access to and ability to adapt scientific and technical knowledge
affects the degree to which local people and community organizations understand
fire suppression responsibilities and accept land use and building standards. Third,
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place-based learning grows with local peoples’ experience with wildfire and aware-
ness of wildfire risk. Fourth, demographics and structural characteristics include
whether there are local wood products operations, patterns of development, and
willingness to pay for fire mitigation. Paveglio et al. (2015, Fig. 10.19) described
four different archetypes of communities. Each archetype represents groups of
people with similar human behavior that will affect what levels of trust exist, what
communication strategies will be the most effective, and the strategies communities
are most likely to adopt as they adapt to fire. These can inform the pathways for
effective action, learning, messaging, and incentives (Carroll and Paveglio 2016;
Paveglio et al. 2018). The archetypal communities are not necessarily towns. They
are groups of people who identify with each other around common values and
perspectives that often reflect their experiences with fire and resource management
issues. They are in a place, but communities change as people come and go and as
they learn. Understanding who the actors are and the social dynamics are critical for
effective community engagement and building adaptive capacity (Paveglio and
Edgeley 2017; Paveglio et al. 2018).

Fig. 10.19 These four archetypes of communities of people who live in Wildland-Urban Interface
areas differ in ways that affect what messages and strategies for coping with fire will be useful, and
the strategies people are most likely to adopt. The communities are groups of people with similar
characteristics, experiences, and ways of functioning. Many towns have a mix of communities of
people in them, and some communities may occupy a large geographic area. (From Paveglio et al.
2015)
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Programs such as Fire Adapted Communities Network (https://
fireadaptednetwork.org/, accessed 18 June 2019) help people work together to
plan for and take actions that will help them prepare for and be resilient to wildfires
burning in surrounding landscapes. Some get grants, some share knowledge, and
other people work to clear brush, retrofit homes with wildfire-resistant building
materials, and develop emergency plans that include evacuation routes, communities
can be made safer from fire. Homeowners can design or retrofit their buildings with a
fire-resistant roof, screening vents, soffits, and areas under decks to exclude embers.
Additionally, they can manage the vegetation and landscaping around their proper-
ties. Developers, community planners, and local regulators can insist upon subdivi-
sion design and management that decreases rather than increases potential threats
from fires to people and their homes (Rasker 2015). The Fire Adapted Communities
Learning Network (https://fireadaptednetwork.org/, accessed 21 June 2019) helps
share lessons learned elsewhere.

Land-use planning can be an important, proactive part of living with fire. Various
strategies can be used during land-use planning to reduce fire risk, incorporate
multiple escape routes, to require ignition resistant landscaping, and to incorporate
fuel breaks into planned open spaces (Rasker 2015). Zoning, limiting the growth of
communities, conservation easements, educational programs, and community assis-
tance are also used in fire-adapted communities to reduce the risk of WUI disasters
(Mutch et al. 2011; Rasker 2015; Smith et al. 2016).

10.5.1 Learning Together Through Collaboration

Lack of trust impedes integrated fire management. Sometimes trust can be built with
monitoring and stakeholder engagement in land management decision making. Trust
of people in leaders and leaders trusting in local people are always important but
more so during fires. Gaining and holding trust depends on integrity, transparency,
accountability, compassion, and a willingness to listen and try new ideas and
approaches.

Fires have brought many communities together (Prior and Eriksen 2013). Many
people who might otherwise disagree with one another have collaborated out of both
a fear of fire and a sense that people can make their communities safer. Some people
have found economic opportunity in community-based forestry around thinning and
fuels management. Local approaches to fires change through time (Paveglio and
Edgeley 2017).

Increasingly, fire and natural resource managers must work across boundaries
between lands managed by different organizations and boundaries within organiza-
tions to address barriers to and create opportunities for prescribed burning (Schultz
et al. 2018). Resistance to prescribed burning and other fuels management and to
smoke is internal to public land management agencies and the public.
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Cross-boundary collaboration is not easy (Schultz et al. 2019) but necessary to work
at the scales needed to address large fires. Conversations among the many stake-
holders and decision-makers involved can be helpful, as can articulating the impli-
cations of management alternatives, including no action. Transparency and shared
ownership of outcomes are useful. Working with the media is essential, as the media
about fires shape people's attitudes about fire and smoke (Paveglio et al. 2011;
Paveglio and Edgeley 2017).

10.5.2 Learning from Traditional Practices and Scientific
Knowledge

Traditional knowledge (TK) can complement scientific knowledge. These different
ways of knowing, learning, and teaching (Mason et al. 2012; Lake et al. 2017,
Table 10.3) can enrich our understanding of fire from either perspective alone. Both
are grounded in observation, learning from trying, and reflecting upon new practices.
TK, including Traditional Ecological Knowledge and Indigenous knowledge, is
developed by those with long experience in a place and often shared between
different generations of people. Many cultural practices developed through millennia
through teaching, learning, and adapting from culture to culture and through time.
Traditional knowledge about fire draws on this long-term, often anecdotal but
immensely deep appreciation for the power of fires to affect plants, consume fuels,
and alter landscapes (Lake et al. 2017). Place-based knowledge, including the local
expertise from Indigenous peoples or from others (local ranchers and farmers) who
have lived and learned in a place for many years, can be immensely valuable as all
fires are local. Whatever the source of knowledge, thinking must be broad, flexible,
and forward-looking to address the complex challenges fire poses to people in a
rapidly changing world. Not all knowledge is wise, and not all ideas are adaptive
(Berkes et al. 2000), so users need to be flexible and always willing to question and
learn.

Table 10.3 Traditional knowledge and scientific knowledge are complementary. The best man-
agers use both to inform actions with science and learn from observation and local adaptive
management and share by example. (Adapted from Berkes et al. 2000, Mason et al. 2012, Huffman
2013)

Traditional knowledge Scientific knowledge

Qualitative Quantitative

Intuitive, anecdotal Intellectual

Place oriented Short time series and broad generalities

Holistic Reductionist

Insights shared among practitioners Researchers share data by publication
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People in Indigenous cultures worldwide often used fire skillfully and carefully.
Indigenous people ignited fires for clearing land, to fell trees, to provide nutrients to
crops, to maintain and improve pasture (against invasion by trees, for instance), to
hunt or attract game, to promote medicine and food plants, and in warfare, as well as
in many ceremonies (Mason et al. 2012; Huffman 2013). For many Indigenous
people, fires were one of the few tools they had for managing vegetation. Fires were
essential to life. Those who could ignite, carry, and use fire were often influential and
respected within their communities. Indigenous people currently manage or have
tenure rights to over 25% of the world’s land. Their territories include much of the
global biodiversity and forest carbon, so their fire and vegetation management
matters to us all.

Management practices around the world often blend scientific with traditional
knowledge and local experience. Local wisdom must include humility, recognition
of uncertainty, and the need for learning using both traditional ways of seeing and
science observations going forward.

10.6 Implications and Management Considerations

“We need a dedicated prescribed fire workforce. Imagine if, for every fire fighter
poised and ready to extinguish any start, we also had a fire lighter.” Jeremy Bailey,
The Nature Conservancy

Imagine a world where fire-wise homes, fire-adapted communities, and fire-
resilient landscapes are commonplace rather than exceptional. A world such as this
will require people from various backgrounds to work together and take ownership
of their collective risk. Fire adapted communities need to expect fires to happen and
tolerate smoke. To this end, communities must learn together, whether by
biomimicry (Smith et al. 2018) or otherwise thinking “outside the box” or applying
practical lessons learned from past fires and other communities. Especially, let’s use
what social scientists are learning about what shapes understanding and actions by
people.

Fire in the WUI is not a public lands issue; it is a private lands issue (Calkin et al.
2014). If homes were less likely to ignite from fires, fires would be less damaging
(Calkin et al. 2014). By preparing for fires and managing the fuels within the Home
Ignition Zone, homeowners would be less reliant upon fire fighters to protect their
homes.

Although we emphasize homes here, both whole communities and the landscapes
around them are part of what people consider home. In some cultures, fields of crops
or the forest and wildlands are more important than homes. Fires burning far from
homes can affect communities through smoke or by changing water supply, altering
places special to people, and affecting ecosystem services and long-term sustain-
ability. There is no uniform way to assess the degree to which fires affect both people
and the places they love (Smith et al. 2016). Limiting fires and keeping landscapes
from burning also has positive and negative effects. Many areas are beautiful
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because they burned in the past, and many burned areas will become lovely given
time. The ecosystem services humans depend upon, such as clean water, depend on
healthy ecosystems that, in turn, depend upon fires. Yet, people are more likely to
vilify fire than celebrate it. Fire fighters are often viewed as heroes. We still need
those heroes, but we also need superheroes using prescribed burning and fuels
treatments toward future resilience (Fig. 10.20).

Steelman (2016) and Fischer et al. (2016) argued that the current fire management
paradigm, which emphasizes fire control and suppression, is financially costly
without making significant progress in reducing structure loss and fatalities. The
current challenges associated with wildland fires are likely to increase in scale and
complexity as climate change continues, the human population grows, and social
values about risk and ecosystem services change. Fear of destructive fire and adverse
effects on ecosystem goods and services perpetuates increased investment in fire
suppression. Incorporating social-ecological perspectives can assist societies in
moving from fighting fires to living well with fires (Moritz et al. 2014). Finding
solutions to what can seem a “wicked problem” will require embracing the diversity
of human attitudes about fire with the biophysical realities of fire as a process (Smith
et al. 2016). Working effectively with all of the different people involved depends on
us listening. Cultural differences, experience with fire, the trust of government, and
appreciation for science and other ways of knowing all influence how we view fire,
hear messages, and the sorts of practices we will engage in and support (McCaffrey

Fig. 10.20 Fire superheroes work effectively with communities in ways that benefit both people
and ecosystems in understanding and using fire. (Rick Henion illustration in Brenner et al. 1999)
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2015). In the US, the National Cohesive Strategy (Forest and Rangelands n.d.) is a
collaborative effort to create all-lands solutions across the nation that address three
goals: to restore and maintain fire resilient landscapes, create fire-adapted commu-
nities, and safe, effective fire response. People are central to all of these, and people
will be essential to successful integrated fire management.

10.7 Interactive Spreadsheet:
RADIATION_Fireline_Safety

We provide an interactive spreadsheet, RADIATION_Fireline_Safety_v2.0, that
readers can use to explore the implications of different inputs for the calculation of
safe distances and exposure to radiative heating from flames. An example of the
output is presented in Fig. 10.21. Note that Chap. 2 also includes an interactive
spreadsheet, COMBUSTION_v2.0, that includes the prediction of smoke emissions.

Fig. 10.21 Example of inputs and predictions from the interactive spreadsheet,
RADIATION_Fireline_Safety_v2.0, used to evaluate safety distances from fires of different
characteristics
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In this part of our book, Fire science from chemistry to landscape management, we
address fuel dynamics and management first. Then readers learn about fire regimes
(Fig. III.1) and landscape-scale management for fires. Fires can greatly alter land-
scapes, while the topography, vegetation, and environmental conditions influence
fire behavior and effects for current and future fires (Fig. III.2). Then, we discuss
integrated fire management, drawing upon the best ideas and practices worldwide.
We include eight case studies of successful integrated fire management, each written
by those engaged with fostering and applying innovative thinking. We know that
readers will find much to stimulate their thinking. We hope readers will envision
what innovative, effective fire management will be in their landscape.

Effective, integrated fire management results in more positive effects and fewer
negative consequences in both the short- and long-term. Our key themes are
strategies for effective fire management to benefit people and ecosystems while
managing costs. Strategic fire management decisions during fires will shape land-
scapes for the future. We focus on integrated fire management but also address
community-based management (FAO 2015). Community-based fire management is
useful for local people working together (FAO 2011). Such approaches have devel-
oped through “grass-roots” efforts that are often aided by The Nature Conservancy,
World Wildlife Fund for Nature, or other non-governmental organizations. TNC
(2017) provided a framework for such efforts (Fig. III.3). All around the globe,
people depend on forests and other lands for their livelihoods, and many have
developed effective ways of managing the resources effectively. More importantly,

Fig. III.1 Fire regime is the third level of analysis in both temporal and spatial scales. The drivers
are climate, topography, and vegetation. Fire regimes are related to the landscape scale and the fire
return and vegetation recovery periods. Burn severity and fire size distribution are essential
characteristics of the fire regime, which is dependent upon fuel dynamics and management.
Integrated fire management is the global concept to have a coherent intervention in managing
landscapes and the fire regimes, in their mutual relation as pattern and process
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Fig. III.2 Pioneer Fire,
Idaho 2016. (a) How this
fire burned initially, and (b)
what happened next reflects
the history of fires and fire
suppression here, as well as
land use, topography,
vegetation, and changing
climate. Idaho has always
had large fires, yet changing
fuel conditions and warming
climate have contributed to
many huge fires in recent
decades. The Pioneer fire
was ignited by lightning in
multiple locations. Even
with active fire suppression
and other fire management
to limit fire spread into
communities and other
values at risk, the Pioneer
Fire burned >76,000 ha with
a fire management cost of >
$100 million. (Photos by
Kari Greer/USFS)

Fig. III.3 Fire management can help local communities achieve their goals while addressing
regional policies and directives. Effective fire management can provide for both community well-
being and the ecosystem services people value. People listening, learning, and collaborating before
fires occur can plan for effective action during fires and thoughtful recovery after fires. Proactive,
integrated fire management can achieve outcomes for human well-being and ecological values.
(Redrawn from TNC 2017)
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local people can foster local jobs and a sense of control over their future when they
can manage surrounding landscapes themselves or in shared stewardship with other
land managers (TNC 2017). Despite development pressures, giving voice to locals
informs their choices and fosters action, and is an effective way for regional and
national strategies to be implemented in many locations.

Fire management is proactive and must be more so in the future. Effective,
integrated fire management capitalizes and builds upon prior fires (Fig. III.3).
Decisions of using or not using fire or of suppressing or not suppressing fire have
consequences. Fire managers are rewarded for the quality of their decisions. Those
decisions must reflect risk analyses and proactive planning (Thompson et al. 2018).

In our final chapter, we discuss the implications of ongoing trends for the future.
Thus, we end this part with a look into the future of fire science and fire management.
Smoke may cloud the future, but we know that for people to live with fire well will
require the work and creative ideas of many people, not just fire professionals.
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Chapter 11
Fuel Dynamics and Management

Learning Outcomes
Through this chapter, we expect you as a reader to be able to

1. Identify the motivations for fuels treatments,
2. Describe the factors that influence live and dead fuel moisture,
3. Schoennagel et al. (2017) and Rhodes and Baker (2008) argued against

investing in fuels treatments except near homes in the wildland urban
interface because so few fuels treatments were challenged by fires within
10 years after treatment. In contrast, Hudak et al. (2011) and many others
highlighted the efficacy of fuels treatments in wildfires. Briefly summarize
the points for and against fuels treatments and make a science-based
argument in support of your opinion,

4. Explain why mastication can alter fire intensity without removing fuels, and
5. Evaluate Keane’s (2015) statement that fuels link fire behavior and effects.

Do you agree? Why or why not? In your answer, include the implications
for fuels management.

6. Use the interactive spreadsheets to challenge and defend your ideas about
fuels and the effectiveness of fuel treatments in altering potential crown fire
behavior.

Supplementary Information The online version of this chapter (https://doi.org/10.1007/978-3-
030-69815-7_11) contains supplementary material, which is available to authorized users.
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11.1 Introduction

Fuels are broadly defined as any combustible material (NWCG 2006). For vegeta-
tion fires, fuels largely come from vegetation biomass as it grows and dies. Vege-
tation fuels are described within a hierarchical framework, from fuel particles to
fuelbeds (Fig. 6.1).

The physical characteristics and distribution of vegetation fuels are highly vari-
able over space and time due to many interacting ecological processes and human
actions. Fuel dynamics have roughly two dimensions. First, fuels change physically
as individual plants grow, die, and decompose, with consequences for the amount,
structure, and composition of burnable biomass. These can be related to time-
dependent flammability of disturbance-prone plants, senescence, and adaptation to
fires (Rundel and Parsons 1979). Second, fuel moisture determines the extent to
which fuels are available for combustion and, therefore, the rate and quantity of heat
release. Fuel moisture varies widely and changes differently depending on fuel
condition (dead or alive), size of fuel pieces, and other physical attributes, as well
as environmental conditions.

Wildland fuels are often considered the most important factor influencing fire
management, in part because fuels influence fire ignition, spread, and intensity. Fuels
are the only part of the fire behavior triangle that can be manipulated, unlike weather
and topography. Formulation of fire management strategies should begin by defining
the desired fire regime, which shapes and is shaped by fuel dynamics in predictable
ways (see Sect. 12.5). Fuels mediate human influences on fire behavior and effects.
The ecology of fuels, understood as the tight connection between fuels, fire behavior,
and fire effects, determines vegetation response and dynamics through complex
feedbacks (Mitchell et al. 2009; Keane 2015). The concept of fuel ecology also
implies envisioning fuels as ecosystem components with various functions rather
than just fire-related biomass. For instance, standing dead trees are important nesting
and perch sites, and once fallen, they are important habitats for small mammals, ants,
and other insects, as well as bacteria and fungi as the trees slowly decompose into the
soil. Litter accumulated on the soil surface is a source of nutrients as it decomposes
and can protect the soil surface from raindrop impact and thus limit soil erosion
potential. Organic matter on and in the soil holds soil particles together in aggre-
gates, holds and releases soil nutrients and water, and are critical to nutrient cycling
and soil productivity. Organic matter comes from surface litter as it breaks down
physically and chemically and from fine plant roots that are constantly growing and
dying. For more about these ecological considerations for fires, see Chaps. 9 and 12.

11.1.1 Dynamics of Fuel Load and Structure

Drivers of Temporal Changes

Biological mechanisms predominantly govern the character, magnitude, and orga-
nization of fuels over time, so there is an analogy with plant succession (Pyne et al.
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1996). Thus, fuel succession expresses multi-year changes revealed through changes
in fuel load and fuel structure, and like succession, the trajectories are not simple.

Anderson and Brown (1988) presented the temporal changes in fuel load as an
outcome of the interplay between processes that either remove or add fuel
(Fig. 11.1). Decomposition and plant growth drive the former and the latter, respec-
tively, but disturbances play an important role. In particular, fire is both an agent of
fuel depletion, through combustion, and fuel creation, through plant growth and
mortality.

Keane (2015) proposed the four D’s framework, where Deposition, Decomposi-
tion, Disturbance, and vegetation Dynamics drive fuel dynamics (Fig. 11.2). Overall,
fuel dynamics reflect not just time and the legacy of past disturbances, including past
fires and ongoing human actions, but also the constraints imposed by the physical
environment (climate, topography, and soils).

Fig. 11.1 Fuel load
changes over time as a
consequence of interacting
processes (Adapted from
Anderson and Brown 1988).
People can be an important
driver of fuel accumulation
through land use and land or
fire management practices
and policies, e.g.,
afforestation or fire
exclusion

Fig. 11.2 Fuel dynamics are driven by Deposition, Decomposition, Disturbance, and vegetation
Dynamics (the four Ds) and their interactions. (Adapted from Keane 2015)
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Fuel deposition, also called fuel accretion and litterfall, is the outcome of leaves,
twigs, branches, bark, and other plant parts falling and becoming dead surface fuels.
Stems fall too, though sometimes not until long after trees die. Typically, deposition
increases fuels below and near the source plants. Although people often alter how
much and what fuels accumulate on the surface through deposition, fuels also
naturally accumulate as plants and plant parts grow and die.

Decomposition (also known as decay) results in the breakdown of organic
material into smaller pieces and simpler compounds. Insects, animals, and fire can
speed physical fragmentation that in turn often favors decomposition. Decomposi-
tion can be quite slow, and fuels accumulate when and where biomass accumulation
rates exceed decomposition rates. In places that are dry or cold or both, microbial
activity is limited by moisture and temperature. Decomposition, like combustion, is
a chemical reaction that releases carbon dioxide from the respiration of soil organ-
isms. Decomposition, like combustion, is seldom complete, as lignin and other
complex organic compounds that decompose slowly often accumulate in litter and
duff. Because of decomposition and organisms that mix in mineral soil from below
(Keane 2008), the mineral content of organic material on the soil surface may be
relatively high (See Sect. 3.4). When it burns, surface organic matter is a source of
heat. Unburned litter and duff can insulate the soil from heat and erosion while
greatly influencing vegetation productivity through post-fire decomposition and
release of nutrients (See Sect. 9.5.2).

Disturbances are ubiquitous within ecosystems. Disturbances shape ecosystem
structure, function, and biodiversity. Following Pickett and White (1985), we define
a disturbance as any biotic or abiotic event, force, or agent that alters ecosystem
structure and function by causing mortality or damage. Disturbances have pro-
nounced short-term effects on plant and animal populations and communities. Yet
disturbances are critical to the long-term function and character of many ecosystems,
especially ones where plants regeneration is disturbance-dependent. Individual
disturbance events and their occurrence within the larger context of a disturbance
regime, i.e., the cumulative effects of multiple disturbances over time, have complex
effects on fuels. Fuels reflect the wide range of disturbance types and their magnitude
(intensity and severity) and the spatial and temporal scales over which they occur.
The intensity of a disturbance is an expression for the disturbance itself, for example,
the heat released during a fire. In contrast, disturbance severity is a measure of its
effect on organisms, communities, and ecosystems (See Sect. 12.3.3). For example,
a low severity fire may result in the death of a few trees, while a high severity fire
may kill all trees within an area. Disturbance intensity and severity are often
positively linked (Heward et al. 2013), but the nature of the linkage can vary
among disturbance types and ecosystems.

Vegetation dynamics are important, for as vegetation grows, biomass is added.
Almost everywhere, vegetation is recovering from fire, wind, insects, pathogens, and
human actions. Succession, the process of vegetation change through time, can
follow multiple pathways, resulting in multiple stable states (Noble and Slatyer
1980). Bond and Keeley (2005) likened fire to a global herbivore because both fire
and herbivory result in biomass that is typically far less than expected based on
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climate and soils. As fire and herbivory are prevalent in nearly all ecosystems,
vegetation is always in some stage of succession. Plant invasion is a particular
aspect of vegetation dynamics, and while invasive plants can either enhance or
suppress fires, increases in fuel load and continuity after invasion by grasses, or by
trees into meadows or other grasslands, is an increasingly important management
concern (Brooks et al. 2004) (See Case Study 12.1).

As disturbances leave considerable residual standing and fallen vegetation, and
many plants readily regrow or otherwise establish following disturbances, what we
find at any location reflects the legacy of prior disturbances and prior vegetation
structure and composition. Consequently, the fuels complex’s long-term spatial and
temporal characteristics reflect interactions among multiple disturbances and the
social and biophysical factors influencing vegetation dynamics, decomposition,
and deposition.

11.1.2 Disturbances, Fuels, and Fire

Fuel dynamics regulate the likelihood of disturbance by fire. In turn, disturbances
can directly affect almost all attributes of the fuels complex. Still, the amount and
distribution of fuels should be the focus as these are directly linked to potential fire
behavior and effects. Interactions among disturbances (See Chap. 12) occur when
the post-disturbance legacies influence the likelihood, type, and magnitude of
subsequent disturbances or an ecosystem’s ability to recover following disturbance
(Buma 2015). Pyric herbivory, whereby fire shapes grazing by modifying animal
behavior in terms of their feeding choices in space and time (Fuhlendorf et al. 2009),
is a manifest example of two interacting disturbances with implications for fuel and
fire dynamics. Disturbances impact fuels by reducing the existing biomass,
converting live fuels to dead fuels, and combining these two processes.

Herbivory reduces fuel load. The effect depends upon the characteristics of the
disturbance agent (e.g., anatomical differences such as mouth size, nutritional
requirements, and forage preferences) and the ecosystem (e.g., plant composition,
and plant physiology, nutritional status of plants) as well as the magnitude, season,
and duration of the herbivory.

Lower fire spread rates in grazed grasslands compared to undisturbed grasslands
is well documented (Cheney et al. 1993, 1998). Extensive grazing in southern
European mountains (Fig. 11.3) works in tandem with fine-scale pastoral burning
to create fine-grained fuel mosaics that inhibit the growth of large fires, even under
extreme weather conditions (Fernandes et al. 2016). The demise of grazing in
southern Russia’s arid grasslands in the early 1990s made subsequent large fires
possible (Dubinin et al. 2011). Bernardi et al. (2019) found that a higher density of
domestic livestock across tropical regions is concomitant with lower fire frequency
and higher cover of woody vegetation, implying that grass consumption decreases
fire activity, allowing for woody plants to establish and grow. These examples attest
to the ability of herbivores to influence fire through biomass consumption. However,
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as ecosystem engineers, wild and domestic animals affect fuels in a variety of
ecosystems in ways other than through grazing and browsing. However, the effects
are typically observed on finer spatial scales (Foster et al. 2020). Fuels may be
compacted, especially when larger animals are involved, namely savanna
megaherbivores. Fuels are made discontinuous by small and large animal trails,
foraging, burrowing, and creating mounds such as those associated with the nests of
birds or colonies of termites.

Disturbances, such as insects, pathogens, wind, and snow, convert living plant
biomass to dead fuels through mortality. In addition to changing the abundance of
dead fuels, disturbances often decrease canopy biomass and increase surface fuel
loads as deposition occurs. While the latter follows the former in the event of biotic-
related mortality, they are simultaneous in weather-related disturbances. The depo-
sition of dead tree canopy fuels progresses in a stepwise fashion over time, from
foliage to increasingly larger size classes of branches and ultimately ending with the
tree bole. The rate of deposition is determined by the mortality agent, the tree
species, the size of killed vegetation, and environmental factors such as soil,
windiness, moisture, and the presence of decay fungi (Passovoy and Fulé 2006;
Angers et al. 2011; Hoffman et al. 2012). Multiple interacting disturbances such as

Fig. 11.3 (a) Shrub-dominated mountain pasture grazed by horses and cattle is maintained by
frequent burning from autumn to spring in Castro Laboreiro in northwestern Portugal (Photo by
P. Fernandes). (b) The map of fire perimeters (1975–2019, red lines) results interpreted from
remote sensing does not fully reflect patch-mosaic granularity due to variable (in terms of size)
omission of small fires over time; the whiter patches indicate more frequent fires. (Made with data
from ICNF, n.d.)
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bark beetles, wind, and fire may produce novel conditions and long-term changes in
landscape structure and function.

Finally, fire and some herbivorous insects influence the fuels complex through a
combination of reducing fuels and converting live to dead fuels. Fuel consumption
by fire occurs across the ground, surface, and canopy fuel layers, with the amount of
reduction positively related to the disturbance magnitude. For example, crown fires
under extreme environmental conditions can result in near-complete combustion of
fine fuels on the ground surface and in tree and shrub crowns, and partial combustion
of large-diameter dead down woody fuels (Call and Albini 1997; Stocks et al. 2004).
However, wildfires under less extreme conditions tend to produce more heteroge-
neous fuel consumption, thus resulting in a much more heterogeneous post-fire fuels
complex, e.g., Hudec and Peterson (2012). Extreme crown fires in conifer forests
often result in live-to-dead conversion of stems and relatively large branches,
whereas non-lethal surface fires primarily create litter from scorched foliage. See
our discussion about fire and carbon in Chap. 9 as many ecosystem process modelers
overestimate the carbon loss when forests burn when they assume that all above-
ground biomass is consumed by fires (Stenzel et al. 2019).

The combination of drought and favorable host conditions across western North
America has resulted in widespread tree mortality due to bark beetles (Scolytinae
insects), such as the mountain pine beetle (Dendroctonus ponderosae). Increased
extent and severity of future wildfires may result (Jenkins et al. 2014). The effects of
bark beetle-caused tree mortality on fuels and potential fire behavior have been
described using three broad temporal phases (Fig. 11.4).

The initial “red phase” occurs immediately after trees die and is characterized by
the live-to-dead conversion of canopy fuels relative to the “green phase” that existed
before the insect-induced tree mortality (Fig. 11.4). In the “red phase”, lower canopy
fuel moisture and alterations to foliar chemistry reduce the amount of heat energy

Fig. 11.4 Temporal phases after bark beetle-caused conifer mortality at the individual tree and
stand scales. (From Hoffman et al. 2013)
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required for crown ignition, which in turn increases the rate of spread and intensity of
crown fires and burn severity (Jenkins et al. 2014; Hicke et al. 2012; Perrakis et al.
2014; Hoffman et al. 2015). Although most studies have suggested that bark beetles
and fire behavior are positively linked during the “red phase”, the strength of this
linkage depends upon the level of tree mortality, pre-outbreak surface fuels, and
burning conditions (Hoffman et al. 2012; Sieg et al. 2017). Within 1–3 years
following tree mortality, the needles and small branches from killed trees begin to
fall to the forest floor, reducing the canopy fuel load and increasing the surface fuel
load. This time is referred to as the “gray phase” and is characterized by lower crown
fire potential. However, the increased surface fuel loading and stronger winds
associated with the loss of canopy biomass can magnify surface fire behavior and
result in some passive crown fire. With time, fuel dynamics will be dominated by the
continued deposition of large-diameter branch material and tree boles and the
development of understory vegetation and regeneration. This “old phase” is charac-
terized by increasing surface and canopy fuel load and decreasing tree crown base
heights. Many people assume that these changes increase the potential for crown fire
activity (Hicke et al. 2012; Stephens et al. 2018), but the degree to which this is true
depends on the fuel amount and arrangement.

Changes in fuels and fire behavior after biotic-induced tree mortality are not
restricted to bark beetle outbreaks. In Canada, multi-year defoliation by spruce
budworm (Choristoneura fumiferana) kills balsam fir (Abies balsamea) and white
spruce (Picea glauca) in boreal mixed conifer-deciduous stands. Fire potential then
increases up to 5–8 years after tree mortality as crowns break and surface fuels
accumulate (Stocks 1987).

Wind damage is another common disturbance that can significantly alter fuel
conditions and fire behavior. For example, experimental burning in South Carolina
forests dominated by either loblolly (Pinus taeda) or longleaf pine (P. palustris) in
the wake of Hurricane Hugo, which on average decreased tree basal area by 35%,
showed 87% and 7-fold increases in fire spread rate and flame length, respectively,
due to fuel deposition (Wade et al. 1993, Fig. 11.5). Additionally, disturbance by
wind decreases fuel moisture content within canopy gaps and favors an increase in
the abundance of flammable grasses. However, wind can reduce litterfall, increase
fuel patchiness, and promote succession to lower-flammability communities
(Cannon et al. 2017). The abnormal fuel conditions created by high-magnitude
hurricanes in the southeastern USA supports the idea of subsequent severe fires, as
reviewed by Myers and Van Lear (1998) and confirmed by pollen and charcoal data
analysis (Liu et al. 2008).

11.1.3 Modeling Fuel Accumulation

Olson (1963) proposed a simple asymptotical model for litter accumulation that
balances fuel deposition and fuel decay:
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wL ¼ wLS 1� e�bt
� � ð11:1Þ

where wL is the fuel load at moment t, wLS is the maximum (or steady-state) fuel
load, b is the decomposition rate, and t is time in years. The value of wLS is given by
litterfall divided by b, and hence it can be determined either experimentally or
statistically by fitting Eq. (11.1) to data obtained across a sequence of times since
fire; 3/b gives the time at which wL reaches 95% of wLS. The model assumes that
wL ¼ 0 when t ¼ 0. Still, the model can accommodate the decomposition of an
initial fuel load (wL0), e.g., the fuel remaining after a fire, by adding the decaying
term wL0 e

�bt.
The Olson model assumes constant rates of fuel deposition and decay. However,

seasonal variation occurs, as litterfall and b should respectively peak in summer and
in winter in an evergreen forest under a temperate climate. Climate influences aside,
variation on longer time scales is also expected, as litter production depends on the
amount of canopy foliage, and the decomposition rate is influenced by vegetation

Fig. 11.5 Fuel complex resulting from hurricane Hugo on the Francis Marion National Forest,
South Carolina, USA. Total surface fuel load (up to 7.5 cm diameter), including duff, is 72.4 t ha�1,
of which 24% are coarse (>6 mm in diameter) dead woody fuels from pine trees. (Photograph from
Wade et al. 1993)
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type and structure and by fuel structure. To account for stand-development related
effects, Fernandes et al. (2002) made litter load in maritime pine (Pinus pinaster)
stands in Portugal also an empirical function of stand basal area (BA):

wL ¼ 2:025 BA0:677
� �

1� e0:276b
� � ð11:2Þ

where wL, BA, and t are in units of t ha�1, m2 ha�1, and years, respectively.
Higher fuel accumulation rates allow for more frequent fires, which maintain

lower fuel loads and lower fire intensity. Despite its shortcomings, the Olson curve is
often used to describe fuel accumulation for fire management applications, namely to
determine the ideal return interval of prescribed burning. It is commonly extended to
other fuel layers (e.g., understory vegetation) and components (e.g., live fuels)
(Fig. 11.6). Distinct fuel accumulation patterns are manifest, depending on the
combination between wLS and the rate at which fuels accumulate.

Fuel load dynamics can be exceedingly more nuanced and complex than
portrayed by Olson’s model. For example, the accumulation of downed woody
debris and duff is initially low after forest stand-replacement wildfire, peaks on the
short- to mid-term as fire-killed biomass accumulates on the forest floor, subse-
quently decreases through decomposition, and then increases as the trees regenerate
and the forest reestablishes (Fig. 11.7). But post-fire fuel dynamics can be extremely

Fig. 11.6 Fuel accumulation described with Olson model: (a) Rainforest in southeastern Australia
(Thomas et al. 2014), (b) Banksia woodland in southwestern Australia (Burrows andMcCaw 1990),
(c) Evergreen oak woodland in northeastern Spain (Ferran and Vallejo 1992), (d) Deciduous oak
woodland in Ohio (Stambaugh et al. 2006), (e) Buttongrass moorland, Tasmania (Marsden-
Smedley and Catchpole 1995), (f) Dry eucalypt forest in southeastern Australia (Thomas et al.
2014), (g) Dry heathland in Portugal (Fernandes and Rego 1998), (h) Dry eucalypt forest in
southwestern Australia (Gould et al. 2011), (i) Pine forest in Florida (Sah et al. 2006), and (j) wet
eucalypt forest in southwestern Australia (McCaw et al. 1996). The curves are for litter (a, c, d, f),
litter and near-surface fuels (h), litter and elevated dead fuels (j), or total fuel load (b, e, g, i)
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variable, depending on fire frequency, burn severity, site conditions, and the fuel
component under consideration, as shown by a large study based on 182 sites
sampled 1–24 years after ten large wildfires in central Idaho (Stevens-Rumann
et al. 2020). Fuels increased post-fire, but less so when the site had been burned a
few years earlier.

11.1.4 Fuel Dynamics and Plant Life Cycle

Depending on vegetation type, fuel dynamics can comprise important changes in
properties other than fuel load or related metrics such as fuel depth or fuel cover.
This is particularly noticeable when live fuels are a relevant component, as recog-
nized early and modeled for grassland (McArthur 1966), shrubland (Rothermel and
Philpot 1973), and woody understory (Hough and Albini 1978). In shrublands, dead
fuel fraction increases with time, especially when the dominant species retain dead
fuel in the canopy, and changes in bulk density and fuel partition by size class also
occur. In northern Portugal’s dry heathland, these dynamics (curve g in Figs. 11.6
and 11.8) concur to steady-state (asymptotic) fire behavior at ~15 years since fire,
which matches well the region’s median fire return interval (Fernandes et al. 2012a).

Grasslands go through seasonal growth cycles, with annual and perennial grasses
differing in their seasonal growth and post-fire growth rates. Live biomass in
senescing grasslands is gradually converted into dead fuels. This process is referred
to as curing, and so the mixture of live and dead fuels changes throughout the
growing season and increases the dead fuel fraction (Cheney and Sullivan 2008).
Fire propagation in grassland requires a minimum curing level of ~20%, with fire
spread rate rapidly increasing with increased curing (Cruz et al. 2015). This is
because throughout the period of curing the mean fuel moisture content can vary

Fig. 11.7 Observed and modeled (curves) temporal patterns of (a) downed dead woody fuel and
(b) duff along a 160-year chronosequence in the ponderosa pine forests of the Colorado Front
Range, USA (Hall et al. 2006)
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from above 300% to less than 10% (Cruz et al. 2015). Many studies have suggested
that the effect of curing on fire spread is sigmoidal in nature (e.g., Cruz et al. 2015):
there is little influence of live fuels on damping rate of spread at high levels of curing
and a fairly linear relationship at moderate to low levels of curing.

The grass family also includes perennial evergreen species. Among these, bam-
boos display unique fuel dynamics on a time scale completely different from
grasslands and savannahs. The flowering and fruiting of bamboo species are syn-
chronous. It is followed by synchronous die-off that creates very high loads of fine,
flammable fuels that can increase the likelihood of lightning-caused fires and
facilitate crowning (Keeley and Bond 1999). Chusquea culeou is a prominent
bamboo in southwestern South America, growing up to 6–8 m tall in the understory
of dense deciduous Nothofagus forests and temperate rainforests (Fig. 11.9). These
are not typically fire-friendly environments owing to high fuel moisture content
(Kitzberger et al. 2016). However, a massive fuel hazard that persists for 4–5 years
develops over large areas whenever Chusquea flowers, typically on 60–-
70 year cycles. When combined with drought this enables large and severe fires
that otherwise are not likely to occur (Armesto et al. 2009; Veblen et al. 2003).

11.2 Fuel Moisture Dynamics

Fuel moisture content (M) is by far the most temporally dynamic fuel property. As
shown in previous chapters, M determines whether or not ignition and fire spread are
possible. Moister fuels take longer to ignite and use more heat in the process. The
burning rate decreases, less fuel is consumed, and so the flaming combustion of

Fig. 11.8 (a) Structural dynamics of the fine fuels (diameter < 2.5 mm) in northern Portugal dry
heathland of Pterospartium tridentatum—Erica umbellata. (Redrawn from Fernandes and Rego
1998). (b) Fire behavior under moderate fire weather conditions in a 21-year old stand, with
senescent shrubs evident in the foreground. (Photo by Paulo Fernandes)
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individual fuel particles takes longer (Nelson 2001). Consequently, directly or
indirectly, fuel moisture content is a fundamental variable in fire danger rating and
fire spread and fuel consumption models.

Fuel moisture dynamics differ between dead and live fuels. The moisture of the
former reflects a passive (hygroscopic) response to the surrounding environment,
whereas live fuels have physiological control over their moisture. Both live and dead
fuel moisture reflect recent and long-term weather, but dead fuels respond more
quickly to changing environmental conditions.

The water content of the live and dead vegetation involved in combustion plays a
key role in determining fire spread and intensity. Fuel moisture varies at different
time scales and changes differently between dead and live fuels. Fires spreading in
live and dead fuels have different behavior as fires in live fuels can spread even when
fuel moistures are above 100% (Weise et al. 2005).

Fig. 11.9 (a) Dead Chusquea coleou bamboo in the understory of rainforest dominated by the
conifer Fitzroya cupressoides and the evergreen broadleaved Nothofagus dombeyi growing in Los
Alerces National Park, Argentina. (b) Heavy litter load and dense clumps of culms over 2-m tall are
evident. (Photos by Paulo Fernandes)
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Temporal variability in dead fuel moisture depends on the size of fuel particles.
Compared to live fuel moisture, dead fuel moisture changes more rapidly in response
to changes in temperature, humidity, and incoming solar radiation, which themselves
depend upon the time of day, season, topography, and the vegetation structure.

The temporal variability of live fuel moisture is different from that of dead fuels.
Unlike dead fuel moisture, which is primarily controlled through the loss or gain of
water mass, live fuel moisture can be modified due to either a change in the actual
mass of water present or through changes in the dry mass due to changes in plant
phenology (Jolly et al. 2016). For example, jack pine (Pinus banksiana) and red pine
(P. resinosa) dominated forests across much of North America experience a phe-
nomenon known as the ‘spring dip’ in foliar moisture content just prior to new
needle emergence (Van Wagner 1967; Jolly et al. 2016). The increased potential for
crown fire during this period is often explained as a function of decreased moisture.
However, several studies have indicated that the decline in foliar moisture content is
driven by an increase in the dry mass content of the foliage, not a decline in the actual
amount of water present in the foliage. This period is also associated with increased
probability of crown fire behavior, as simulation results from Jolly et al. (2016)
found that the increased amount of mass associated with the spring dip resulted in a
shift from a surface fire to crown fire and an increase in the fire rate of spread and
fireline intensity. Because of the different behavior between live and dead fuel
moisture and resulting fire spread, the change from live to dead fuels is important
to understand.

11.2.1 Dead Fuel Moisture

Dead fuels increase their moisture content through adsorption of water vapor,
condensation, or precipitation, and decrease it through desorption and evaporation
(Viney 1991). Dead fuels can hold increasingly more water within their cell walls
until reaching the M fiber saturation point, usually 30–35%. Higher M values are
possible depending on the amount of precipitated or condensed water at the surface
of fuel particles and in their interstices and its absorption into cell cavities. Different
mechanisms govern fuel moisture exchanges below and above cell saturation. Water
vapor diffusion and permeability to water both vary with fuel properties at the
particle and fuelbed levels, namely surface area-to-volume ratio and packing ratio
(Nelson 2001). Fine fuels arranged in porous fuelbeds will lose or gain moisture
quickly.

The temporal dynamics of dead fuel moisture content are mostly a function of
variation in atmospheric conditions and precipitation patterns. However, different
fuels (as defined by characteristics such as particle thickness, fuel layer depth and
compactness, and position in the fuel profile) respond differently to those influences.
Two related concepts are important to understand the dynamics of dead fuel mois-
ture (M): equilibrium moisture content (EMC) and response time (Simard 1968;
Byram and Nelson 2015). EMC is the eventual moisture content of dead fuels when

376 11 Fuel Dynamics and Management



exposed to constant relative humidity and ambient temperature. EMC is reached
when there is no gain or loss of water between fuels and the adjoining air. Thus,
current M lags behind EMC, even for rapidly responding extremely fine grass and
moss fuels, and M at any given moment reflects the recent past conditions. For any
given combination of relative humidity and air temperature, EMC is higher when
fuels are losing (desorption) than when they are gaining (adsorption) water.

EMC, as well as the difference between desorption and adsorption curves, is
observed in the laboratory but is seldom arrived at under natural conditions. This
happens because air temperature and relative humidity vary continuously and
because M is affected by additional variables, namely solar radiation and wind
speed. Solar radiation warms the environment surrounding the fuel, and while
wind cools fuels exposed to the sun, it also increases the evaporation rate. The rate
at which a given fuel approaches EMC can be expressed by the fuel response time, or
time lag constant, that follows an exponential curve and is defined as the time
required for fuel to attain 63.2% of the change between the initial and the final M
(Byram and Nelson 2015).

The time lag concept has been adopted by the US National Fire Danger Rating
System (NFDRS, see Chap. 8) to assess M and its effect (Deeming et al. 1977). It is
used to categorize dead fuels and partition their load in fuel inventories (Brown
1974) and fire behavior prediction models (Rothermel 1972). Three classes are
considered, with time lags of 1, 10, and 100 h, respectively, described as fine,
medium, and large fuels and corresponding to fuel particle diameters or thicknesses
of <0.6, 0.6–2.5, and 2.5–7.5 cm. Those time lag classes can also be assumed as
roughly and respectively representing the moisture contents of dead surface fuels
directly exposed to weather influences (up to a 0.6-cm depth in the forest floor), the
litter from just below the surface up to a 2.5-cm depth, and the rest of the forest floor
up to a 10 cm depth (Deeming et al. 1977). The NFDRS also considers 1000-h fuels
to account for the burn availability of larger (7.5–20 cm) downed wood and deeper
(10–30 cm) layers of duff. Note that these response times are nominal and thus
simplify natural variability. For example, Anderson (1990) found that the actual time
lag of non-weathered fine fuels varied from 0.2 to 37 h as a function of the surface
area-to-volume ratio of fuel particles and the packing ratio and depth of the fuelbed.

The Canadian Forest Fire Weather Index System (CFFWIS, See Chap. 8)
includes three codes for the moisture status of three forest floor layers (Van Wagner
1987). The Fine Fuel Moisture Code (FFMC) represents fuels thinner than 1 cm in
the top litter layer. The Duff Moisture Code (DMC) is indicative of the decomposing
forest floor. The Drought Code (DC) represents deep and compact layers of mostly
decomposed organic matter. The FFMC, DMC, and DC have nominal fuel depths of
respectively 1.2, 7, and 18 cm and time lags of 16, 288, and 1248 h and so track dead
fuel moisture content for fire danger rating purposes at daily to seasonal scales.
While the Canadian and US methods are not strictly comparable, rough equivalents
can be established between the FFMC and a composite of 1- and 10-h fuels, the
DMC and 100-h fuels, and the DC and 1000-h fuels (Van Nest and Alexander 1999).

Forest floors waterlogged by prolonged rainfall or snowmelt have the highest and
most uniform moisture contents, up to 400%. As shown by controlled experiments in
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the laboratory (Stocks 1970, Fig. 11.10), the duff M immediately after a rain event is
dependent on the amount of precipitation. The subsequent drying follows an expo-
nential decay and converges to a final minimum M value. The influence of ambient
weather on drying decreases with depth in the forest floor owing to increased
shielding from surface conditions and, typically, higher compactness. Consequently,
duff at increasingly deeper locations will dry at a slower rate. Marked inversions are
possible in the forest floor’s M profile, namely when the first rainfall event after a dry
period is insufficient to wet the duff layer fully. Post-rainfall drying patterns are
faster in more open vegetation types, as found by various studies cited by
Matthews (2014).

The CFFWIS moisture codes can be converted to actual M (Van Wagner 1987),
allowing inspection of the temporal dynamics of M variation among and between
fuel layers. For example, M saturation after rainfall followed by a 4-month rainless
period from late spring to the end of the summer, which is common in
Mediterranean-type climates, is shown in Fig. 11.11. Under the air temperature
and relative humidity conditions observed, the deep humus layer and fallen logs
represented by the DC maintained M values above 100% for almost 3 months. Note
that there are limitations in this usage of the DC, given the inherent differences
between boreal (deeper) and Mediterranean (shallower) forest floors. Nevertheless,
the overlying decomposing duff (characterized by the DMC) required just 3 weeks to
dry to less than 100% M and in 2 months attained the steady-state M of 20%. In
contrast, the precipitation influence on the M of surface fine dead fuels in the
outermost litter layer, represented by the FFMC, vanishes in 2–3 days. Subsequent
M fluctuation is solely due to variation in temperature, relative humidity, and wind
speed.

Fig. 11.10 Indoors drying
curves for 7.6-cm thick
Pinus ponderosa duff after
simulated rainfall at a rate of
27 mm h�1. Sections of the
forest floor were cut, taken
to the laboratory, wetted and
allowed to dry under
constant ambient conditions
of temperature and relative
humidity. (Redrawn from
Stocks 1970)
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The fuel moisture in forests reflects weather, species, and position (Fig. 11.12).
Comparing sampled fuel moisture contents in a Eucalyptus globulus plantation in
southern Portugal between 2 winter days, respectively termed “dry” and “moist”

Fig. 11.11 Forest floor
moisture contents at
different depths converted
from the Canadian FWI
System moisture codes,
respectively FFMC
(1–2 cm), DMC (5–10 cm),
and DC (10–20 cm). The
estimates are based on
observed data (May 1 to
September 30, 2019) at the
University of Trás-os-
Montes and Alto Douro
weather station (Vila Real,
Portugal) but assuming
moisture saturation at the
onset of the time period and
no rainfall until the end of it

Fig. 11.12 Early afternoon vertical profile of dead fuel moisture content observed in a blue gum
(Eucalyptus globulus) plantation in southern Portugal in 2 winter days, respectively dry and moist
as determined by atmospheric conditions and recent rainfall. T, RH, and DMC are, respectively,
in-stand (2-m height) ambient temperature and relative humidity and the Duff Moisture Code
(DMC) of the Canadian FWI system from the nearest weather station. (Drawn from data on file,
Pinto et al. 2014)
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illustrates the relevance of fuel position on a vertical axis by showing the entire
profile of M variation for surface fuels. Stands of eucalypt species with smooth
decorticating bark such as E. globulus have semi-detached bark streamers along the
trunk and accumulate it around the tree base, posing spotting problems (Chap. 8).
Compared with the moist (post rainfall) situation, the dry situation reflects three
rainless weeks and warmer and drier atmospheric conditions. A pronounced differ-
ence in the M of the decomposing layer between the 2 days is manifest. However, M
decreased in general with height, as suspended and elevated fuels are more exposed
to weather influences. While on the “moist” day, the contrast is mostly between the
F-layer litter and the other components, with poor distinction among the latter, the
“dry” day features homogeneous M in the litter but at a substantially higher level
(18–20%) than the overlaying fuels (~12%). Similar vertical gradients have been
observed between L-layer litter and elevated dead fuels in understory shrubs in pine
stands (Fernandes et al. 2009). The “moist” situation would likely produce a very
low-intensity fire with partial removal of the litter and insignificant smoldering, but
the “dry” situation would result in a more intense fire with homogeneously high fuel
consumption, smoldering, and combustion of elevated bark.

Thus, both short and long-term dead fuel moisture differ between fuel layers. By
monitoring those dynamics, directly or indirectly (through fire danger indexes), fire
managers can link them to potential fire behavior and fire effects as part of planning
for both the control and the use of fire.

The moisture content of fine dead fuels plays a critical role in fire behavior. Small
decreases in M at the low end of its range (say 2–8%) correspond with dispropor-
tionately greater increases in the fire-spread rate (Chaps. 7 and 8). M can be
determined directly by oven drying fuel samples, semi-directly through electrical
resistance measurement, or using fuel moisture sticks as proxies. But these methods
require equipment and, in the case of oven drying, time for processing, and they
cannot be used for prediction in an operational context. It comes as no surprise, then,
that huge efforts have been undertaken over the years to develop sound and reliable
models of M for fire management purposes (Viney 1991; Matthews 2014).

The existing models range from simple empirical equations to process-based
models based on energy and water balance conservation equations. Precipitation
and condensation are difficult to tackle, and their influences are minor or absent
during the more fire-prone seasons, days, and hours of the day. Many models
therefore only consider vapor exchange processes and rely on air temperature and
relative humidity to estimate either the EMC or actual M. For many practical
purposes, the EMC can be considered an acceptable estimate of fine fuel M, as the
lag of actual M in relation to EMC can be less than 1 h (Viney and Hatton 1989;
Anderson and Anderson 2009). Models based primarily on vapor exchange and
estimates of the antecedent and instantaneous air temperature, relative humidity, and
precipitation have been and continue to be the more common approaches used by fire
managers. More recently, the NFDRS has adopted the model of Nelson (2000),
which also integrates the effects of evaporation, dew formation, and solar radiation.
Predictions from simplified forms of “complete” process-based models are now
available for some Australian fuels, e.g., Matthews (2014). Two examples of the
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predicted EMC or M for fine dead fuels as a function of relative humidity and air
temperature are shown in Fig. 11.13. For a given relative humidity value, the
moisture content will decrease with increasing temperatures.

The moisture content of surface fine dead fuels experiences pronounced daily
variation that can be described as a 24-h sinusoidal cycle with a minimum in the
mid-afternoon and a maximum before sunrise (Viney 1992; Catchpole et al. 2001).
This additional feature of fuel moisture dynamics is a combined outcome of variation
in ambient weather and solar radiation throughout the day and consequently is
affected by aspect and slope. For example, daytime variation in M (Fig. 11.14)
can be estimated using the model of Rothermel et al. (1986), which essentially
extends the Canadian FFMC code to integrate solar radiation. The minimum M
contents were attained during the morning (9–12 AM), reflecting not just the weather
conditions observed locally on a specific day (Fig. 11.14), but also the topographic
context: a steep slope facing east, which is heated by the sun early in the morning.

Differences in M between stands (Fig. 11.14) can be significant, especially when
they occur at the low end of the M range and consequently exacerbate differences in
potential fire behavior between the three forest types (Pinto and Fernandes 2014).
Note that the weather data collected inside stands indicate the combined effect of
micrometeorology and solar radiation (as determined by stand structure). M was
highest in the deciduous Betula stand, intermediate in the dense Chamaecyparis
plantation, and lowest in the comparatively open Pinus stand.

The many variables that affect M (weather, topography, and vegetation) and their
corresponding interactions in time and space make predicting M challenging. How-
ever, relevant progress has been made in mapping modeled M (Holden and Jolly
2011; Sullivan and Matthews 2013).

Fig. 11.13 Examples of (a) equilibrium (EMC) or (b) actual (M) moisture content of fine dead
fuels predicted from air relative humidity (RH) and temperature (T). Estimates are from an empirical
model (a, Simard 1968) and a process-based model calibrated for shrubland and assuming solar
radiation above 500 W m�2 (clear sky in the early afternoon) (b, Anderson et al. 2015)
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11.2.2 Live Fuel Moisture

Live fuels are an important or dominant component of the fuel complex in many
vegetation types worldwide, including grasslands, shrublands, woodlands, and open
forests. Live fuels are the vector of crown fire spread in conifer forests. A balance
between two physiological processes governs the moisture content of live foliage:
water uptake through the roots and water loss by transpiration. As these processes
are related to water availability, the climate, environment, phenology, and species
adaptations are essential factors. These processes also vary with the age of the
leaves, resulting in significant differences between deciduous and evergreen species.
Because of these relationships, the moisture content of leaves varies with the type of
species and environment but also seasonally and diurnally. Van Wagner (1977)
indicated that while deciduous broadleaves maintain FMC values from about 140 to
200% after the foliage-flushing period is over, the conifer forests of Canada most
prone to crowning have values of foliar moisture content (FMC) from about 70 to
130% and eucalypts and chaparral are often at values of 100% or less. In the next
sections, we will exemplify these relationships.

Fig. 11.14 Hourly daytime (8 AM to 6 PM) estimates of fine dead fuel moisture content in three
forest stands in northern Portugal, respectively Betula alba (BA), Chamaecyparis lawsoniana
(CL) and Pinus pinaster (PP), during one summer day. The stands are adjacent to one another
and located at an elevation of 1100 m on an east-facing 25� slope. The estimates (Pinto and
Fernandes 2014) were obtained with the M model of Rothermel et al. (1986) using within-stand
measured weather and stand structure data
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The Conifer Forests of North America

Most of the research on temporal variation in leaf moisture has been conducted in
North America’s crown fire-prone conifer forests. The seasonal trends in live
moisture content of conifer needles were studied for jack pine (Pinus banksiana)
and red pine (P. resinosa) by Van Wagner (1967) in the Petawawa Research Station
in eastern Canada. Others continued similar studies, such as Jolly et al. (2016), who
have carried out comparable work in Wisconsin (Fig. 11.15).

Similar trends were observed by Van Wagner (1967) for other North American
conifer species, including white pine (Pinus strobus), balsam fir (Abies balsamea),
and white spruce (Picea glauca). All conifer species show stable values throughout
the year with a minimum moisture content of old leaves at spring (known as the
spring dip) simultaneous with the flux of new leaves.

Temperate Deciduous Broad Leaves

Different authors in different parts of the world have studied the seasonal variation of
leaf moisture of temperate deciduous broadleaves. Van Wagner (1967) addressed
two important broadleaf species in eastern Canada: sugar maple (Acer saccharum)
and trembling aspen (Populus tremuloides). Similar studies were conducted in
France, where Leroy (1968) and Le Tacon and Toutain (1973) focused on two
very important broadleaved species in temperate Europe: the European oak (Quercus
robur) and the European beech (Fagus sylvatica) (Fig. 11.16).

In temperate conditions in North America and Europe, all the deciduous broadleaf
species showed similar trends. Leaf moisture is very high (more than 200%) at the

Fig. 11.15 Seasonal variation of foliar moisture content (FMC) of old and new needles of (a) jack
pine (Pinus banksiana) and (b) red pine (P. resinosa) The graphs show remarkable agreement
between results of the pioneering work of Van Wagner (1967) in eastern Canada (squares) with
those obtained 50 years later by Jolly et al. (2016) in central Wisconsin (solid lines)
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beginning of the growing period (typically May). Leaf moisture subsequently
decreased during summer, but was always relatively high (between 125 and
175%). These moisture values are beyond the thresholds for burning, justifying
the inclusion of these species in studies related to crown fires only for comparison as
“in Canada at least, only conifer stands will support crown fires” (Van Wagner
1967).

Evergreen Trees and Shrubs in Mediterranean-Type Climates

Different evergreen tree and shrub species show different adaptations to water stress
under the same Mediterranean climate, exemplified by the Algarve region in south-
ern Portugal (Fig. 11.17). Some tree species, such as pines (Pinus pinaster and
P. pinea) and eucalypts (Eucalyptus globulus), keep a relatively constant foliar
moisture content (around 125%) throughout the year. Other species like the straw-
berry tree (Arbutus unedo) show large variations around the average of FMC 125%,
with a maximum in May and a minimum in September and October. Less pro-
nounced but similar seasonal variation occurs for cork oak (Quercus suber) leaves
with lower FMC reaching 75% in the fall.

In Mediterranean-type climates, live fuel moisture correlates well with moisture
availability in the soil, as shown by Olsen (1960) for three chaparral shrub species,
including chamise (Adenostoma fasciculatum), hoaryleaf ceanothus (Ceanothus
crassifolius), and black sage (Salvia mellifera) in California. In the Mediterranean-
type climate, soil moisture is low throughout summer and autumn. All chaparral
species show low live moisture contents, indicating that they can burn readily after

Fig. 11.16 Seasonal variation (May to October) of foliar moisture content for a sugar maple (Acer
saccharum) and trembling aspen (Populus tremuloides) in eastern Canada (adapted from Van
Wagner 1967) and b for the European oak (Quercus robur) and the European beech (Fagus
sylvatica) in France. (Adapted from Leroy 1968 and Le Tacon and Toutain 1973)
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July. Similar trends were observed for two Mediterranean shrubs, French lavender
(Lavandula pedunculata) and gum rockrose (Cistus ladanifer) in the Algarve region
in Portugal (Fig. 11.18).

Forests with Understory Shrubs

In general, forests support many different understory plants that occupy different
vertical niches and distinct seasonal patterns in foliar moisture. Seasonal variations

Fig. 11.17 Seasonal variation of foliar moisture content for five tree species in the Algarve region
in southern Portugal. (Unpublished data from the authors)

Fig. 11.18 Seasonal variation of (a) three chaparral species, chamise (Adenostoma fasciculatum),
hoaryleaf ceanothus (Ceanothus crassifolius), and black sage (Salvia mellifera) in southern Cali-
fornia, adapted from Olsen (1960), and (b) of two Mediterranean shrubs, French lavender
(Lavandula pedunculata) and gum rockrose (Cistus ladanifer) in Algarve, Portugal. (Unpublished
data from the authors)
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of foliar moisture of pines and associated shrub species have been documented. Qi
et al. (2016) compared the foliar moisture of lodgepole pine (Pinus contorta) with
that of big sagebrush (Artemisia tridentata) in Montana. The foliar moisture content
of the shrubs (manzanita and sagebrush) show a marked summer decline in response
to soil moisture. This decline was especially sharp in big sagebrush as FMC
decreased very rapidly from more than 175% in July to about 75% in September.
The moisture content of the needles of the two pines (ponderosa and lodgepole) was
relatively constant through time. The foliar moisture of old needles of the two pine
species varied between 100 and 125%.

Live foliage moisture varies diurnally. Philpot (1963) studied ponderosa pine
(P. ponderosa) and whiteleaf manzanita (Arctostaphylos viscida) in California
(Fig. 11.19). The moisture is highest at night and lowest in the afternoon. Philpot
(1965) demonstrated significant within-day differences in foliar moisture both for
ponderosa pines (3–10 m tall) and shrubs (1–1.5 m tall) of whiteleaf manzanita
during summer in California. These results agree with others obtained for Pinus
edulis and Ilex glabra and summarized by Chandler et al. (1983), which suggest that
the amount of moisture change throughout the day is closely correlated with
temperature changes. As soil moisture in the rooting zone of woody species is
relatively constant throughout the day, the main process driving the diurnal variation
is transpiration. Leaf stomata are the main avenue for water loss from transpiration,
and stomata usually close at night and open in the day in response to solar radiation,
ambient temperature, air relative humidity, and wind. Philpot (1965) suggested that
the diurnal fluctuation in both ponderosa pine and manzanita leaves’ moisture
content partly explains differences in fire behavior between night and midday.

Various environmental and physiological factors govern the moisture content of
live fuels, making it more difficult to predict than dead fuel moisture. Further, most
live fuel complexes include a mixture of species quite variable in foliage moisture

Fig. 11.19 Daily fluctuation of foliar moisture (FMC) of whiteleaf manzanita (Arctostaphylos
viscida) and ponderosa pine (Pinus ponderosa). (Adapted from Philpot 1965)
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content. Consequently, current tools and approaches to estimate FMC for fire
management purposes are limited, including remote sensing (Yebra et al. 2013)
and the establishment of relationships with drought indices or the moisture of the
slowest-drying dead fuels (Burgan 1979; Pellizzaro et al. 2007). For this reason, fire
managers often rely on FMC monitoring programs based on the destructive sam-
pling of indicator species to provide estimates of live fuel moisture (Weise et al.
1998).

11.3 Fuels Management

Fuels treatments modify the amount, composition, and structure of the fuel complex
to alter fire behavior or to minimize the negative impacts of future wildfires on
ecosystem goods and services, cultural resources, and human communities
(Hoffman et al. 2018). The limited scope of ignition control programs and the
insufficiency of firefighting technology under elevated fire danger conditions,
which account for most of the burned area, led Countryman (1974) to argue for a
central role for proactive fuels management in risk reduction. Paradoxically, the need
for fuels management is especially evident when high investment and organization
levels result in prompt fire detection and suppression (Finney and Cohen 2003).
However, fires surviving initial attack can easily turn into large and severe fires when
unfavorable weather combines with high fuel hazard. Allocating much of the fire
management budget to fire suppression-related activities, instead of to fuels treat-
ments, can postpone and potentially magnify the impacts of undesired fire because it
facilitates fuel buildup, in what is known as the “fire paradox” (Arno and Brown
1991).

Fuels treatments have become a valuable management tool, e.g., in dry forests in
the western USA ecosystems where fire suppression and timber harvesting have led
to increases in surface and canopy fuels within and around the wildland urban
interface (WUI) (Graham et al. 2004; Hudak et al. 2011; Covington and Moore
1994; Stephens and Fulé 2005; Hessburg et al. 2005). Nonetheless, fuels manage-
ment as a fundamental, broad-scale, and persistent component of fire management is
scarce worldwide (see Chap. 13 for examples).

11.3.1 Fuels Management Strategies

Fuels management comprises three basic strategies: fuels reduction, fuels isolation,
and fuel type conversion (Pyne et al. 1996). Although the goals of fuels reduction
and conversion are to modify fire behavior, fuel isolation breaks up fuel continuity in
the landscape to hinder fire spread. The techniques involved in the three basic
strategies are similar; however, fuel isolation is implemented in the form of relatively
linear fuelbreaks rather than across an area.
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Fuel reduction decreases the quantity of fuels available for combustion, to which
fire intensity responds linearly. Consequently, a fuel-reduced area slows down a
wildfire, lowers flame size and heat release, and reduces spotting, the likelihood of
plume-driven fire development, and smoldering combustion. Fuel reduction facili-
tates fire suppression operations directly, by modifying fire behavior, and indirectly
by improving access, visibility, rate of containment-line construction, anchor points,
safety, and optimal allocation of fire suppression resources (Fernandes 2015).
Attacking the head of a typical wildfire is often impossible or unsuccessful. How-
ever, fire behavior varies markedly around the fire perimeter (Catchpole et al. 1993).
Fuel reduction increases the extent of the fireline that can be tackled by direct attack
and the associated spatiotemporal windows of opportunity. By allowing safer and
more effective work on the flanks of a wildfire, fuel reduction decreases the potential
for rapid fire growth when sudden shifts in wind direction and speed occur. Overall,
fuel reduction increases fire control options and the corresponding effectiveness of
fire suppression.

Although less often appreciated, fuel reduction also mitigates fire impacts
(Chap. 9), such as soil heating, smoke production, carbon emissions, and plant
injury and mortality, with potentially faster and more thorough post-fire recovery.
By decreasing both flaming and non-flaming combustion, fuel reduction diminishes
fire risk and the costs of wildfire suppression and post-fire rehabilitation (Fig. 11.20).

The fuel isolation strategy reduces the continuity of flammable vegetation by
establishing narrow fuelbreaks of variable width, with residual trees (shaded
fuelbreaks) or without trees, and within which fuels are reduced to confine wildfires.
Ideally, fuelbreaks should be used as a basis for the gradual expansion of fuel
reduction (Weatherspoon and Skinner 1996; Agee et al. 2000). Fuel isolation ranges

Fig. 11.20 Effects of fuel reduction treatments on fire behavior and effects, including the impli-
cations for fire suppression operations and costs

388 11 Fuel Dynamics and Management



from bare and narrow strips, typical of plantation forestry, to wide (>100 m)
infrastructured fuelbreaks, i.e., including access routes and water points to support
fire suppression. Fuel breaks can create conditions that expand the fire suppression
capacity of ground resources and the effectiveness of aircraft drops (Weatherspoon
and Skinner 1996). The design of a fuelbreak network can integrate and expand the
diversity of existing land uses, and take advantage of topography and existing
vegetation. Fuel isolation can take the form of “green” fuelbreaks (greenbelts)
composed of low flammability species.

Similar to area-wide fuel reduction treatments, fuel conversion is expected to
moderate the spread and effects of fire on the landscape, but by replacing vegetation,
the effect may last longer (Fig. 11.21). The effectiveness in altering fire behavior
depends on the overall fire environment in terms of physical fuel properties, fuel
moisture, and wind speed (Pinto and Fernandes 2014). The conversion strategy is
constrained by the options available and the resulting ecological changes.
Depending on the context, it can be achieved by allowing plant succession to
proceed, e.g., towards mesic or moister forest types in general, namely deciduous
hardwoods or mixed deciduous-conifer stands.

The spatial layout of fuel reduction and conversion units in the landscape should
be guided by factors such as the fire regime, fire management objectives, topogra-
phy, site productivity, and the spatial pattern of values at risk (Ager et al. 2013).
Fuelbreaks to facilitate fire suppression can be located to protect localized assets,
e.g., the WUI, or to contain large fires at strategic locations. Area-wide treatments
serve purposes of broad landscape protection or burn severity reduction; both
purposes entail decreased fire behavior but, only the former actually implies a
reduction in burn probability.

Fig. 11.21 Low-flammability environments can be achieved through forest type conversion,
namely to deciduous broadleaves. (a) Patchy, low-intensity burning and self-extinction of a wildfire
in Betula pubescens forest. (b) The green area denotes unscorched or unburned mixed broadleaved
forest (mostly Quercus robur and Castanea sativa). (Photographs by Paulo Fernandes in northern
Portugal)
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11.3.2 Fuel Reduction Principles and Techniques

Fuels treatments seek to modify fire behavior and/or effects, but a diversity of
methods can be used depending on the specific management objective. For example,
treatments within and around the WUI are often developed to reduce fire rate of
spread, flame length, and intensity with the primary objective of facilitating fire
suppression and protecting human life and property. Treatments away from the WUI
may emphasize reducing fire intensity or the potential for crown fire with the primary
goal of reducing burn severity so that fires can occur without negative impacts on
ecological function (Reinhardt et al. 2008). Fuel treatments could also be designed to
support the use of fire and to manage fires to burn through landscapes without loss of
valued assets.

The choice of methods should be informed by an understanding of the role of fuel
characteristics on fire behavior. Different fuel layers have different influences on fire
behavior and affect different fire characteristics (Cheney 1990; Peterson et al. 2005)
(Fig. 11.22). Compactness typically decreases from the bottom of the forest floor to
the top of the understory. The finer fuels in litter and in low grassy or woody
vegetation (plus moss and lichen in boreal forests) contribute to the leading edge
of the flame front and drive surface fire spread. Coarse woody fuels and ground fuels
such as duff do not add significantly to the heat flux at the fire front but are important
contributors to the burnout time and total heat released during a fire. Compact
fuelbeds, such as deep duff on the soil surface, do not support flaming combustion.
However, the ascending heat from all fuels combined, plus flame contact from the
combustion of tall shrubs and ladder fuels, can enable a crown fire, whose spread and
intensity are influenced by foliar density and moisture in the canopy (Chap. 8).

The technical specifications of fuels treatments depend on factors such as vege-
tation type, the vertical distribution of fuel, and environmental impacts of the
operations (Peterson et al. 2003). Fuel reduction in open vegetation is simply the
removal or structural modification of the grass, shrub, or slash layer. Fire managers
can design treatments to meet various goals. In conifer forests, fuels treatments are
often designed to reduce the potential for crown fires because crown fires are
associated with high rates of spread and fireline intensities, are more difficult to

Fig. 11.22 Targeting different fuel strata for treatment impacts fire behavior differently. (From
Peterson et al. 2005)
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control, and pose a significant risk to life and property (Scott and Reinhardt 2001;
Hoffman et al. 2018), as discussed in Chap. 8. Furthermore, crown fires are increas-
ingly common in forests around the world. Fuels management to reduce the potential
for crown fire ignition and spread is based on our understanding of the relationship
between fuels and fire behavior. Four principles guide treatment design and define a
hierarchy of treatment priorities (Graham et al. 2004; Agee and Skinner 2005):

1. Reduce surface fuels to decrease potential for high fire spread rate and intensity,
2. Break vertical continuity and minimize the likelihood of crown fire initiation by

pruning trees to increase canopy base height and removing ladder fuels such as
tall shrubs and small trees,

3. Thin the overstory to reduce the concentration of foliar biomass and reduce the
possibility of tree-to-tree fire spread in an active crown fire, and

4. Remove smaller individuals and species with little resistance to fire to lessen tree
mortality.

Surface Fuels Treatments

Various alternatives exist to reduce fuels underneath forest canopies and in open
vegetation. Two general types of treatments can be distinguished: those that reduce
fuels through consumption (e.g., prescribed burning and grazing, Fig. 11.23a, d) and
those that rearrange fuels (e.g., mastication and other mechanical treatments,
Fig. 11.23b, c). The latter make fuels less available for combustion, but often require
supplementary treatment if fuels are to be removed completely.

Prescribed burning is particularly suited to accomplish fuel management on a
significant spatial scale. Prescribed burning should conform to a predefined meteo-
rological window (Fig. 11.24), as narrow as the specificity of treatment objectives
dictates but wide enough to maximize the opportunities for success. The prescrip-
tions are carefully chosen to result in fire behavior to accomplish the desired fuel
consumption and fire effects. Although the fuel-reduction impact depends essentially
on the moisture content gradient in surface and ground fuels, it is typically only the
finer and more aerated components of the fuel complex that are substantially reduced
with prescribed burning. However, prescribed burning can also consume or scorch
ladder fuels in the lower canopy and kill dominated trees, hence increasing canopy
base height and reducing canopy fuel load. In some locations, crown fires are
prescribed. Planned fire or managed (under prescription) wildfire are the options of
choice to simultaneously decrease fuel hazard and maintain or restore fire-adapted or
fire-dependent ecosystems, such as the dry conifer forests of the western USA
(Keane 2015). Often, prescribed burning fulfills other goals in addition to fuel
reduction. Worldwide examples of prescribed burning programs as part of integrated
fire management are presented in eight case studies in Chap. 13 and Case study 12.2.

Prescribed burning is less favored in other circumstances, such as those that
involve risks to valued resources, e.g., to people especially at or near the WUI, or
to plantation forestry of thin-barked trees. Several alternatives to prescribed burning
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Fig. 11.23 Examples of common fuel treatments. (a) prescribed burning in southwestern Australia
eucalypt woodland. (b) Mastication in western USA conifer forest. (c) Mechanical understory
shredding in Portuguese pine forest. (d) Goat grazing maintaining a fuelbreak in Portugal. (Photo-
graphs by Paulo Fernandes, except (b) taken by Mike Battaglia)

Fig. 11.24 Optimum burning window to reduce fuels in low (<1 m tall) dry heathland in Portugal
dominated by the shrubs Pterospartium tridentatum and Erica umbellata as a function of elevated
dead fuel moisture (M) content and 2-m wind speed in the open. Seasonal differences reflect
differences in live fuel moisture content. (From Fernandes and Loureiro 2010)
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exist, although they are often less cost-effective and have less impact on fuels.
Motorized shrub cutting by hand crews only decreases fuel height. Mechanical
treatments are constrained by accessibility, e.g., due to slope, and many require
subsequent removal or on-site processing of the residual fuels to be effective.
However, sufficiently compacted fuels can result from tractor-pulled mechanized
equipment driving over the understory vegetation to crush and slash it, with or
without incorporation in the forest floor. Chemical treatments with phytocides are
efficient in controlling the woody understory, but temporarily increase fuel hazard
due to conversion of live into dead fuel (Brose and Wade 2002, Mirra et al. 2017).
The impact of livestock grazing (see Sect. 11.1.2) is selective and dispersed, as it
depends on animal stocking rates and feeding preferences.

Impacts of surface fuels treatment in the medium to long run are strongly
contingent on vegetation type and local soil and climate conditions. This dependence
on local conditions hinders the formulation of generalized recommendations for fuel
control, including the type and frequency of treatments. Operational sequences
combining two or more techniques can offer the best results, as shown for fuelbreak
maintenance in southern France (Rigolot and Etienne 1998).

Canopy Fuels Treatments: Thinning and Pruning

Silvicultural treatments to thin and prune forest stands are accomplished primarily
through mechanical or manual treatments. Prescribed burning can result in a com-
parable effect, depending on tree crown base heights, fire intensity, and tree resis-
tance to fire. Results are conditional on the structural impact achieved, i.e., the type
and intensity of thinning and the subsequent development of vegetation (Graham
et al. 2004). Thinning from below (or low thinning) (Fig. 11.25) is the most effective
type of thinning for increasing the canopy base height, especially when codominant
and dominant trees are also removed. When used in combination with other forest

Fig. 11.25 A conifer forest with a mixture of dominant (D), codominant (C), intermediate (I), and
suppressed (S) trees. The intensity of low thinning ranges from light to moderate to heavy,
respectively, by removing only the suppressed, to also removing intermediate and codominant
trees. Thinning can be spatially variable to further enhance the variation in forest structure spatially;
this is sometimes done to enhance the wildlife habitat or aesthetics. In that case, dense clumps of
trees with interconnected tree crowns may be left in the forest as long as the clumps are separated
from one another. (From Graham et al. 1999)
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treatments, thinning can produce interesting and heterogeneous stand structures
(Peterson et al. 2003). Thinning from below is often used to transform dense stands
of small trees into shaded fuelbreaks dominated by larger, more fire-resistant trees
(Weatherspoon and Skinner 1996). Reducing the likelihood of active crown fire to a
minimum requires decreasing tree canopy bulk density to 0.05–0.10 kg m�3 (Agee
1996; Van Wagner 1977). This level of thinning implies below the ideal density for
maximizing tree growth for many species, and so there can be a trade-off between
maximizing timber yield and minimizing crown fire hazard in forests managed for
wood resources (Keyes and O’Hara 2002; Gomez-Vasquez et al. 2014).

Canopy interventions can simultaneously decrease and increase fire behavior
potential (Agee et al. 2000; Graham et al. 2004). Relocating canopy fuels to the
surface generates an extremely flammable fuel complex that will persist for a long
time, especially in climates or sites that do not favor decomposition. Consequently,
supplementary operations are advised, e.g., removal, pile and burn, broadcast burn,
or mastication. However, the need for supplementary surface fuel treatments is not a
general rule. For example, properly timed silvicultural treatments in Pinus radiata
plantations do not require surface fuels treatments to be of value for fire suppression
within a reasonable range of fire weather conditions (Cruz et al. 2017). Similarly,
forest structure modification in dry conifer forests in the western USA can effec-
tively reduce crown fire potential without subsequent surface fuel reductions (Fulé
et al. 2012; Ziegler et al. 2017).

The reduction in canopy biomass associated with thinning reduces the amount of
drag affecting the wind flow and increases the within and below canopy wind
speeds. Furthermore, increased solar radiation associated with less canopy biomass
influences fuel temperature and moisture and enhances understory vegetation devel-
opment, especially in more productive sites. This last effect is nonetheless highly
variable (Castedo-Dorado et al. 2012) and can be mitigated by the treatment of
surface and ladder fuels (Weatherspoon 1996).

Mastication is a fuel treatment where machines are used to chip or mulch both
living and dead trees and shrubs. Mastication is increasingly used as an alternative to
prescribed burning or piling to reduce fire hazard in forests and shrublands. The
practice has been recently studied as the shredded, irregular fuel particles in compact
fuelbeds that result from mastication don’t fit the assumptions of many fire behavior
models. See Case Study 11.1.

Case Study 11.1 Mastication as a Fuels Treatment
Penelope Morgan, email: pmorgan@uidaho.edu

Department of Forest, Rangeland, and Fire Sciences, University of Idaho,
Moscow
In mastication, trees and shrubs are chipped or mulched with a machine.

Mastication is increasingly used as an alternative to prescribed burning or
piling to reduce fire hazard in forests and shrublands. In this process, fuels are

(continued)
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Case Study 11.1 (continued)
redistributed from crowns to dense, compact fuel layers on the surface
(Fig. 11.26). Masticated fuels often burn with shorter flames and lower

(continued)

Fig. 11.26 Mastication treatments redistribute the fuels from tree and shrub to forest floor. The
fuels are not removed from the site. If the masticated fuels don’t decompose soon, they can add to
the amount of fuel as vegetation recovers. (From Kreye et al. 2014)

Fig. 11.27 Fuel sampling pre-burn, fire behavior during burning, and fuel consumption evident
after prescribed fire experiments conducted by Sparks et al. (2017) and Lyon et al. (2018). These
photos are arranged with increasing fire intensity, as indicated by Fire Radiative Energy Density
(FRED). (Photos from Sparks et al. 2017)
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Case Study 11.1 (continued)
intensity than similar untreated fuels (Kreye et al. 2014). However, the poten-
tial for long-duration smoldering with related soil heating is high. Masticated
fuelbeds retain fuel moisture and thus are more likely to smolder than similar
amounts of fuels that are in less dense fuelbeds. The fuels are often shredded,
resulting in irregular shapes (Keane et al. 2017). Between the shape of the
pieces and the compact fuelbeds, masticated fuels don’t fit the assumptions of
many fire behavior models that fuels are of uniform and cylindrical shape.
Masticated fuels burn less readily when aged (Kreye et al. 2014; Heinsch et al.
2018).

Costs of mastication treatments vary with the machine used and the mate-
rial being masticated. Lyon et al. (2018) found that coarse mastication was
faster and therefore 15% less expensive than fine mastication, yet the fire
behavior was similar under their low intensity prescribed fire experiments. In
fine mastication, there were few large pieces because the machine operator
masticated each piece thoroughly, and this required more time to reposition the
machine to process every stem. In contrast, in coarse mastication, large pieces
of tree stems were left untreated.

During subsequent burning (Fig. 11.27), Lyon et al. (2018) found that the
consumption of finely chipped, wet fuels was higher than for coarse wet fuels.
However, when the fuels were relatively dry, coarse fuels had higher con-
sumption than either fine, dry, or untreated fuels. The fuelbed characteristics
(depth, piece size, and shape, decomposition rates, bulk density) vary with the
machinery used in mastication, with the material that is masticated, how much
biomass is masticated, and the time since mastication (Keane et al. 2017).

The extended smoldering combustion of masticated fuels (Heinsch et al.
2018; Lyon et al. 2018) suggest that fires burning in masticated fuels may
result in more particulates in smoke near the ground. Masticated fuels burning
in high wind conditions can produce embers, and the fuelbeds may ignite
readily from embers (Kreye et al. 2014).

The ecological effects of mastication are poorly understood. The extended
smoldering combustion likely results in soil heating, but only if the masticated
fuelbeds burn. Unburned organic materials can insulate the soil. Unburned
masticated layers on the soil surface likely limit evaporation from surface soil
layers and thus act as a mulch that holds soil moisture into dry seasons.
However, the mulch may also act as a physical barrier to seeds that germinate
more successfully on bare mineral soil or for resprouting plants that are more
likely to be stimulated when surface soils are less insulated. Further, it is
possible that the presence of surface organic layers will alter the soil temper-
ature and moisture and therefore the nutrient dynamics. As the layers of
masticated fuels decompose, they will slowly release nutrients, but they may
also limit the availability of nitrogen or other nutrients if the added carbon

(continued)
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Case Study 11.1 (continued)
alters the carbon:nitrogen ratios enough that microbes absorb the available
nitrogen leaving little for the plants. The ecological effects over time depend
on the rate at which the accumulated biomass decomposes, and how these
layers influence the soil temperature, moisture, and nutrient availability.

11.3.3 Fuels Treatment Effectiveness

Expectations Versus Reality

The assessment of fuel treatment effectiveness can be based on different criteria and
is context dependent, e.g., one can either value the effect on wildfire extent or on
burn severity. Either way, fuel treatment effectiveness depends on the influence of
fuel structure and load on fire behavior versus the influence of weather and drought.
The effect of treatments on wildfire spread can be barely noticeable when strong
winds and dry fuels combine, especially in large fires (Banks and Little 1964; Keeley
et al. 1999; McCarthy and Tolhurst 2001; Pye et al. 2003). It can be quickly
suggested or concluded that treating fuels is futile in the face of severe fire weather
or future climate change, but this point of view underestimates the impact on fire
behavior and mistakenly assumes that fuel treatments are primarily intended to stop
fires. Such expectation is excessive, as it implies unrealistic levels of success,
consequently compromising an objective analysis (Finney and Cohen 2003). Fur-
ther, stopping all fires can be counterproductive if fuels accumulate and then burn in
a subsequent wildfire (Reinhardt et al. 2008).

What benefits should then be expected from fuel management? Suppose the goal
is to decrease wildfire size. In that case, the assumption is that a properly treated area
will expand fire management options and increase their effectiveness (Omi and
Martinson 2002; Finney and Cohen 2003), an outcome of reducing fireline intensity
to levels within fire control capacity (See Chap. 8). Several wildfire case studies have
illustrated the value of fuel reduction to fire suppression strategies and outcomes
(Cheney 2010; Tolhurst and McCarthy 2016). Treatment longevity can be seen as
the length of time required for fire behavior to return to pre-treatment levels.
However, from the practical perspective of fire control operations, the effective
longevity of fuels treatments will be increasingly shorter as fire weather conditions
worsen. While fuel reduction may not impact wildfire growth and burned areas
under extreme fire weather, the decrease in energy release and thus burn severity will
mitigate the environmental and socioeconomic impacts of wildfire (Reinhardt et al.
2008).

The previous paragraph considerations do not apply to the isolation strategy,
whose success is measured only by the degree to which fire growth is curtailed.
Reality defeats this expectation all too often, even when fuelbreaks are wide, as the
likelihood of fire containment is influenced by factors such as fire fighter access and
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staffing, fuelbreak maintenance, fire weather, fire size and orientation, and spotting
(Rigolot 2002; Weatherspoon and Skinner 1996; Syphard et al. 2011).

Fuel management is not equally effective in all vegetation types. Fuel dynamics
and treatment longevity are vegetation type-specific. For example, savanna burning
in northern Australia will only hinder fire spread before grass regrows and dries
(Price et al. 2012), whereas treatments in mixed conifer forests in California can limit
the potential for burning for up to 9 years (Collins et al. 2009). Different fuel
components follow different recovery trajectories after treatment, which has impli-
cations for fire behavior over time, e.g., in dry eucalypt forests, the rate of build-up is
litter>shrubs>bark (Gould et al. 2011). Different fire regimes require different fire
and fuel management strategies (Gutsell et al. 2001), and treatment outcomes are
more uncertain in crown-fire systems (Omi and Martinson 2002). In western USA
forests, lesser relevance of fuel reduction is expected as the fire regime moves from
frequent low-severity burning to infrequent stand-replacing fire (Schoennagel et al.
2004).

Assessments of Fuels Treatment Effectiveness

There are multiple approaches to evaluating fuels treatment (Fernandes and Botelho
2003; Fernandes 2015). They include:

1. Assessing the immediate physical impacts of treatments on the fuel complex and
how fuels subsequently recover,

2. Expert opinion, which is conditioned by experience,
3. Simulations of fire behavior, affected by model capabilities and the assumptions

adopted,
4. Documentation of the behavior or effects of wildfires in treated areas in compar-

ison with adjacent untreated areas, as in Fig. 11.28, limited by data quality and
quantity,

5. Observation of fire behavior and effects in experimental fires, the most authori-
tative method if high- to extreme-intensity fires are available, and.

6. Analysis of the fire regime, where the effects of fuel management can be
confounded with other fire management activities.

The effectiveness of fuel treatments has been assessed at the stand scale (i.e.,
areas with a size from 10’s to 100’s of ha) using a combination of approaches,
including assessing the immediate impacts on the fuels complex, computer simula-
tions as well as post-fire case studies (Collins et al. 2007; Fulé et al. 2012; Hudak
et al. 2011; Kalies and Kent 2016; Kennedy and Johnson 2014; Parsons et al. 2017;
Safford et al. 2012; Stevens-Rumann et al. 2013; Ziegler et al. 2017). These studies
have generally found that fuel treatments that use prescribed or managed fire alone,
thinning alone, or a combination of the two can be successful at reducing the
potential for high-severity crown fires compared to untreated areas. Still, there are
differences among the treatment types (Fulé et al. 2012; Stephens et al. 2012).
Prescribed fire alone can effectively reduce surface and canopy fuel load, raise the
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crown base height, and reduce burn severity (Espinosa et al. 2019; Fulé et al. 2012;
Knapp et al. 2005; Pollet and Omi 2002; Vaillant et al. 2009). Thinning can be
effective at reducing burn severity. However, thinning treatments that do not limit
post-treatment slash through whole-tree harvesting, piling and burning, or broadcast
burning may not be effective at reducing the potential for high severity fires
(Schmidt et al. 2008; Stephens et al. 2009). Similarly, treatments that utilize masti-
cation may not be effective due to the increased surface fuel load (Battaglia et al.
2010; Jain et al. 2012; Kane et al. 2009; Kreye et al. 2014). Treatments that apply a
combination of prescribed or managed fire along with mechanical methods are often
the most effective at reducing the potential for crown fire initiation and spread
(Prichard et al. 2010; Safford et al. 2012; Schwilk et al. 2009).

Following fuel treatments, overstory fuel load changes in response to the growth
of existing trees, which can take advantage of the newly available growing space.
The growth of understory and midstory vegetation also results in a decrease in the
canopy base height over time. Because deposition often exceeds decomposition, the
surface fuels increase as leaves, needles, cones, and branches accumulate. Several
previous studies in the western USA have suggested that treatment longevity ranges
from 10 to 20 year (Battaglia et al. 2008; Collins et al. 2011; Tinkham et al. 2016).

Fig. 11.28 Examples of fuel treatments challenged by wildfire. (a) Treated (commercial harvest
and prescribed fire) and (b) untreated Pinus ponderosa stand in the Santa Fé National Forest, New
Mexico, USA with canopy bulk densities respectively of 0.021 and 0.118 kg m�3, 1 year after
wildfire (From Cram et al. 2006). (c) Wildfires stopped in a fuelbreak and d restrained by mosaic
burning and grazing in northern Portugal shrubland. (Photographs by Paulo Fernandes)
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However, various factors may influence longevity including the type and intensity of
treatment, site productivity, climate, and vegetation responses. Ultimately, fuel
managers need to balance the maintenance of fuels treatments with the implemen-
tation of new fuels treatments across landscapes. North et al. (2012) suggested that
managers increase both prescribed fire and managed wildfire to maintain current fuel
treatments and expand the area treated. However, this approach will not be possible
in all areas due to constraints related to air quality, wildlife habitat, and a growing
wildland-urban interface.

Although treatment design and assessment usually occur at the stand scale, the
size and severity of large wildfires indicate that treatments need to extend beyond
individual stands to landscapes (Finney and Cohen 2003). Several field-based
studies have shown reductions in burn severity at the landscape scale (Prichard
and Kennedy 2014; Lydersen et al. 2017). Whether a consequence of fuel manage-
ment or of prior wildfire (see Chap. 12), fuel age mosaics can be effective at
controlling wildfire size and growth. This has been shown by aboriginal burning
in arid grasslands in Australia (Bliege Bird et al. 2012), Baja California chaparral
(Minnich and Chou 1997), pastoral burning in Portuguese shrublands (Fernandes
et al. 2016), natural fire regimes in the western USA (Collins et al. 2009; Parks et al.
2015), and prescribed burning for hazard reduction in the eucalypt forests of
southwestern Australia (Boer et al. 2009, See Case Study 13.1). The concept of
burn leverage, i.e., the decrease in wildfire extent per unit of fuel-reduced area
(Loehle 2004), can be used to assess the effectiveness of fuels treatments. Burn
leverage has been quantified for prescribed burning and is modest, depending on the
likelihood of wildfire-treatment encounters and the outcome of the encounter. One
unit of prescribed fire replaces one unit of unplanned fire at best, but the typical ratio
is about 3:1 (Price et al. 2015), and a 5–10% annual rate of landscape treatment is
recommended (Fernandes 2015). As the required treatment effort is difficult to attain
due to insufficient commitment, resources, or opportunities, high-value assets like
wildland-urban interfaces are often prioritized for protection. However, such a
strategy has a number of insufficiencies described by Case Study 13.1 and generally
provides less net benefits in the long term than landscape-level treatments (Florec
et al. 2020). Regardless of treatment strategy and objective, the location of treat-
ments should be planned to achieve the maximum effect.

11.3.4 Decision Support and Optimization

Objective and quantitative criteria should guide the fuel treatment decision-making
process. Fuel treatment recommendations and rules of thumb, e.g., for the distance
between individual tree crowns or the width of fuelbreaks, have often lacked
scientific and empirical support and require critical analysis (Alexander 2003).
Likewise, erroneous ideas persist about the relationship between stand density and
fire hazard, and objective specifications for silvicultural interventions to mitigate
crown fire activity are recent.
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Fire behavior is the link between formulating the desired fire-mitigation level and
specifying the treatment characteristics. Fire behavior simulation can help justify the
treatments, evaluate and compare alternative treatments, and anticipate how land use
options and changes will change fire hazard (Roussopoulos and Johnson 1975).
Thus, developing a prescription to change fuel quantity and structure such that the
treatment is effective over a range of fire weather conditions necessarily involves fire
behavior evaluation (Peterson et al. 2005). Through crown fire modeling (Chap. 8),
quantitative objectives for treatments impact on stand structure can be defined to
develop guidelines to reduce crowning potential in conifer forests (Alexander 1988;
Graham et al. 1999; Reyes and O’Hara 2002). Compared to untreated conditions,
fuels treatments effectively reduced the simulated rate of spread (Fig. 11.29) after
understory elimination, and after alternative thinning intensities in a Pinus
ponderosa / Pseudotsuga menziesii forest in Montana (Scott 2006, Fig. 11.29).
The simulations integrated the effects of treatments on fuel structure and load and
on the meteorological fire environment.

The main practical difficulty in developing silvicultural prescriptions based on
fire behavior is to have information to quantify canopy fuel characteristics, namely
foliar biomass equations, based on stand metrics that are both familiar to managers
and easy to measure. Crown bulk density and crown base height are difficult to
estimate in multilayered forests (Perry et al. 2004), and it would be convenient to
have variables alternative to bulk density, preferably related to common structural
descriptors of a forest stand (Reyes and O’Hara 2002), such as tree density and
spacing, which are particularly interesting as an element of a thinning prescription
(Peterson et al. 2005). Analysis of fire behavior simulations can be used to derive
rules of thumb and other guidelines for end-users, e.g., Botequim et al. (2017),
including density management diagrams indicating how fire hazard relates to stand
density metrics throughout the development stages of an even-aged stand (Gomez-
Vasquez et al. 2014).

Fuel management planning should also take place at broader spatial scales
beyond the stand-scale analysis of fuel treatment alternatives and prescription
development. The interconnection of plans designed for different scales requires
an integrated approach that maximizes efficiency at each scale, which presupposes
using tools appropriate to each scale, as in the demonstration project described by
Long et al. (2003). Spatially explicit decision-support systems allow identifying
areas where fires are most likely and how they can spread, and then decide on levels
of hazard reduction and how to achieve them. Software that simulates fire growth in
the landscape or estimates burn probability has been developed in the USA (Finney
1998, 2006), Canada (Parisien et al. 2005; Tymstra et al. 2010), and Australia
(Tolhurst et al. 2008). The software equips the decision process with substantial
analytical capacity, allowing comparisons between treatments and their spatial
patterns.

Several operational, economic, social, and policy factors restrict the amount of
land where fuels can be treated. Thus managers try to optimize treatment location
and arrangement to attain the highest effectiveness possible. Treatment preferences
can be defined on the basis of identifying land units corresponding to different
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biophysical settings (Mislivets and Long 2003) or through the assessment of fireshed
(akin to watershed) areas (Bahro et al. 2007). A fire risk framework is inherent to
these approaches, where fire risk is understood as the combined outcome of

Fig. 11.29 Predicted fire spread rate in a Pinus ponderosa / Pseudotsuga menziesii stand as a
function of wind speed in the open at a 10-m height (U10) for the initial (untreated) condition, after
understory removal, and following three levels of stand basal area (BA) reduction. Simulations are
produced by two variants of linking Rothermel (1972), Van Wagner (1977), and Rothermel (1991)
models, respectively FlamMap and NEXUS; and by CFIS, which combines Cruz et al. (2004, 2005)
equations. Rmin is the minimum rate of spread to maintain an active crown fire. Decreasing BA
decreases canopy cover and canopy bulk density, and raises crown base height, all of which will
reduce crown fire spread. These are especially important with higher wind speed and lower dead
fine fuel moisture content. (Adapted from Scott 2006)
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likelihood (of ignition or burning), fire intensity, and fire effects (Miller and Ager
2013). In western Australia, targets for fuel-reduction burning are defined for
combinations of fire management areas, distinguished by management objective,
and fuel types (see Case Study 13.1). The fire risk framework is often preferred in the
decision-making process, given the need to protect threatened values and because
fuel treatments are costly.

The design of landscape fuel treatments requires managers to not only consider
the factors that impact stand-scale effectiveness but how a treatment will impact fire
spread and burn severity across a landscape including the proportion of the land-
scape treated and the placement of the treatment. Wildfires commonly grow larger
than the individual fuel treatment units in their path. Significant slowdown of
wildfire progression across landscapes requires a reasonable degree of overlap
between treatment blocks in the direction of wildfire propagation (Fig. 11.30),
which is unlikely when individual treatments are small and are dispersed according
to random patterns (Finney 2001).

The cumulative effect of more and larger partially overlapped patches is that head
fire spread is fragmented and a higher proportion of the fire front will spread by
flanking, shifting the distribution of fire spread rates to lower values (Finney 2001).
Consequently, the spatial organization of fuel treatments in terms of size, shape,
orientation, and density is crucial regarding their ability and relevance to delay
wildfire growth (Fig. 11.30). The spatial configuration of fuel treatments can be
designed using the equations in Finney (2001) (Fig. 11.31) to arrive at strategically

Fig. 11.30 Relative fire spread rate as a function of treated landscape fraction for distinct spatial
patterns of treatment units. Compared to partial or total overlap amidst treatments, the random
pattern requires the treatment of relatively large fractions of the landscape to result in a substantial
reduction in the fire-spread rate. This analysis assumes uniform fuels, either untreated or treated.
(From Finney 2004)

11.3 Fuels Management 403



placed areas of treatments (SPLATs). Landscape fire modeling suggests that
10–30% of the landscape needs to be strategically treated to reduce fire spread and
intensity across that scale (Finney 2007; Schmidt et al. 2008). In Fig. 11.30, treating
20% of the landscape decreases the modeled fire spread rate by 5–60%, the low and
high extremes corresponding respectively to random and to complete overlap pat-
terns. It would be necessary to triple the treated area to obtain the same effect with
random patterns, similar to the results from percolation models (Bevers et al. 2004;
Loehle 2004). Fuel management planning should be a trade-off between minimizing
treated area and creating spatial patterns that hinder wildfire expansion and alter fire
behavior if the goal is to limit fire spread (Finney and Cohen 2003), but will be more
successful if focused on fire management in support of land management goals.
Further, landscape-scale fuel treatment planning can take advantage of landforms
and vegetation patterns that are fuelbreaks. Fuel treatment regimes, with strategic
fuels treatments implemented through time, can ensure ecosystem sustainability
(Reinhardt et al. 2008). Still, a number of constraints may limit the ability to
optimize landscape-scale fuel treatment, such as conservation status, land owner-
ship, or access (Graham et al. 2004).

The design of fuelbreak networks should also be governed by strategic principles
(Graham et al. 2004). As an alternative to a more exhaustive treatment of the
landscape, and notwithstanding the limitations of the isolation strategy mentioned
earlier, a spatially optimized network of fuelbreaks is preferable to random treat-
ments over an equal proportion of the landscape (Loehle 2004). Strategically placed
fuelbreaks could also support the use of prescribed fire and wildfires managed for

Fig. 11.31 Two spatial
patterns of strategic fuel
treatments based on partially
overlapped treatments,
whereby the inclination
angle of the treatment unit
(θ) is (a) constant or (b)
variable. In the former,
effectiveness is maximized
when fire spreads at right
angles to the treatments,
while in the latter, fire
growth is blocked regardless
of fire spread direction. W,
L, O, and S are respectively
the treatment width, length,
overlap, and separation
distance. (From Parisien
et al. 2006 based on Finney
2001)
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resource benefits. The fuelbreaks help managers move fires through the landscape,
whether those fires are ignited purposefully or are unplanned fires that are delayed,
herded, or otherwise managed to advance natural resource objectives while also
protecting people, their property, and other values.

Methodologies have been developed to optimize fuel management in the land-
scape based on fire spread and growth simulation, e.g., by analyzing burn probability
for different fuel treatment scenarios, such as in the example of Fig. 11.32. FlamMap
(See Chap. 7) calculates fire behavior characteristics for every cell in the landscape
under constant weather, corresponding to the conditions assumed for fuel treatment
performance and enabling analysis of the effects of spatial fuel and topography
patterns under those conditions. Each cell comprises rates of spread in all directions
such that fire growth can be calculated for a given wind direction and ignition
location. FlamMap integrates the Minimum Travel Time (MTT) algorithm (Finney
2002) that calculates fire travel time between landscape corners and computes fire
growth by finding the paths with the minimum fire travel time. These calculations
produce an arrival time grid that can be converted to fire progression maps but can
also produce MTT paths (Fig. 11.33). This FlamMap feature is enabled by the
Treatment Optimization Model (Finney 2007) and allows identifying and mapping
the optimal fuels treatment locations that may disrupt the preferred pathways and
slow down fire growth.

Multiple systems are available to support planning and analysis for fuel treatment
planning. Several of them link together the spatial data, fire behavior prediction tools
with their required inputs and outputs, and tools for visualizing alternative strategies.
For instance, the Interagency Fuels Treatment Decision Support System (IFTDSS,

Fig. 11.32 Burn probability maps produced by the Burn-P3 model for (a) an untreated landscape in
a boreal forest landscape (Prince Albert National Park in western Canada), and (b) for the same
landscape after treatment according to a scenario linking lakes (in blue) where vegetation is
converted to deciduous hardwoods. Treatment design used the equations in Finney (2001). Treat-
ment units are 300-m wide and 900-m long (27 ha), are angled at 20� from the horizontal, and are
organized in three rows separated by 200 m (see Fig. 11.31b). (From Parisien et al. 2006)
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https://iftdss.firenet.gov/landing_page/) is a web-based framework for integrating
software and data. Other fire management decision support systems exist, e.g.,
ARCFuels (Vaillant et al. 2013), and they are particularly useful for landscape-
level planning. Many are modular enough that users can incorporate the tools they
need or those for which they have the data. Some systems can be used to document
what decisions were made when and on what data. Based on interviews with users,
Noble and Paveglio (2020) highly recommended that end users be involved when
planning the development of such tools and the training for using them.

11.4 Implications

Fuels provide a link between fire behavior and fire effects (Keane 2015). Fuel
moisture is critically important to fire behavior and effects. Fuel moisture is
dynamic, as it reflects changing environmental conditions. In warm, dry conditions,
more fuels in more areas become available to burn if ignited, and the fuels load and
vegetation structure and composition are conducive to fire spread.

The ecology of fuels, understood as the tight connection between fuels, fire
behavior, and fire effects, determines vegetation response and dynamics through
complex feedbacks (Mitchell et al. 2009; Keane 2015). The concept of fuel ecology
also implies envisioning fuels as ecosystem components with various functions
rather than just fire-related biomass.

Fuel management strategies have emerged as a critical tool in part because fuels
are the only component of the fire behavior triangle (i.e., fuels, weather, and
topography) that can be directly manipulated through management actions. Fuels

Fig. 11.33 (a) FlamMap fastest travel paths of fire across a landscape (red color) that account for
most of the area burned are identified through the Minimum Travel Time (MTT) algorithm and (b)
the locations and sizes of fuel treatments (15% of the landscape in this example, fuchsia color) that
block those routes are then optimized with the Treatment Optimization Model. (From Finney 2004)
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management can alter burn severity even when fires burn under relatively extreme
environmental conditions, but especially under moderate environmental conditions.
Where and when fuels treatments alter fire behavior and effects, they can increase the
resilience of ecosystems to fires and reduce smoke production. Then subsequent
wildfires and prescribed fires may be more feasible and socially acceptable
(Reinhardt et al. 2008).

Three basic strategies exist for fuel management: fuel reduction, fuel isolation,
and fuel type conversion. Managers use various approaches to carry out fuel
treatments, including mechanical, prescribed burning, grazing, and others. In all
cases, the goal of fuels treatment is to modify the fuels complex to alter fire behavior,
which can increase fire suppression effectiveness, reduce overall fire extent, decrease
the exposure of localized assets to fire, and reduce burn severity. While multiple
approaches can be used to evaluate fuels treatment, most studies have indicated that
treatments are effective relative to their goals and objectives. However, it is impor-
tant to recognize that the effectiveness of a fuels treatment depends upon the
resulting fuels complex and the burning conditions. Fuels treatments are less effec-
tive when fires burn under extreme environmental conditions, particularly if spotting
and extreme fire behavior occur. Furthermore, treatment effectiveness declines over
time as vegetation regrows and thus will require follow-up treatments. Although fuel
treatments are commonly implemented with the expressed purpose of assisting fire
suppression, the treatments can also be part of integrated land management that
seeks to increase ecosystem resilience and permits managers to reintroduce fire
across landscapes (Stephens et al. 2020). Ideally, fuels treatments will contribute
to long-term management objectives and draw on all we know about vegetation
management. With fuels treatments, managers can proactively manage for future
fires as they have more options when fires occur. See Chap. 12 for landscape
management and restoration.

Decision support systems are increasingly used by managers in fuel management
planning. The decision support systems are frameworks in which multiple models
are linked together. Often the components are individual models for predicting fire
behavior and effects, with the framework easing the task of formatting the required
inputs for each model. Some decision support systems are quite useful not only in
planning but also in documenting the basis of decisions.

Despite a long history of fuels management science, there is still considerable
ongoing research related to wildland fuel dynamics and the links between fuels, fire
behavior, and fire effects. Managers are rapidly learning by doing. Prescribed fire
science and application are advancing. The social, economic, and political chal-
lenges are many (See Chap. 10). Addressing them takes collaboration across land-
scapes (See Chap. 12) as part of innovative integrated fire management (See
examples in Chap. 13) is making opportunities out of challenges.
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11.5 Interactive Spreadsheets: FUEL_DYNAMICS and
CROWNFIRE_MITIGATION

Use the interactive spreadsheets, FUEL_DYNAMICS_v2.0 and CROWNFIRE_
MITIGATION_v2.0 (Figs. 11.34 and 11.35) to interpret how predicted outputs are
influenced by changing the inputs. Explore with FUEL DYNAMICS how fuel loads
change in response to fuel structure descriptors and how they reaccumulate after
prescribed fire depending on stand structure. Then, examine how the Canadian FWI
codes for dead fuel moisture content can be used to design burn prescriptions to
attain a given level of fuel consumption.

Using our CROWNFIRE_MITIGATION interactive spreadsheet, we encourage
readers to deepen their understanding of the implications of fuel treatments for
wildfire behavior. For a given combination of wind speed, dead fuel moisture
content and slope, users can assess the effects on fire behavior of reducing surface
fuel depth and load and modifying canopy structure through pruning and thinning.

Fig. 11.34 Our interactive spreadsheet, FUEL_DYNAMICS_v2.0, will help you visualize how
changing fuel-related inputs (vegetation structure, time since fire, fuel moisture) alters the pre-
dictions of different (and combined) categories of fuel load and fuel consumption. FUEL DYNAM-
ICS was developed for maritime pine (Pinus pinaster) forests in Portugal by adapting components
of the PiroPinus spreadsheet tool (Fernandes et al. 2012b) used to plan and evaluate prescribed fire
operations
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Chapter 12
Fire Regimes, Landscape Dynamics,
and Landscape Management

Learning Outcomes
Through this chapter, we expect readers to

1. Understand fire occurrence and effects, starting with temporal dynamics at
points, and then expanding to landscapes including both space and time,

2. Describe the potential, uncertainty, and limitations for the different data
sources used for describing recurring fires as fire regimes,

3. Critique the statement that “the ways in which climate, vegetation, and
people drove historical fire regimes may hold important lessons for under-
standing what makes ecosystems resilient and managing them to adapt for
the future”,

4. Link fire effects on landscapes to landscape management, and
5. Describe one key theme common to two or three of the illustrative exam-

ples from around the globe used in this chapter.

12.1 Introduction

In this chapter, we address the spatial and temporal interactions between multiple
fires across landscapes and discuss their implications for landscape dynamics and
management. We build upon what you learned in previous chapters about the
behavior and effects of individual fires and plants and fuel dynamics. Landscapes
are heterogeneous areas of land made up of smaller patches of relatively homoge-
nous vegetation. Landscape mosaics often contain habitats for plants and animals,
which often include more than one patch. Fires are more likely in some habitats
within landscape than in others, just as animals and plants find some locations more
suitable than others, often termed selectivity (Rego et al. 2019).
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We begin this chapter by discussing what fire regimes are and why we seek to
describe them. The pattern of recurring fires over time and space is the fire regime
(Morgan et al. 2001; Krebs et al. 2010; Whitlock et al. 2010; Moritz et al. 2011)
(Fig. 12.1). Some fire regime descriptors are temporal (frequency and seasonality),
while others are spatial (area burned, fire size, and patch size distribution and
pattern), and others reflect magnitude (severity and intensity). The temporal and
spatial scales over which fire regimes are described must be identified as the
environmental conditions and human activities that influence fire regimes have
always changed and are now changing in novel ways (Krebs et al. 2010). We
emphasize that variability in the effects of repeated fires is especially significant
ecologically. Next, we describe the different data sources used to characterize past,
current, and future fire regimes, using examples from the world’s ecosystems. Then,
we address changing fire regimes, and in so doing, discuss the interacting effects of
people, climate, and fuels. The historical range of variability is often used as a
reference for long-term resilience and a guide for management, yet there are limita-
tions. Landscape dynamics are shaped by fire, other disturbances, and succession.
We end with some case studies and other examples of the implications of alternative
fire management strategies for landscape dynamics and management. The implica-
tions for integrated fire management are covered in Chap. 13.

Why do scientists and managers characterize and map fire regimes? Understand-
ing how climate, topography, vegetation, and prior fires interact to shape recurring
fires can inform land managers and scientists in forecasting fire occurrence and fire
effects for the future, even as environmental conditions are changing. In particular,
understanding of past and current fire regimes can inform management goals that

Fig. 12.1 The fire regime triangles are used here to illustrate similar controls on flames, fires (many
flames), and fire regimes (many fires) over space and time. The triangles are nested. People alter
many of the controls, especially fuels, at multiple scales
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encompass the restoration of long-term health and resilience. Restoration is “the
process of assisting the recovery of an ecosystem that has been degraded, damaged,
or destroyed” (Society for Ecological Restoration 2004). Resilience is the capacity of
a system to absorb disturbance and reorganize while changing to retain essentially
still the same function, structure, identity, and feedbacks (Society for Ecological
Restoration, www.ser.org, Accessed 3 Dec 2019). Vulnerability and resilience are
addressed in Chap. 10.

Fire regime information can be used to assess how likely fires are and how much
variability there is in fire occurrence, especially if we use the historical patterns to
understand what drives when and where fires are likely to occur. This understanding
can inform choice among alternative management scenarios now and in the future,
even as climate and other conditions change. Most importantly, fire regimes and
landscape dynamics are critical to understanding. They can be very useful in
communicating with others how dynamic landscapes are, why, and how some fires
contribute to ecosystems that are less resilient to future disturbances, while other
fires enhance resilience.

Regional fire years are those years when large areas burn with many fires burning
in many different places at the same time. Conditions of weather and climate often
drive such years, and forecasts can help us prepare for such years in advance.
Whether fuels, climate, or both are most important in influencing fire occurrence
and effects has tremendous implications for management in our rapidly changing
world.

By the end of this chapter, you will be able to think critically about the implica-
tions of changing fire regimes, including current debates such as how natural are
high severity fires, and how much high severity fire is too much. Answers to these
questions have tremendous implications for landscape dynamics and management.
You will be able to address fire and landscape issues such as the relative importance
of climate and fuel in influencing past and future fire regimes, and how, when, and
where prior fires will affect future fires depending on the time since the previous fire,
weather, topography, and other environmental conditions.

12.2 Fire Regime Descriptors

The descriptors of recurring fires are drawn from those for repeated disturbances.
Thus we can think of them in terms of time (e.g., frequency and season), space (e.g.,
area burned, fire size, and patch size distribution), and magnitude (e.g., severity and
intensity) (Morgan et al. 2001; Keane et al. 2015). Frequency and severity are
commonly used together to describe fire regimes. While this is convenient, other
fire regime characteristics, as well as spatial and temporal variability, can be
critically important to understanding the effects of repeated fires on ecosystems,
for the variation is often more ecologically meaningful than the average. As some
metrics vary with scale, it is important to identify the temporal and spatial domain for
which fire regimes are described.
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12.2.1 Temporal Fire Regime Descriptors and Metrics

Frequency is defined as the number of times a given point or area has burned within a
given time. Frequency is often described by the interval between fires (called the fire
return interval). Understanding why and how often fires occur is central to
addressing questions of how often a plant or an organism will experience a fire or
is likely to reproduce without experiencing a fire (see Sect. 12.5).

Frequency is most often applied to points or small areas (sometimes called point
frequency) but can also be quantified for large areas (sometimes called area fre-
quency) through fire rotation and fire cycle. Frequency is very scale-dependent. For
example, fires may often burn somewhere in a large area but only rarely at a given
point within the area. The median and range of fire return intervals indicate the
number of years between successive fires. Often, fire frequency from individual trees
in a small area is aggregated into a composite fire interval. This is most accurate
when there are many fire intervals in the calculations. Bias can occur if not all the fire
dates in an area are detected. Because the intervals between fires are highly skewed
with a few long and many shorter intervals, the median is a more useful description
than is the mean. Many scientists characterize fire frequency by fitting a using the
Weibull distribution to the intervals and describing median and variability in fire
intervals as moments of that distribution (Fig. 12.2), and many present box plots to
illustrate the distributions.
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Fig. 12.2 The Weibull distribution is useful for characterizing both the central tendency (median)
and the variability (as indicated by the scale and shape parameters of the distribution, respectively)
of (a) The intervals between fires, 1687–1900, reconstructed from cross dated fire-scars in trees
from systematically located sample points throughout the Dugout Creek (DCR) watershed in the
Blue Mountains of Oregon, USA, and (b) fire sizes for the same area. Note that the data on fire size
are truncated as those fires that burned more area than this watershed could not be quantified. See
more on this study and methods later in this chapter (See Sect. 12.4.1) (Data from Heyerdahl et al.
(2001, 2002); data are archived with the International Multiproxy Paleofire Database, NCEI 2020)
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Annual burn probability, calculated as the number of times an area burned
divided by the number of years, is another commonly used measure of fire fre-
quency. Fernandes et al. (2012) used a fire atlas to calculate burn probability for
large areas in Portugal. There, the burn probability increased linearly with time since
fire, reflecting the influence of biomass accumulation and the potential utility of fuels
treatments. Finney et al. (2008) used simulation models to assess the probability of
fire across the USA (see Sect. 12.3.5 for description).

Measures of fire frequency can be calculated from maps of fire perimeters or from
the size and ages of patches (Fig. 12.3). Sometimes the dates and areas burned in past
fires are inferred from the age of trees, but this depends on being able to interpret the
age structure and on the assumption that trees only establish after fires.

Fire rotation (FR), another measure of fire frequency, is defined as the length of
time in years it takes for an area equal in size to the study area to burn (Heinselman
1973):

FR ¼ tPn
i¼1

ai
Aland

ð12:1Þ

where t is the time in years, Aland is the area (size) of the landscape, ai is the size of a
single fire, and n is the total number of fires. FR has the advantage of incorporating
both how large fires are and how often they occur; it is relatively simple to estimate.
However, the same FR value can result from a few large or many small fires. The FR

Fig. 12.3 Comparison of different measures of fire frequency for an area of 6730 ha. (a) The six
maps are of the same 13,000 ha area every 50 years from 1700 to 1990. For each area of the forest,
the date of the previous fires was reconstructed based upon the age of the trees. (b) Time since a fire
in 1990 and the area for each polygon (redrawn from Fall 1999). (c) Fire frequency can be
calculated from the fire intervals at each of four sample points labeled A, B, C, and D. Data are
adapted from Heinselman (1973) based on fire history reconstructed from stand ages he mapped in
the Boundary Waters Canoe Area in Minnesota in the USA
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incorporates spatial and temporal variability, including parts of the area seldom
burned and parts burned frequently, but a single number represents both. FR’s
primary assumption is that all past fires have been detected and accurately mapped,
yet this is very difficult to achieve. The fire extent of older fires is likely
underestimated as their evidence on the landscape could have been erased by more
recent fires. A major limitation of FR is that variability measures cannot be calcu-
lated except by comparing different areas or different time periods.

Heinselman (1973) was one of the first scientists to describe a fire regime and
FR. He argued for using the fire regime to guide fire management across the
Boundary Waters Canoe Area, Minnesota, in the north-central USA. Heinselman
(1973) estimated that 748,766 ha had burned across the 404,686 ha study area from
1542 to 1972, resulting in an FR of 243 years. Most (83% of the land area excluding
lakes and streams) of the area burned in this time occurred in just nine individual fire
years. Even in the moist coniferous forests in the area, fires were frequent enough
that most forest areas in the entire landscape were recovering from fires. He argued
that in this area fires should be managed to encourage burning in natural patterns and
frequency.

The fire cycle is the median age of a forest, best calculated when the fires are
stand-replacing and trees establish soon after each fire. The fire cycle is similar to FR
in that it is based on the age of patches, and the median age depends on how often
fires occur and how much area is burned in the fires. It is also dependent on the
accurate aging of trees, which depends on dendrochronology (see some discussion
of this below). Similar to FR, the fire cycle is a measure of fire frequency for an area.

The fire frequency measured at points and the fire frequency calculated for an area
are related but seldom equal. If fires occur randomly (they don’t, as some points on a
landscape are more likely to burn than others, Fig. 12.3), the annual probability of
fire is equivalent to the median fire interval or the inverse of fire rotation. When fires
are large relative to the landscape area, the concepts of fire rotation and fire return
interval are equivalent. Fire rotation is not very meaningful if fires are much more
likely in some parts of the landscapes than in others. In that case, understanding fire
return intervals at different locations is more useful.

The accuracy of all fire frequency measures depends on whether the evidence of
all fires can be detected. If some fire dates are missed, or small or rare fires are not
detected, fires will appear less frequent than they actually were. Conversely, if the
dates of the same fire are misjudged as occurring in different years, fires could be
judged to have occurred more frequently than actually occurred.

Temporal and spatial variability in fire frequency is often more critical ecologi-
cally than the mean or median fire frequency. Thus, it is important when describing
fire regimes to include not only estimates of central tendency such as median, but
also a measure of variability. Trees, such as ponderosa pine (Pinus ponderosa),
longleaf pine (P. palustris), and maritime pine (P. pinaster), thrived in areas with
fires historically burning every 2–25 years as large trees have thick bark and high,
open crowns, yet young, small trees are readily killed by fire. Either occasional long
fire-free intervals or spatial variability resulting in some areas within fires that were
unburned or burned with low severity allowed some young trees to survive for long
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enough that they grew enough to survive one or more subsequent fires, i.e., they
grew tall enough to have crowns above the heat from fires with bark thick enough to
protect cambium (see Sect. 9.3 for fire effects on trees). Thus, the age structure and
character of these forests historically and now, and many other forests, depended on
variability in time and space around the median fire interval. Forests with multiple
age classes and many clumps and openings often result in “old growth” forests
resulting from frequent fires. Usually, these include old and large trees, a few young
trees, and many snags and downed logs (Abella et al. 2007; Holden et al. 2007). The
variable structure can be very important to biodiversity as multiple plants and
animals depend on different structures in close proximity, such as old living and
dead trees near meadows. In the absence of such variability, forests become more
homogeneous. The spatial and temporal heterogeneity of fire regimes is not well
captured in fire frequency unless we explicitly focus on it by calculating the
variability. Fire occurrence can vary over even small areas and through time, and
that can affect and be driven by the fuels and vegetation patchiness that develops as a
result (more on such landscape dynamics later in this chapter).

The variability in the interval between recurring fires in a particular area interacts
with species characteristics to influence the subsequent dynamics of plant species
and communities. For example, the vital attributes developed in Australia by Noble
and Slatyer (1980). Vital attributes of a species are those which are essential to its
role in a vegetation replacement sequence. The first vital attribute (m) is the time
required for a plant of a given species to reach reproductive maturity after distur-
bance, the second is its longevity (l), and the third is the longevity of the pool of
propagules (e) of a plant of that species. Comparing the vital attributes of a species
with the variability of an area’s fire return can be useful in understanding the role of
that species in community succession. Noble and Slatyer (1980) illustrate that
relationship for communities with common tree species in Australia and in North
America (Fig. 12.4).

Synchrony occurs when many different fires burn in different places at the same
time. Heyerdahl et al. (2008b) and Morgan et al. (2008) found that the regional fire
years (top 10% of all years) had significantly warmer springs followed by warmer,
dryer summers compared to all the other years with less annual area burned. This
was so whether they identified regional fire years based upon the proportion of all
sites recording fire for a given year from 1650 to 1900, or based on annual area
burned recorded in fire atlases for 1900–2003. Fire weather conditions often drive
regional fire years, and climate forecasts can help managers prepare for such years in
advance because in regional fire years, with many large fires burning simultaneously
in many different locations, costs for fire suppression are high, and fire personnel can
be overwhelmed as many fires threaten people and property at once. Synchrony of
fires is one indication of top-down control by climate on fire regimes (see related
discussion in Sect. 12.5.1).

Seasonality is also an important characteristic of the fire regime. The most
common metric for the season of fires is the proportion of all fires or proportion of
area burned in spring, summer, fall, or winter. Another aspect of seasonality is the
length of the fire season. Westerling (2006) calculated the length of the fire season as
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the time between the earliest detected fire until the last detected fire. The season in
which fires occur can influence their effects depending on the phenology of plants
and animals. Seasonality of fires is important as many plants and animals adapted to
survive and thrive in burned areas are quite vulnerable to fire effects when fires burn
outside a given part of the year. Often, when people ignite fires, the fire season is
longer than lightning-ignited fires (Balch et al. 2017).

Changing fire seasonality is often beneficial to many management objectives. Fire
managers purposely change the seasonality of fires by prescribed burning in the
autumn to spring and thus avoiding damaging summer wildfires (Fig. 12.5, See Case
Studies 13.1 and 13.6 for examples from Australia). Prescribed burns may also be
scheduled to avoid burning when animals have just had their young. All plants are
more vulnerable to fire and slower to recover when they are burned when they are
actively growing; plants that were dormant when fires occurred are more likely to
survive and regrow following fires. The season of fire can also affect habitat for
insects and other food sources for animals and thus indirectly affect population
viability. With climate change already altering the timing of plant growth and
flowering in many locations, many plants and animals may be “out of synchrony”

Fig. 12.4 Illustration of the use of species vital attributes in relation to fire return intervals FRI) for
two situations, one for Australia with Acacia dealbata, Eucalyptus spp., and Nothofagus
cunninghamii, and the other for North America with Populus tremuloides, Pinus contorta, and
Larix occidentalis. Vital attributes include time to maturity (m), the longevity of the plant (l), and
the longevity of the seed pool (e) (Noble and Slatyer 1980). All of the species can survive and thrive
at the intermediate FRI. If fires become too frequent (FRI <10 years) N. cunninghamii in Australia
and P. contorta in North America will be locally extinct if they do not survive the fires as they do
not sprout and do not mature in time to produce seed before the next fire. If the interval between fires
is too long (FRI >300 years) P. contorta and P. tremuloides would become locally extinct (until
recolonized with new seedlings), and with FRI >450 years, only N. cunninghamii would be present.
Here we assumed that adult L. occidentalis trees survive, while P. tremuloides, A. dealbata, and
Eucalyptus spp. resprout and so they survive fires as buds that resprout after fire. Only a few very
short or very long intervals in a local area can change species composition; those fire intervals could
result from people igniting or suppressing fires or unusual fire weather conditions
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with the conditions they need for survival. Of concern to many is how life cycles of
plants and animals will be affected when fires burn in quite different seasons than
they did in the past.

12.2.2 Spatial Fire Regime Descriptors and Metrics

The area burned can be quantified as the mean or median size of individual fires, or
as the total area burned or proportion of an area burned in a specified time such as
1 year. The area burned is often calculated based on mapped fire perimeters. The area
burned has often been correlated with weather or climate, which scientists use to
project the implications of changing climate for area burned into the future. See our
discussion of the role of climate and fuels in fire regimes in Sect. 12.4.

Fire sizes are often highly skewed with many small fires and very few large fires
(Fig. 12.2b), though the few largest fires may burn more total area than many small

Fig. 12.5 The area burned by wildfires (black) greatly decreased where 9–15% of each of these two
areas was burned each year with prescribed fires (gray). See related Case Studies 13.1 and 13.6 for
integrated fire management success stories using prescribed burning in Australia. From Rego et al.
(2019) based upon data from Abbott et al. (1993) and Lang (1997)
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fires. Fire suppression efforts often alter fire size distributions. Thus, analysis of fire
sizes can inform fire suppression capabilities, success, and strategies.

Patch size distributions of burned areas (e.g., Morgan et al. 2017) or vegetation
are ecologically important. Patches, whether they are fires or patches of fire effects
within larger fire perimeters, are variable in size and character, some of which are
related to topography and the effects of prior disturbances, such as previous fires.
Patches are defined as relatively uniform vegetation conditions different from the
surrounding area. The size and shape of burned patches are critical to the ways
ecosystems recover (Kemp et al. 2016, See Case Study 12.3), so quantifying the size
and shape of patches through time can help understand the implications of change
for vegetation composition and landscape dynamics. Spatial variability within
patches can include the individuals, clumps, and openings that often result from
previous disturbances (Churchill et al. 2013). This spatial variability in vegetation
structure is positively linked to variability in fire behavior and severity through fine-
scale pattern-process linkages. However, other factors, such as topography and
extreme burning conditions, can alter this relationship. Hessburg et al. (2000,
2007) assessed patch size distributions from the oldest available (often 1930s) and
more recent aerial photographs for watersheds. They found that patch size distribu-
tion of forests had been greatly affected by roads, logging, and fires, with smaller
patches and less variable patch sizes in areas that had been logged, resulting in
fragmentation of old forests in many areas. Thus, patch sizes reflect past disturbances
and vegetation dynamics since disturbance. Haire and McGarigal (2009), Haire et al.
(2013) found different patch size distributions within and beyond wilderness areas in
central Idaho; they attributed differences to fire management and vegetation that
results in variability in fuels. Archibald et al. (2010) found that in southern Africa,
large fires seldom occur where human population density is high, and that humans
greatly influence burned area extent, so much so that the effect of fire weather in
driving variation between years is subdued where land use by people is intensive. In
Portugal, the strength of the effect of fire weather as a driver of fire size follows
biophysical and human population density gradients that determine the continuity
and amount of fuels in the landscape (Fernandes 2019).

All fires are patchy. Landscapes consisting of favorable and unfavorable pixels
distributed randomly, termed as neutral landscape models, have been proposed by
Gardner et al. (1987), as a useful reference when evaluating the spread of disturbance
and other landscape processes in real landscapes. Neutral landscapes have been used
by conservation biologists to analyze landscape connectivity and distribution of
populations (With 1997; With et al. 1997). Using the same principles and percolation
theory, it is possible to predict the spread of disturbances as fire across landscapes
consisting of pixels that are either favorable or not favorable for spread (Turner et al.
1989). An example of fire percolation simulations in neutral landscapes with differ-
ent proportions of pixels favorable for fire spread is presented in Fig. 12.6, showing
the patchiness resulting from the random component of the propagation process.

Patchiness of burned areas can be seen as patches of burned and unburned areas,
as in the unburned islands (refugia) apparent in Fig. 12.6d, or in patches of different
burn severity. Less than one-third of the area burned in large fires had burned with
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high severity in the USA since 1984 (Finco et al. 2012; Picotte et al. 2016). Birch
et al. (2015) found that on 42 large forest fires, the proportion burned with high
severity was poorly correlated with the area burned in a day. Within most areas
burned in a single day, less than 13% of the area burned with high severity except
under the most extreme conditions when 49% of the area burned in a single day
burned with high severity. Spatial variability in fire behavior and vegetation is
positively correlated with spatial variability in fire effects, critical for understanding
the long-term ecological benefits or detriments from fire (see discussion in Chap. 9).

Fig. 12.6 Results from simulations of the percolation of a fire (i.e., ease of fire spread) from left to
right, in neutral landscapes with randomly located pixels in different proportions. Pixels favorable
for fire spread (gray) are intermixed with other pixels that cannot burn (white). (a) Neutral landscape
with 50% of pixels favorable for fire spread. (b) Percolation of a fire in a landscape with 52%
favorable pixels. (c) Percolation of fire with 53% favorable pixels. (d) Percolation with 57%
favorable pixels. Simulations show that small changes in landscape composition might have very
significant effects on fire propagation. Patchiness of fire is apparent in all simulations, even without
the influence of topography, vegetation, wind patterns, land use, and other variables influencing
landscape heterogeneity before fires occur, all of which could also influence patchiness
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The pattern and spatial and temporal variability of fire regimes are seldom
quantified yet ecologically important. Recognition of the importance of this vari-
ability across multiple temporal and spatial scales is fairly recent. It has been made
possible by satellite imagery and other remote sensing techniques, geographic
information systems, and the capacity for storing and analyzing large data sets.

12.2.3 Magnitude

Various measures can be used to estimate the magnitude of fires, including the
energy released during combustion (e.g., fireline intensity and the total energy
released; see Chap. 6) and the effects of fire on ecosystem structure and function.
The fireline intensity for a given fire is often inferred from the flame length. Intensity
is often unknown for fires that burned long ago, so it is not commonly included in
historical fire regime descriptions. Alternatively, the predominant fire type (ground,
surface, crown) within burned areas can be used to describe the magnitude of a fire,
as it related to differences in fireline intensity and heat release rate. For fire ecology
and land management, it often is more important to assess the magnitude in terms of
the direct and indirect effects of fires on ecosystem structure and function than the
fireline intensity.

Burn severity is the most commonly used measure of the magnitude of fires. Burn
severity refers to the degree of ecological change resulting from wildland fire
(Keeley 2009; Lentile et al. 2007; Morgan et al. 2001, 2014). Severity encompasses
immediate post-fire effects (sometimes called fire severity). Burn severity includes
short and long-term fire effects (Morgan et al. 2001, 2014; Keeley 2009). The
differences in vegetation response to burn severity may be subtle and short-lived,
or they may be pronounced and long-lasting. Whether the ecological consequences
of burn severity are positive or negative, it is important to understand them, for they
may shape how the next fire will burn and many ecosystem processes in the
meantime.

Commonly, burn severity is classified based on percent overstory plant mortality
from low (less than 20%) to moderate (20–70%) and high or stand-replacing (>70%)
(Agee 1993). This is better referred to as vegetation burn severity to differentiate it
from soil burn severity (Parson et al. 2010; Morgan et al. 2014). Burn severity is
measured and mapped post-fire (often comparing pre to post-fire as described below)
in support of post-fire management. See Chap. 9 for how burn severity is assessed on
the ground and from satellite imagery.

When large individual patches or extensive area burned with high severity,
policymakers, land managers, and scientists often become concerned because eco-
systems in these patches are, by definition, highly altered. Where fires burn with high
severity, much of the above-ground biomass of plants can be killed or partially
consumed. In areas burned with high severity, post-fire tree regeneration may be
delayed, where seed sources are far away (Stevens-Rumann et al. 2018; Stevens-
Rumann and Morgan 2019, see Case Study 12.3), soil heating may be great, soil
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erosion potential may be high (Parson et al. 2010; Robichaud et al. 2013), and
wildlife habitat is significantly altered (Turner et al. 1997; Keeley et al. 2008; Lentile
et al. 2007; Romme et al. 2011). Areas burned with high severity will have different
vegetation trajectories than areas burned with low severity (Morgan et al. 2015;
Lewis et al. 2017). Soil burn severity is of particular concern because it can influence
soil erosion potential. Calling these “severe” can be misleading because it implies
that the fire effects were catastrophic. However, many plants and animals survive
and thrive in areas burned with high severity (DellaSala and Hanson 2015; Hutto
et al. 2016). Ecological diversity can benefit from pyrodiversity when fires burn with
a mix of low, moderate, and high severity and unburned islands (see Chap. 9).
Landscapes encompassing burns of different ages and severity can provide a mix of
habitats (Morgan et al. 2015; Lewis et al. 2017).

Fires are almost all of mixed and variable severity when enough fires are included
(e.g., over enough area or enough time). Most individual fires are of mixed severity
when viewed at broad scales. All fires encompass some areas of no to very low
mortality and some areas of high to complete mortality, whether viewed in terms of
area burned in a day (Birch et al. 2014, 2015) or full fire perimeters. Most fire
regimes are a mix of severity classes, and it is important to characterize them
accordingly, perhaps as mixtures of probability distributions.

Burn severity is influenced by multiple environmental factors, including fuels and
vegetation, and time since previous fire or other disturbances (Parks et al. 2014b,
2018; Stevens-Rumann et al. 2016). Fire weather influences burn severity (Birch
et al. 2015; Dillon et al. 2011; Keyser and Westerling 2017), and it will likely be
increasingly influential as climate changes (Parks et al. 2018). Burn severity is
increasingly analyzed relative to vegetation, topography, fire weather, and people
to understand how managers can shape fire effects. See related discussion of the soil
heating in Sect. 9.3, assessing burn severity in Sect. 9.7, and the relative importance
of climate and fuels for fires in Sect. 12.4.

Accurate, consistent, and timely burn severity maps are used in managing and
rehabilitating wildfires. In the USA, Burned Area Emergency Response (BAER)
teams often map soil burn severity using both field observations and remotely-
sensed imagery to assess where treatments may reduce the potential of soil erosion
to affect values at risk (Parson et al. 2010). The process for creating burn severity
maps from a combination of pre-fire and post-fire satellite imagery is well
documented (Key and Benson 2006; Miller and Thode 2007; Morgan et al. 2014;
Parks et al. 2018). Since burn severity from one fire can alter fire behavior, and
therefore severity, of a subsequent fire (Parks et al. 2014b, Prichard et al. 2017;
Stevens-Rumann et al. 2016), satellite-derived post-fire burn severity maps can be
very useful in planning for and managing subsequent fires in the same location.
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12.2.4 Perspective on Fire Regimes

The different aspects of fire regimes are related to one another (Fig. 12.7). Fire
regimes are driven by environmental conditions (ignitions, vegetation, climate, and
topography) that influence both fire behavior and effects. Fire behavior and the
management of fuels and fires influence fuels. After discussing various data sources
used to describe fire regimes, we discuss how fire regimes change in response to
climate, fuels, people, and other influences in later sections.

Our fire history methods are more useful for characterizing fire frequency and size
than for describing other aspects of fire regimes (Morgan et al. 2001). Therefore, we
know more about fire frequency and size than fire severity, rotation, variability, and
other fire regime characteristics. Accuracy and precision of fire history data are
seldom quantified, and variability of fire regime characteristics over time and space
is seldom evaluated.

Frequency and severity are often used together to describe fire regime classes
(Fig. 12.8) (Morgan et al. 2001). However, describing fire regimes with frequency
and severity doesn’t include the all-important idea of spatial complexity. A combi-
nation of descriptors for fire regimes will likely be useful. We suggest using one
metric for frequency (e.g., fire return interval), one spatial metric (e.g., fire size
distribution or patch size distribution), and one metric of magnitude (e.g., burn
severity) together with measures of variability. Ideally, seasonality will also be
included. The size of the area and the time considered should be indicated in any
descriptor of the fire regime. Likely, the size distribution of fires or burned patches or
similar measures has not been included because it is difficult to reconstruct these for

Fig. 12.7 The fire regime for a landscape can be characterized with fire return interval (FRI, a
measure of fire frequency that is influenced by the number of fires and the time period assessed), the
size distribution of fires or burned patches (influenced by fire size and landscape area), seasonality,
and burn severity (influenced by fuel consumption that is in turn influenced by fuel accumulation
since the last fire which depends upon site productivity and vegetation response). Thus fire regimes
represent spatial (green), temporal (yellow), and human (orange) influences. Drivers of fire regimes
(gray) include vegetation, climate (and weather), and topography (orange)
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historical fire regimes. However, as we described above, remote sensing, historical
documents, simulation models, and other sources can suggest patch size distribu-
tions, whether patches are defined by burn severity or fire size. Further, many
remotely sensed data can help us think about fire across the same continuous
gradients that determine species distributions and vegetation types.

It is all too easy to think of a vegetation type as having a particular historical and
current fire regime. In reality, historical fire regimes varied as environmental condi-
tions varied over space and time. Also, how likely a specific place is to burn is
influenced by the context. Two trees in the same vegetation types with the same soils
and topographic setting may have different fire histories if one is surrounded by areas
that frequently burn, in sharp contrast to one surrounded by very moist vegetation
that doesn’t burn often. Further, appreciating and embracing the complexity inherent
in landscapes and fires helps us to be aware of the beauty and ecological surprises
that ecosystem services sometimes depend upon.

Scientists have learned much about fire regimes, advancing our knowledge at
different scales, yet challenges remain. Linking information obtained from various
methods for a comprehensive understanding of fire regimes is challenging but
needed (Morgan et al. 2001; McLaughlan et al. 2020). Integrating across scales is
needed to further inform our understanding of fire ecology if we are to forecast the

Fig. 12.8 Every place has a fire history. Historical fire regimes for the conterminous USA were
mapped by LANDFIRE based upon vegetation, available data, expert opinion, and models. The
mapped fire regimes are Fire Regime I: 0 to 35-year frequency, low to mixed burn severity; Fire
Regime II: 0 to 35-year frequency, stand-replacement burn severity; Fire Regime III: 35 to 200-year
frequency, low to mixed burn severity; Fire Regime IV: 35 to 200-year frequency, stand-
replacement burn severity; and Fire Regime V: 200+ year frequency, and stand-replacement burn
severity (Landfire n.d.)
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implications of changing climate and other conditions for fires and their effects in the
future (McLaughlan et al. 2020). Unfortunately, mixed-severity fire regimes are
widespread yet difficult to characterize. We know more about the fire regimes in
dry forests that historically burned mostly with frequent, low-severity fires that
scarred trees we can now date, or in cold forests that burned with stand-replacing
fires that left relatively distinct age cohorts that can be used to map the extent of
previous burned patches (see limitations in Sect. 12.3). Compared to forests, we
know less about the historical fire regimes in woodlands, shrublands, and grasslands,
yet many of the landscapes we care about and seek to manage include a mixture of
these vegetation types.

Landscape heterogeneity influences both how fires burn and how landscapes
recover from fires. Fires and vegetation in many areas have been affected by
urbanization, roads, the legacy of prior logging and disturbances, farming, grazing,
mining, and fire suppression. Variations of these factors, along with topography and
environmental conditions, have resulted in varying sizes and character of vegetation
patches within landscapes. This heterogeneity can alter fire return intervals and patch
size distribution. In many forests, vegetation composition and landscape patterns
have been altered by land use, including but not limited to fire suppression
(Hessburg et al. 2000, 2007, 2015). Prior fires can limit the extent and severity of
subsequent fires, but this varies with vegetation, weather, time since prior fire,
ignitions, and fire suppression. Many landscapes were and are a mosaic of patches
recovering from prior disturbances. Subsequent fires interact with this heterogeneity.
Often, heterogeneity begets heterogeneity in positive feedback. Where human
actions have homogenized landscapes, e.g., by suppressing small fires burning
under mild environmental conditions and therefore allowing the successional
advance to similar vegetation compositions and structure over large areas, fires
have been burning with larger and more homogeneous effects.

Fires burning under less extreme conditions could enhance spatial heterogeneity,
species composition, and future fire resilience of vegetation. Even if they don’t burn
much land area, these fires can alter the effects of future fires and their patch size
distribution. However, fires burning under less extreme conditions are often the ones
we can readily suppress. The fires burning under extreme conditions are the ones
most likely to further alter patch size distributions. Even a small change in the
number of very large patches will greatly alter how future landscapes respond to
future fires (Hessburg et al. 2007).

Describing fire regimes is challenging for several reasons. First, it is difficult to
characterize a fire regime with a single metric, and we must consider variability.
Variability is often more important than mean or median. For instance, occasional,
relatively long intervals between fires may allow trees or other plants to establish and
grow large enough to survive the next fire. Unusually short intervals between fires
may kill vegetation that established after the first fire while also killing enough of the
seed sources that vegetation trajectories are changed. Spatial variability in fire effects
is crucial to the landscape heterogeneity that develops; it reflects the interaction
between the fire, vegetation, and environmental conditions as they vary across
topography and through time. Fire effects are heterogeneous at fine to broad scales,
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and they reflect fire behavior (flaming and smoldering combustion heat and heat
transfer), and the interaction between fires, fuels, and vegetation. Second, some
metrics, especially frequency, are influenced by the scale at which they are mea-
sured. Third,many aspects of fire regimes are difficult to measure. For these reasons,
broad classes of fire frequency and burn severity are often used to describe historical
fire regimes (Fig. 12.8). Fourth, little empirical data addresses both long time periods
and broad spatial scales, and multiple approaches can be used together. Fifth, our
information is incomplete. We want the information for whole landscapes and for
many landscapes for which we lack fire history data. Careful observation of fire
effects, combining methods, and modeling are all promising in overcoming our
challenges. Heward et al. (2013) demonstrated an important opportunity for involv-
ing fire personnel in research to accomplish research objectives, but this must be
done without jeopardizing primary work roles (Lentile et al. 2000). Others are
embedding research teams into fire management teams. These and other approaches
are needed to obtain data on many large fires. Advancing our understanding of how
the conditions before, during, and after fires are related depends on spatially coin-
cident observations on actively burning wildfires (Kremens et al. 2010). It is easier to
make measurements on actively burning prescribed fires than on intensely burning
wildfires. Thus, we have more observations in some ecosystems and geographic
areas (such as Australian grasslands, southeastern pine forests, some boreal forests)
but few in others. Likewise, we have more observations from prescribed burns than
from intensely burning wildfires.

Fire regimes are changing, often in response to interactions among climate, land
use, and vegetation. Climate acts on both vegetation and fire, further complicating
interactions. Fire regimes have been mapped globally. Archibald et al. (2013)
described ‘pyromes’ based on their statistical analysis of fire frequencies, intensities,
burned areas, and fire season length as interpreted from satellite imagery available in
recent decades (Fig. 12.9). They concluded it will be difficult to predict how global

Fig. 12.9 Current global fire regimes were mapped after being classified into five pyromes based
upon fire frequencies, intensities, burned areas, and fire season length (From Archibald et al. 2013)
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fire regimes will be influenced by global change because the same pyromes are
found in different vegetation types and in different climatic conditions. Further, there
are relatively few places globally where we have a sense of what fire regimes were
historically to give us perspective on how they are changing. As a result, we rely
heavily upon models and upon inferences from comparing across space.

12.3 Data Sources for Describing Fire Regimes

We use proxies for inferring historical and modern fire regimes. Here we describe the
available data sources and their strengths and limitations. The available data sources
vary in temporal and spatial resolution (Fig. 12.10). Most cannot reach far enough
back to a point when humans did not influence fire regimes, and they often,
therefore, reflect the long history of people using fire. The decay of data back
through time influences the temporal and spatial scale of the inferences that can be
made (Swetnam et al. 1999). Many researchers draw on multiple lines of evidence to
strengthen their conclusions.

Archived fire history data are useful for describing broad patterns. Data inferred
from natural proxies, such as dated fire scars from tree rings and charcoal from lakes
and bogs globally, are archived in the International Multiproxy Paleofire Database
(NCEI 2020), a public archive maintained by the USA National Oceanic and
Atmospheric Administration in Boulder, Colorado. Such data have been used to
assess climate drivers of fire occurrence from long times and large areas. For
instance, Marlon et al. (2012) described a “late-twentieth century fire deficit” relative
to biomass burning over the prior 1500 years in the western USA (Fig. 12.11). This
deficit suggests that we are accumulating biomass on the landscape that could fuel
future fires, for one of the paradoxes of successfully suppressing fires is that the next
fire may be more intense. Similarly, Marlon et al. (2008) used a network of archived
data to describe long-term global patterns of fire with implications for atmospheric
carbon (Fig. 12.12).

Recognizing the influence of global sea surface temperature anomalies on fires
has been made possible by large fire history data from many places around the globe.
These patterns are often not recognized without long-term data (e.g., Swetnam and
Betancourt 1990; Marlon et al. 2008, 2012). They are the result of sea surface
temperatures, such as the El Nino Southern Oscillation or the Pacific Decadal
Oscillation, affecting the global circulation of winds and climate that alters the
timing of spring and drought. Understanding these influences is crucial to forecast-
ing the implications of changing global circulation for future fire regimes.
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12.3.1 Tree Rings

Where trees form annual rings, they can be used to assess tree ages or fire scars from
which past fire occurrence, size, and effects can be inferred. Tree-ring data are often
quite precise spatially and temporally for recent centuries (usually up to 400 years),
but only if the tree rings can be accurately dated. Dendrochronology is the science of
tree rings in which crossdating the varying patterns of wide and narrow rings is
critical to assigning the exact calendar year a given tree ring formed; dendroecology
uses those approaches to study ecological processes (Harley et al. 2018). This
temporal accuracy is required for accurate estimates of fire frequency and developing
correlations with climate data. Crossdating helps correct for missing and false rings,
and can be used to date both living trees and long-dead logs, stumps, or other wood
pieces. With sanding and magnification, fire scars can often be assigned to early,
middle, or late in the annual tree ring to assess season of fire. Sanding and magni-
fication also make it possible to count the density of resin ducts (Sparks et al. 2017;
Hood et al. 2015) to assess defense against bark beetles, to assess past and current

Fig. 12.11 In this 1500-year perspective for fires in the western USA, Marlon et al. (2012) drew
upon charcoal and pollen studies at many sites across the western USA (a) and interpreted (b) a
“late-twentieth century fire deficit” relative to historical biomass burning (Line C), due to less
frequent fires (Line D) even as temperatures, drought, and precipitation have increased (Lines E, F,
and G) in recent decades beyond background variability (shown in gray around the mean). Both (a)
and (b) are from Marlon et al. (2012)
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forest age structure, to compare host and non-host trees to assess past crown
defoliation by insects, to inform models of ecosystem processes, and in many
other applications of tree growth and survival information (Harley et al. 2018).

When trees are injured by but survive fires, those events can be recorded in the
annual growth rings (Fig. 12.13a). When injured, ponderosa pine and some other
trees produce resin. The resin-infused wood around scars decays very slowly, which
helps preserve it. Once a fire scars a tree, it is more likely to scar again in future fires.
The triangular “cat face” typically extends from the ground up with relatively
smooth margins that differentiate it from injury due to mechanical damage from
other trees falling or animals. Not all trees record fire. The fires must be sufficiently
severe to kill cambium partially, but not the whole tree. Sampling old logs and
stumps can provide long-term records (Fig. 12.13), but there is some urgency of
collecting such old pieces before decay, or subsequent fires make it impossible for us
to extract the stories we can infer from them.

Sampling strategies vary. In their study of fire and climate across the northern
Rocky Mountains, Heyerdahl et al. (2008a, b) targeted particular locations and trees
in those locations that had many old fire scars. They specifically sought trees with
many well-preserved scars to get the most scars over time. Such targeted sampling is
useful for obtaining a long record to examine the correlations of fire occurrence with
climate over long time periods. Systematically sampling across landscapes can better

Fig. 12.12 Both people and climate influenced global fires over the last 2000 years. (a) Global
trends in charcoal in sediments. (b) Temperature relative to the long-term average, (c) human
population, (d) atmospheric CO2, and (e) area of different land uses. (f) Data on charcoal in
sediments was from these locations around the world. (From Marlon et al. 2008)
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represent the fire history of the whole surrounding landscapes (Falk et al. 2011).
Heyerdahl et al. (2001) were some of the first to use fire scars and tree ages collected
at systematically located sample points across watersheds to examine the degree to
which fire frequency varied with topography and climate (Fig. 12.14). They found
that climate was important but that fire frequency varied with local topography. This
approach is now widely used. For example, Merschel et al. (2018) sampled system-
atically to understand the spatial variability of fire frequency and size. They found
that historical fires were driven by top-down, coarse-scale factors including climate
(fires were both widespread and synchronous during extended dry seasons), by
bottom-up, fine-scale topography including elevation but not slope or aspect, and
mesoscale landscape context and edaphic factors influencing fire spread (Fig. 12.15).
Thus, data from grid points can be used to evaluate patterns across scales.

Often fire scars are combined with data on tree age at systematically located plots.
Combining data is useful to investigate mixed-severity fire regimes. Interpreting
such tree age data can be challenging. As only some trees establish soon after fires
while others establish through time, fire dates based solely on tree ages may be

Fig. 12.13 (a) Many trees produce annual growth rings with alternating light-colored rings of the
larger cells of the earlywood and the darker colored ring of the smaller and more dense latewood.
When the cambium of a tree is injured by fires but the tree survives, we can date the resulting scars
visible in the tree rings (here highlighted in red). (b) Often, long-dead stumps and logs hold a long
history of fires from when they were living trees. (c) Partial cross sections can be removed from
living or dead trees, then sanded so that individual scars can be cross dated to the exact calendar year
using dendrochronology. The scars can be dated and analyzed relative to climate to inform our
forecasting of fires for the future. Photographs by James Riser II and Emily Heyerdahl from
Heyerdahl et al. (2008a)
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Fig. 12.14 Heyerdahl et al. (2001) used fire scars and tree ages collected at regular intervals across
four watersheds to examine the degree to which fire frequency varied with topography. They found
that fire frequency responded to both “top-down” controls (broad climatic patterns over space and
time) and “bottom-up” controls (local topography, including aspect, and landscape context)
(Heyerdahl et al. 2001)
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Fig. 12.15 Systematically sampling tree ages, dated fires, and fire sizes allowed Merschel et al.
(2018) to understand how (a) the median interval between fires (an indicator of fire frequency), the
coefficient of variation between intervals (a measure of variability), and the number of small and
large fires did not vary with slope or aspect but differed significantly (shaded bars) with elevation,
and (b) the degree to which parts of the landscape were isolated from fire spread. These were mixed
conifer forests in the dry interior forests of western Oregon (From Merschel et al. 2018)
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approximate. Further, because it is challenging to assess tree age at the point of the
root-shoot interface without cutting each tree down and dissecting it, most age data
are imprecise as trees take a variable number of years to reach sample height. Also,
evidence of prior fires may burn up and be erased in subsequent fires.

Some have drawn upon forest inventory data and early surveying records. For
instance, Hagmann et al. (2013) effectively used tree ages recorded in detailed forest
inventory to characterize past forest composition, structure, and fire history in central
Oregon. However, while both Forest Inventory and Analysis data (USDA n.d.-b)
and General Land Office survey data (BLM, n.d.) are systematic samples of trees
across all forest in the USA, the data are poorly suited for assessing forest age
structure (Stevens et al. 2016) and burn severity because relatively few trees were
sampled at each point (Fulé et al. 2014).

Multiple researchers have used tree ages to make time-since-fire maps, which are
useful for calculating area frequency. Because this approach relies upon accurately
aging cohorts of trees that established post-fire, it is more reliable where most of
the trees established soon after a fire that killed all or most of the trees present before
the fire. Most of the calculations based on these data rely on the assumption that
the frequency of disturbance is a spatially homogeneous, stationary Poisson
process resulting in patch age-class distribution that is relatively stable over time
(steady-state shifting mosaic). If small, old stands are not detected or not aged
accurately, the disturbance frequency will be overestimated (Finney 1995). Further,
it can be challenging to infer past fire dates when trees don’t establish in abundance
soon after fires, or when fires are frequent and of mixed severity, so age structure
patches are not distinct.

12.3.2 Charcoal and Pollen from Sediments

Charcoal records from sediments in bogs and lakes, debris flows, or landscape
depressions can be used to reconstruct multi-century fire histories. The presence
and density of charred particles of organic matter accumulated in sediments where
they were deposited by wind and water during and after fires (Figs. 12.16 and 12.17)
can be used to infer past fires and vegetation. Larger particles are assumed to be from
closer sources, and peak accumulations must be differentiated from background
levels. The carbon in charred pieces can be dated using radiocarbon and other
techniques. Peaks in charcoal density in sediment cores are used to date fires.
Because transportation and deposition of secondary charcoal continue for some
years after a fire, fires’ exact age is seldom known unless combined with tree ages.
Even when the charcoal particles are directly dated by radiocarbon, dating precision
is within a 5% error, and the charcoal could be from one fire or fires in multiple years.
Pierce et al. (2004) dated charcoal in debris flows in Yellowstone and Idaho to assess
long-term patterns in severe fires. The pollen within the sediments can also be
analyzed and is useful in inferring the long-term interaction between fire, vegetation,
and climate.
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Fig. 12.16 Dates of past
fires can be inferred from
charcoal accumulated in the
sediments of some small
lakes, bogs, or depressions
where charred organic
matter is carried by wind or
surface water (NCEI n.d)

Fig. 12.17 A fire history record from the Alaskan boreal forest reconstructed from lake sediments.
(a) Lake sediments are collected from a raft using a manually operated piston corer. (b) A portion of
a lake sediment core with laminations, indicating little sediment mixing and a high-resolution
record; more recent layers are on the left and deeper, older layers are on the right. (c) Macroscopic
charcoal pieces from one 0.25-cm slice of a lake sediment core, representing approximately
10 years of time. (d) Continuous samples of charcoal across several meters of sediment cores
from one lake, creating a time series of charcoal accumulation rates (CHAR). Peaks in CHAR are
identified statistically when they exceed a threshold above background CHAR (grey line). Peaks are
interpreted as fire events, indicated by the “+” symbols, with interpretations from alternative
thresholds indicated with the grey “.” symbols. (e) Individual fire events are analyzed as fire return
intervals (FRI) with individual FRIs indicated by grey squares and the 1000-year mean FRI
indicated by the black line. When the modern boreal forest developed in interior Alaska about
5000 years ago, fire frequency and the biomass burned per fire increased significantly, indicated
here by greater CHAR and shorter FRIs. Data are from Code Lake, in the south-central Brooks
Range, Alaska, as published in Higuera et al. (2009) (Photographs by Philip Higuera) (a) Footprint
Lake, Brooks Range; (b) laminated sediments from Little Isac Lake, Noatak National Preserve; and
(c) macroscopic charcoal from Last Chance Lake, Brooks Range)
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There are many advantages to fire histories inferred from charcoal and pollen in
sediments. Typically, these paleoecological data have great temporal depth at a few
points, but not an annual resolution as age is interpolated from lead and radiocarbon
dating. Although these paleoecological data are less temporally or spatially precise
than those based on tree rings, they can be invaluable for providing long-term
perspectives (Whitlock et al. 2010). When data from extensive networks of such
sites are analyzed, researchers can infer the long-term dynamics of fire, vegetation,
and climate (Figs. 12.11, 12.12, and 12.17). Such data become very useful for
informing models that can then be used to forecast the potential effects of different
climate conditions for the future on the fire-vegetation-climate system (e.g., Hu et al.
2015).

12.3.3 Historical Documents

People have archived maps, databases, and historical accounts about fires, all of
which can be used to infer aspects of past and current fire regimes. Maps of daily or
hourly perimeters are often made during the management of large fires, usually from
aerial surveys or inferred from satellite imagery. Fire perimeter maps, often called
fire atlases, provide spatially explicit fire perimeters that can be used to characterize
past fire extent, area burned, and fire probability. Rollins et al. (2001, 2002) used fire
perimeters mapped and interpreted from vegetation and old aerial photographs in
two very different large wilderness areas in the RockyMountains USA to explore the
influence of topography, climate, and fuels on fire probability (Fig. 12.18). Areas
burned repeatedly were non-random as they were strongly affected by topography,
vegetation, and climate. It is strong evidence of these variables’ influence that they
are important despite great differences in topography, vegetation, and climate in the
two areas they studied.

Long-term trends in burn severity are seldom characterized due to a lack of data.
Morgan et al. (2017) used 30 years of Landsat satellite imagery with historical aerial
photographs to describe trends in burn severity for 133 years over 346,265 ha of
complex terrain. They found that burn severity has not increased in recent decades
when viewed over this long time and large area.

In Portugal, Fernandes et al. (2014) analyzed Forest Service records to identify
fire regime shifts, highlighting how land use and fuel dynamics (through afforesta-
tion and changes in biomass removal by people and livestock) modulate the influ-
ence of fire weather on area burned. Sequeira et al. (2019) used historical documents
from local councils and other sources to build databases of past fire size, locations,
and causes for parts of Spain and Portugal for multiple centuries. They defined fire
types based on land use, fires, and the local human population to identify
‘pyrotransitions’. Both landscape and social changes explained the changes in fire
regimes through time and the differences between similar landscapes in Spain and
Portugal.
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Data on individual fire locations, their size, and whether they were caused by
lightning or by humans is often available from provincial, state, or national sources.
In the USA, the Fire Program Analysis fire occurrence database (Short 2017) is a
spatial database of wildfires that occurred from 1992 to 2015. It includes 1.88
million geo-referenced wildfire records, representing 56.7 million ha burned from
1992 to 2015. Abatzoglou et al. (2016) and Balch et al. (2017) analyzed these data
for the western USA. They found that fires ignited by lightning accounted for most
of the area burned in 1992–2013. However, humans caused 84% of all fires, and
human-ignited fires contributed substantially to fire threats to people and ecosys-
tems, in part because people ignited fires in more places and over longer seasons than
did lightning.

Limitations exist. Historical data are only available for some locations. Lack of
fires in the record could be because of missing data or other errors rather than a lack
of fires (Morgan et al. 2014). Interpretation requires skill, and results can be

Fig. 12.18 Historical maps
of past fires can be digitized
and overlaid to create maps
of burn probability. In the
486,673-ha Gila-Aldo
Leopold Wilderness
Complex in New Mexico
(GALWC, 1909–1993) and
785,090-ha Selway-
Bitterroot Wilderness
Complex in Idaho and
Montana (SBWC,
1880–1996), Rollins et al.
(2002) found that very few
areas had burned more than
once despite the long
records of fire perimeters,
frequent lightning ignitions,
and limited fire suppression
in the rugged, remote
terrain. In recent decades in
both areas, many fires have
been managed to play their
natural ecological role rather
than being aggressively
suppressed. From Rollins
et al. (2002)
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qualitative or only semi-quantitative. The minimum fire size recorded varies across
time due to changes in criteria and in technology. Like other human archives,
missing data or uneven accuracy through time are inherent. Errors in spatial location
and fire occurrence date are difficult to assess and likely vary through time (Morgan
et al. 2014). Further, fire perimeter maps often include but don’t delineate the many
included areas that were not burned or burned with low severity (Krawchuk et al.
2016; Meddens et al. 2016). See our discussion of the ecological importance of these
“fire refugia” in Sect. 9.4.

12.3.4 Remote Sensing

Fire occurrence is often mapped from remotely sensed data from satellites, airplanes,
unmanned aircraft systems (UAS), fire towers, or other ground-based systems.
Remotely sensed data can often be consistently gathered over large areas from
satellites or airplanes (Fig. 12.19), including areas where it is dangerous or difficult
for people to access safely and quickly. Actively burning fires can be mapped based
on the difference in reflection from surrounding unburned areas. However, to be
detected, fires need to either be large relative to the sensor’s pixel size or, if smaller,
fires must be burning intensely enough to saturate the sensor detectors (Roy et al.
2013). For some sensors on some platforms, including many satellites, clouds and
smoke may block some of the visible wavelengths used in assessing fires and
vegetation. Further, we can often map patches or other continuous indicators of
spatial variability when we use remotely sensed data. The data can be used to map
fires and fire regimes across large areas, as was done for China by Chen et al. (2017),
and compare them to other locations. However, accurate interpretation of remotely-
sensed data requires field data to provide “ground-truth”. Comparisons to recorded

Fig. 12.19 Actively burning fires as mapped from MODIS for June 6–12, 2019 (NASA 2019)
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fire data and maps are useful for assessing accuracy, but not all fires are recorded and
mapped accurately in any database.

Fireline intensity and fire perimeters are often inferred from Moderate Resolution
Imaging Spectroradiometer (MODIS) using the Fire Radiative Power (FRP, units are
Watts). Total biomass consumption can be inferred using Fire Radiative Energy
(FRE, units are Joules). Thus MODIS is used for global analyses of fire regimes
(Roy et al. 2010, 2013). Launched in 1999 and 2002, MODIS was designed for
detecting fires. Heward et al. (2013) used observations from fire fighters observing
fire behavior on active wildfires as part of their jobs. They found that the fire
intensity inferred from MODIS FRP was reasonably accurate. Further, burn severity
interpreted from Landsat imagery using dNBR agreed with the 90th percentile of
MODIS FRP, suggesting that ecological effects could also be interpreted at least for
the highest FRP values. However, that is more likely true for overstory trees killed
by intense fires than it is for soils affected by smoldering fires. MODIS is used for
global detection of active fires and burned area mapping (Roy et al. 2008). Many
other satellite sensors are used, often with change detection algorithms (Roy et al.
2008, 2013). The use of remotely-sensed data has greatly increased in recent
decades, and this trend will continue for both science and management (See
Chap. 14).

Satellite sensors provide the only way to monitor fire occurrence and character-
istics globally, including smoke plumes (Roy et al. 2013). Hantson et al. (2015)
mapped the fire size distribution worldwide and found that fire sizes varied greatly
with climate and human activity. Chen et al. (2017) described six fire regimes in
China by combining the burned area inferred from MODIS with local records of
active fires (Fig. 12.20). They found that more than 78% of the land area in China
was affected by fire from 2001 to 2016 and that people ignited almost all the fires.
Chen et al. (2017) suggested that the relatively large, infrequent fires that burned
within a short fire season and high inter-annual variability in area burned were likely
accidental fires. In contrast, they described the small, frequent forest fires in southern
China burning during a long fire season with low inter-annual variability as fires
being used in vegetation management. Cropland and grassland fires had different
traits and different potential drivers, including both climate and human activity as
found by Hantson et al. (2015). Chen et al. (2017) forecasted that fire density and fire
danger will increase with increased temperature and drought in the future, but the
spatial pattern of fires will depend on the spatial pattern of humans using the land and
either purposefully or accidentally lighting fires, suppressing them and altering the
fuel for vegetation fires. Likely, these latter ideas apply globally.

Remotely-sensed data have limitations, some of which can be overcome when
combining data from multiple sensors, ground-based field observations, and other
data. Satellite data are typically only available since the 1970s and 1980s. This more
than 30 years of data is remarkably useful, particularly for providing information on
spatial variability continuously across fires, but the total time span limits their use for
describing long-term fire regimes, and we know this is much shorter than the life
span of many plants. Repeated data from the same site may be many days apart from
the same satellite, making it impossible to map fire behavior and effects more

450 12 Fire Regimes, Landscape Dynamics, and Landscape Management



frequently. However, data from some sensors can provide more frequent images and
images at fine spatial resolution (Roy et al. 2013). Mapping global fire regimes is
challenging for many reasons, including the very large datasets required, and likely
will be more successful for burned areas than for active fires (Roy et al. 2013).

Burn severity is commonly assessed using pre- and post-fire satellite imagery
(Key and Benson 2006; Miller and Thode 2007; Morgan et al. 2014; Parks et al.
2014b). As burn severity from one fire can alter the extent and burn severity of a
subsequent fire (Parks et al. 2014b, Stevens-Rumann et al. 2016; Prichard et al.
2017), satellite-derived post-fire burn severity maps can be very useful in planning
for and managing subsequent fires in the same location. See Sects. 9.7 and 12.3.6 for
more discussion and examples useful for inferring burn severity from remotely-
sensed data.

A variety of metrics can be used with remotely-sensed imagery to infer fire extent,
burn severity, and patches burned or not (Fig. 12.21). The Normalized Burn Ratio
(NBR), differenced Normalized Burn Ratio (dNBR), Relativized differenced Nor-
malized Burn Ratio (RdNBR) (Dillon et al. 2011; Key and Benson 2006; Miller and
Thode 2007; Dillon et al. 2020) and Relativized Burn Ratio (Parks et al. 2014a) are
all calculated using the near- (NIR) and mid-infrared (MIR) bands from Landsat
satellite imagery.

Fig. 12.20 Six different fire regimes were identified for China based on MODIS satellite imagery
and active fire data. Chen et al. (2017) used cluster analysis on these data to interpret frequency,
size, season, and interannual variability. From Chen et al. (2017)
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For example:

NBR ¼ NIR�MIRð Þ
NIRþMIRð Þ ð12:2Þ

where NIR is band 4 and MIR is band 7 for Landsat 5 and 7. Then, dNBR is
estimated as:

dNBR ¼ NBRprefire � NBRpostfire

� �� 1000
� �� dNBRoffset ð12:3Þ

where dNBRoffset is the average dNBR value from pixels in relatively homoge-
neous and unchanged areas outside of the burn perimeter. The offset is included to
adjust for differences between the pre- and post-fire images due to other factors than
fires, such as different phenology or environmental conditions (Miller et al. 2009;
Parks et al. 2014a). RdNBR is calculated as:

Fig. 12.21 Burn severity for the Cooney Ridge fire, Montana. (a) Tree crowns are black and the
ground surface is ash-covered in areas burned with high severity, while tree crowns are green in
areas unburned or burned with low severity, and brown tree crowns indicate conifer trees are dead
but fine fuels in crowns were not consumed, an indication that the fire burned with moderate
severity. Photo by AT Hudak. (b) Continuous dNBR interpreted from satellite imagery. (c)
Classified burn severity based upon the dNBR values (From Hudak et al. 2018)
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RdNBR ¼ dNBR

NBRprefire

�� ��0:5
ð12:4Þ

The prefire and postfire images are often selected just before the fire and 1 year
later to minimize differences in plant phenology, called extended assessments, as the
full fire effects may not be immediately apparent (Eidenshink et al. 2007). However,
in some ecosystems with very rapid plant recovery, such as grasslands, the pre- and
post-fire images are selected from the same growing season (just a few weeks or
months post fire (Eidenshink et al. 2007). Making the burn severity metric relative to
the amount of biomass present pre-fire helps make more consistent assessments over
landscapes characterized by widely different plant communities (Miller and Thode
2007).

The Relativized Burn Ratio (RBR) was proposed and evaluated by Parks et al.
(2014a) as a robust modification of dNBR. They reported that RBR was better
correlated with field measures of burn severity (Composite Burn Index, see
Chap. 9) than either dNBR or RdNBR for 18 large fires in the western USA. RBR
includes a minor adjustment to dNBR so that the denominator will never be less than
zero. RBR is calculated as:

RBR ¼ dNBR
NBRprefire þ 1:001

ð12:5Þ

The Monitoring Trends in Burn Severity project (www.mtbs.gov) is an effort to
map both the perimeters and burn severity within large fires (>400 ha in the western
USA, >200 ha in the eastern USA) inferred from Landsat Thematic Mapper satellite
imagery (available since 1984) across the United States. MTBS analysts choose the
threshold index values between burn severity classes. Using different thresholds for
different fires makes it very difficult to compare fire to fire and across years
effectively. Hence, many people recommend using the continuous data and carefully
making choices about thresholds, only varying from standard ones when needed for
your particular application (Morgan et al. 2014). See also Roy et al. (2013), Dillon
et al. (2020), and references therein.

Careful selection of satellite imagery, indices, and timing is critical for effectively
mapping burn severity. For example, in the southeastern USA, Picotte and Robert-
son (2011) found burn severity needed to be assessed at a different time and using
different thresholds than one might use to differentiate high and low severity burns in
the western USA. The choice of an index (RdNBR, dNBR, NBR) and the methods
for determining thresholds for severity classes must be context-specific (i.e.,
forest vs. non-forest, initial vs. extended assessments) (Dillon et al. 2020). The
choice of index and data sources will depend on objectives. Morgan et al. (2014)
argued for being explicit about what is being measured, how, and why.
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12.3.5 Simulating Fire Regimes

Simulation models are very useful for projecting current and future fire regimes (e.g.,
for areas without detailed fire regime reconstruction) and across space (e.g., land-
scapes) (Keane et al. 2003). Because simulation models help us explore the relative
importance and interaction of input variables, they can help us learn. Simulation
models of fire regimes can inform our scientific understanding and sometimes
inform management. For instance, simulation models have helped us understand
how “top-down” influences, such as climate, can vary with meso- and fine-scale
“bottom-up” environmental conditions. Together, these influence landscape fire
regimes. Landscape models can incorporate the effects of the legacy of past fires
and other disturbances. Simulation models can help us understand the roles and
interactions between climate and fuels and how these are changing from place to
place and through time. Often the understanding that comes from developing
simulation models is more important than specific predictions. Simulation models
can be used to explore forecasts for future fires over both a long time and large areas.
However, simulation models depend upon some historical and modern records for
calibration which may not capture the effect of long-term variability in climate, land
use, and ecosystem processes (Keane et al. 2015).

Finney et al. (2008) simulated burn probability for the conterminous USA,
demonstrating that simulation models were useful for broad-scale fire risk assess-
ments. Fire probability of occurrence and fire size distributions approximated his-
torical observations. Most of the area burned by large fires burned under relatively
extreme weather conditions and active fire suppression efforts and were thus less
influenced by local topography and fuels that would be important under more
moderate conditions. The many fires that were suppressed when they were small
contributed little to the actual or simulated fire probabilities. Surely the burn
probability would be different if some of the 98% of all fires that were suppressed
when they were small grew to their full potential. The simulation results of Finney
et al. (2008) indicated that fire size was influenced by fuels, ignition location, and
weather. To the degree that fuels are important, landscape-level fuel management
could alter fire spread and affect burn probabilities even when fires burned under
relatively extreme weather conditions. See Sect. 12.4.1 for discussion of the relative
influence of climate, fuels, people, and other factors on fire regimes.

12.3.6 Combining Methods to Characterize Past, Present,
and Possible Future Fire Regimes

Combining methods is often both necessary and useful. Heyerdahl et al. (2014)
combined tree age structure, dated fire scars, and simulation modeling with
FlamMap to assess past and future fire effects and fire behavior in lodgepole pine
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forests (Fig. 12.22). They found that surface fires were dominant historically and are
most likely to occur in the future.

Combining multiple approaches could help overcome challenges associated with
limited fire history data in many grasslands, shrublands, and woodlands. Fire
frequency can be inferred from fire scars on trees growing on adjacent forested
sites, area burned can be assessed with historical records, and simulation models can
be used to evaluate the variability in fire regime characteristics based on the data
available. Alternatively, people used field observations and plant ecology with
experimental fires burned at different intervals to see what resulted in desirable fire
effects, e.g., to examine how frequent burning could restore tallgrass prairie on the
Curtis Prairie in Wisconsin. Similarly, understanding mixed fire regimes will require
a mix of methods.

Using multiple lines of evidence has potential benefits. When results are in
agreement, conclusions are more robust. New and important scientific insights are
both possible and likely when scientists employ multiple approaches to analysis.
This is especially so in mixed-severity fire regimes and across broad spatial scales.

Fig. 12.22 Mixed severity fire regimes were assessed for (a) Oregon’s (b) Pumice Plateau (c)
dominated by lodgepole pine. Heyerdahl et al. (2014) used (d) fire behavior predictions made using
the FlamMap model to complement tree age data from crossdated increment cores on systematically
located plots (From Heyerdahl et al. 2014)
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Landscape heterogeneity is challenging, but combinations of dendrochronology,
historical aerial photographs, land survey data, and simulation modeling show
promise.

12.4 Changing Fire Regimes Through Time and over Space

Globally, fires have burned an average of 450 M ha annually. The area burned
inferred from satellite imagery has declined by almost 25% between 1998 and 2015
as both the number and mean size of fires declined (Andela et al. 2017). Decreases
were most pronounced in savannas in South America and Africa and in the grass-
lands of Asia in response to climate and changing land uses as indicated by cropland
area, livestock density, and human population density (Andela et al. 2017). In many
temperate zones, much area has burned in large fires in recent years, and more large
fires are projected for the future for many areas of the globe (Bowman et al. 2017;
Abatzoglou and Williams 2016; Dennison et al. 2014, and many others). Fires
increasingly threaten people and their property as the human population grows and
expands into wildlands. In particular, just a few fires, those that burn under
extremely hot, dry, and windy conditions when fuel load and connectivity are not
a limitation, account for most of the area burned. In contrast, the many fires that burn
under relatively mild environmental conditions have more positive and fewer neg-
ative ecological and social effects. As people wrestle with the challenges associated
with large severe fires, understanding the dominant drivers can help inform strate-
gies. Where fuels are a primary driver, fuels management could be effective. Still,
where the underlying driver is primarily climate, then many experts would argue that
fuels management is not likely to be as effective in altering fire behavior. Where both
fuels and climate are influencing fires and their effects (this applies in most places),
solutions will need to be creative, strategic, and adaptive. No single solution will
always work everywhere.

Globally, ecosystem services have been affected as fire regimes have changed in
almost all terrestrial ecosystems from historical to modern times (Fig. 12.23).
Ecoregions with degraded and very degraded fire regimes cover 53% and 8%,
respectively, of the Earth’s land area (Shlisky et al. 2007). Of the Earth’s ecoregions,
more than half are fire-dependent, and another quarter are fire-sensitive. Only 25% of
the terrestrial world assessed exhibits an intact fire regime. Biodiversity is lost where
fire regimes are degraded (Shlisky et al. 2007), especially where key plant and
animal species are dependent on fire for long-term population viability. Causes of
degraded fire regimes globally include urban development, livestock farming,
ranching and agriculture, fire use and fire suppression, resource extraction (including
energy production, mining, and logging), and climate change (Shlisky et al. 2007).

Past fire regimes have shaped plants, animals, and ecosystem processes. When
fire regimes experience rapid alterations, species once well adapted to fires may no
longer be resilient to future fires. Johnstone et al. (2016) call this “resilience debt”
when ecosystems are less able to recover between disturbances or because post-fire
environmental conditions have changed. We must expect resilience debt due to
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global change which is bringing change in vegetation with invasive species, change
in human activities that alter land use, and often novel climate with different
temperature and precipitation and variability in all of these. Some have used the
historical range of variability in fire regimes as a clue to what species and ecosystems
have tolerated in the past, reasoning that mimicking those past conditions could
favor ecosystem components and functions we don’t fully understand. Remember,
however, that we should be thinking about resilience for future conditions and that
the historical range of variability is best used as a guide, not a goal (See Sect. 12.4.2).

12.4.1 Climate, Fuels, and People How and Where Fire
Regimes Change

Climate, fuels, and people are all implicated in changes in areas burned and burn
severity, and the many extreme fires of recent decades. What has been and will be the

Fig. 12.23 Fire regimes have changed globally according to the Global Fire Assessment. (a) More
than half of all terrestrial ecoregions are fire-dependent (i.e., they need fire to function well as
ecosystems) and another quarter are fire-sensitive (i.e., fires are destructive to key ecosystem
elements and functions). (b) Most fire regimes have degraded across the Globe’s ecoregions.
These assessments were developed through expert opinions comparing historical to current fire
regimes (From Shlisky et al. 2007)
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relative importance of climate, fuels, and human actions in our rapidly changing
world, and how will these vary from place to place? Knowing this can help us
advance scientific understanding (how does the relative influence of drivers and their
interactions vary and why?) and shape effective management (how can we get more
positive and fewer negative impacts of fire?). People can and often do alter fuels, but
when and where is this more or less effective in altering fire behavior, and how will
that change as climate changes? Let’s address these questions with examples. These
examples illustrate the changing influences of fuels, climate, and people, and how
they interact to shape fire regimes in different ways in different places.

The ponderosa pine forests of the Jemez Mountains in New Mexico in the
southwestern USA are one of the few places with a long, detailed fire history from
tree rings and historical information to disentangle the interactions among people,
fire, vegetation, and climate (Swetnam et al. 2016). For many centuries, fires in these
forest landscapes were frequent, with mostly surface fires burning fine fuels. Region-
ally, interannual climate variations drive fire occurrence through their influence on
fuel abundance (as prior rains can increase fine fuels) and availability (low fuel
moistures develop during droughts). Land uses by the many people living in the
Jemez mountains 1300–1680 limited widespread fires as people ignited many small
fires. In the eighteenth and nineteenth centuries, climate drove fire occurrence and
extent, and then late in the nineteenth century, intensive domestic livestock grazing
limited the amount and continuity of the grass, and Native Americans were removed
from large areas, with fire suppression, settlement, and roads further limiting fire
occurrence during most of the twentieth century (Swetnam et al. 2016). Fuels
accumulated, and forests became denser as trees regenerated in abundance in
meadows and forests. Recent very large fires in the southwestern USA reflect
changing forest fuels, warmer droughts, and land use that has increased the area
and continuity of dense, multi-layered forest canopies, particularly in warm, dry
forests (Swetnam et al. 2016).

Fires were also historically important to the ecosystems of cold forests in the
northern Rocky Mountains of the USA (Brunelle et al. 2005; Whitlock et al. 2008;
Murray et al. 1998, 2000). However, fires were historically less frequent than in
nearby dry mixed-conifer forests. Hessburg et al. (2000, 2007) concluded that the
landscape-scale heterogeneity of cold forests has changed through human action and
advancing succession, though not as much as in dry mixed-conifer forests at lower
elevations. All forests have been affected by roads and suppression of fires burning
under less extreme conditions. Murray et al. (1998, 2000) documented landscape
trends (1753–1993) of whitebark pine forests in the mountains along Idaho and
Montana’s border. Morgan et al. (2014) found very little difference in the fire extent
in dry and cold forests during 1900–2006. They interpreted this as reflecting the
influence of twentieth-century fire suppression and other land uses, especially in dry
forests, but also in cold forests.

Several concepts are key to understanding changes in fire regimes. First, it is
important to be clear what aspects of fire regimes are the focus of analysis, for fuels
and topography can affect burn severity more than area burned, but less so when fires
burn under extreme weather and climate conditions (See Chaps. 8 and 9). Much of
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the discussion about spatial and temporal controls of fire regimes, including in this
section, focus on fire frequency, some on burn severity, and almost none on
seasonality or spatial variability. See Chap. 9 for related discussion. Second, people,
climate, and vegetation influence fire regimes as almost all terrestrial landscapes may
burn when environmental conditions align. Places with very high biomass produc-
tivity often have much standing biomass that is not likely to burn except when
enabled by extended drought and wind (Fig. 12.24). Fires here are climate-limited
(also termed flammability-limited) (Krawchuk and Moritz 2011; Prichard et al.
2017). With the increasing probability of extended and warmer droughts, such
areas are more likely to burn in the future. Where biomass productivity is low, as
in many semi-arid ecosystems and deserts, fires are currently much more common
than they were historically, especially where fuels are now more continuous and
abundant from invasive grasses. These ecosystems were historically fuel-limited
(Krawchuk and Moritz 2011; Pausas and Paula 2012; Prichard et al. 2017), but the
added fuels enable fires to burn and spread. More fires occur, and more area is

Fig. 12.24 Historically (solid curve), fires were most likely on sites of intermediate biomass
productivity. In many ecosystems, the probability of fire is different now (dashed line) than in the
past. In wet forests, biomass was historically and is currently often abundant, but only available to
burn when long-term warm, dry conditions dried the fuels (“climate-limited”). In areas with low
biomass productivity, such as shrub-steppe and deserts, fires were historically uncommon (“fuel-
limited”), yet currently (dashed curve) fires are much more common where invasive grasses provide
fuel and people ignite fires purposely or accidentally. People have often altered the probability of
fires burning, creating a fire “deficit” (large arrow pointing down with minus sign) in many areas of
moderate productivity, such as grasslands and savannas, while people have made a fire “surplus”
(large arrows pointing up with plus sign) in many dry forests and elsewhere. Note that in many
terrestrial ecosystems, biomass production exceeds decomposition, resulting in accumulating
biomass that may burn if ignited under hot, dry, windy conditions (Redrawn from McWethy
et al. 2013)

12.4 Changing Fire Regimes Through Time and over Space 459



burned at intermediate productivity (Bowman et al. 2011). The coincidence of
sufficient fuel production and long dry periods with ignitions means that much of
the world’s land surface will support fires in parts of most years and especially so in
some years. Only the most arid (with low productivity) and the wettest (with limited
flammability) will not burn. At intermediate biomass productivity and moisture
(most temperate lands), people have significantly altered current fire probability
relative to historical conditions through igniting fires, suppressing fires, and exclud-
ing fires with land uses that limit fire spread. Understanding where fires are burning
in ways that are quite different from those to which plants and animals are adapted is
key to mitigating changing fire regimes. Third, of the many influences on fire
regimes, some are local “bottom-up”, such as topography, fuels, and ignitions,
while other influences are “top-down” such as climate and regional or national
policies because they act across large areas. Thus, while climate and weather
influence both fire and vegetation “top-down” leading to regional and global pat-
terns, local topography and fuels provide “bottom-up” controls. Fourth, people have
influenced fire regimes everywhere with their land uses and fire suppression, and
invasive species. In some places there is a fire deficit, elsewhere we have a fire
surplus. Change has and will happen, but not in the same way or to the same degree
everywhere. What changes is partially up to people. Here we’ll try to put these
influences and their interactions in perspective.

Fuels are central to understanding changing fire regimes. Without fuels to burn,
fires are unlikely to burn and spread, and this will change many of the ecosystem
services we as people care deeply about depending upon vegetation which is the
fuel. Fuels are the link between fire behavior and fire effects (Keane 2015). Manag-
ing fuels (Chap. 11) can greatly alter fires, especially the ecological effects of fires. In
“climate-limited” ecosystems, fires only burn under extreme conditions when the
abundant fuels become dry enough for long enough. The ponderosa pine forests of
the Jemez (see previous examples, this section) were historically fuel-limited but
now have an abundance of fuel continuous vertically (vertical fuel ladders) and
horizontally (landscapes with large patches of fuels) that can burn intensely when
fires ignite under very hot, dry and windy conditions. Similarly, the quantity and
availability of fuels and their moisture have contributed to the current flammability
of many landscapes, increasing the likelihood that fires will ignite readily, with the
potential to burn large areas with high intensity in the USA and around the globe.
These concepts are quite useful in understanding the degree to which climate or fuel
or both will drive future fire regimes, and therefore the degree to which climate alone
is a useful predictor of area burned and fire effects (Pausas and Paula 2012). Many
areas have a “fire deficit” while others have a “fire surplus” (Fig. 12.24). The term
“fire deficit” is usually applied to current conditions relative to historical fire
frequency documented from fire-scarred trees or other historical data (Marlon et al.
2012, Fig. 12.11).

Bradstock (2010) described four different “switches” for fires. All of which must
be “on” for fires to spread and each has different influences and scales. Fires don’t
spread without ignition from lightning or people, but ignition alone is insufficient
unless biomass is present in sufficient quantity and continuity, dry enough to burn,
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and ambient weather conditions are conducive. Murphy et al. (2011) related these
factors to time (Fig. 12.25). These proximal factors are ultimately influenced by
climate, soils, vegetation, people, and time (Bradstock 2010). One important impli-
cation of the four-switch model is that fire regimes are complex, reflecting the
interactions of different factors, with potentially different primary controls in differ-
ent locations.

People have had an overriding influence on fire probability across the entire
productivity gradient because they alter fuels directly through fuels treatments (see
Chap. 11), logging and grazing, other forms of biomass removal, changes in land use
policies, and the suppression and ignition of fires. People are also agents of global
change that includes altered climate and the proliferation of invasive species. By
igniting and suppressing fires, people often find paradoxical results. The more they
suppress fires, the more biomass accumulates, which can support larger, more severe
fires, especially when those fires ignite during extreme fire weather conditions that
will be more prevalent in many years and in many areas with changing climate.

Climate is an important “top-down” influence. Climate is an important driver of
the annual area burned (Higuera et al. 2015; Morgan et al. 2008; Whitlock et al.
2008). Fire weather influences fire behavior and resultant burn severity (see discus-
sion in Sect. 10.7) (Birch et al. 2015; Dillon et al. 2011; Keyser and Westerling
2017). Although fire weather has less influence on burn severity than on area burned,
fire weather will likely be increasingly important as climate changes (Parks et al.
2016). However, this depends to some degree on how vegetation biomass is affected
by climate, and also how available those fuels are to burn (a function of fuel
moisture, see Chap. 11). If the area burned increases in the future as many have
predicted, and fires burn soon after prior fires, then there may be insufficient or at
least greatly altered fuels for subsequent fires.

Four switches Vegetation
type

Post-fire
accumulation

Antecedent
rainfall

Mesic Arid

Fire
season

Recent
weather

Frontal
systems

Diurnal
cycle

Wind,
temperature,
relative humidity

Lightning

1. Biomass

2. Availability to burn

3. Fire spread

4. Ignitions

Centuries Decades Years Months Days Hours Instant

Fig. 12.25 For fires to spread, all four different switches need to be “on”, and each of these
switches reflects different time scales (From Bradstock 2010 and Murphy et al. 2011)
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Fuels, vegetation, topography, and site-specific fuel moisture are all “bottom-up”
influences on fire intensity and burn severity. Elevation and topographic position
influence site productivity. Broad-scale climatic patterns are strongly influenced by
elevational gradients. Thus, fine- and mesoscale environmental conditions can alter
how “top-down” climate and weather are “felt” through the site-specific temperature,
precipitation, and solar radiation conditions. Analysis of fire regimes based on
climate alone misses these effects. Climate data alone typically don’t explain
changes in vegetation composition and landscape patterns, just as those factors
alone are not enough to forecast implications of fires without also considering the
climate. Likewise, land use and other human actions are pervasive influences.

Compared to dry sites with sparse vegetation, fires are less likely to occur on
moist, productive sites with more fuels available, although fires there typically burn
with higher severity. In contrast, in the eastern USA, fuel moisture influenced burn
severity in both forest and non-forest settings (overall and in 6 of 8 regions for forests
and 5 of 8 regions for non-forest) compared to green biomass (indicated by NDVI)
and elevation (Dillon et al. 2020). Dillon et al. (2020) suggested that these findings
reflect a generally climate-limited scenario for wildfires in the eastern USA. In other
words, the amount of available fuel is more consistent across the eastern USA, and
less driven by topographic gradients. In many locations worldwide, humans have
increased fire frequency by igniting fires or introducing grasses or other plants that
burn readily. There is positive feedback with grasses in many locations, especially
introduced grasses that fuel fires that perpetuate grasses in the grass-fire cycle
(D’Antonio and Vitousek 1992). See Case Study 12.1.

Both fuels and climate are important, but few analyses combine fuels and climate.
Both fuel and climate influence both the area burned and the burn severity, but in
different ways in different places. The large fires of recent decades globally are
linked to both changing fuel availability and warm and persistent droughts. Simul-
taneously, land use and fire suppression have fostered increased homogeneity of
vegetation structure and fuel conditions across parts of many landscapes, furthering
the potential for large patches to burn with high severity. The latter reflect the
legacies of prior fires and other disturbances, varying rates of succession, and land
use. In Portugal, while large fires only develop when fire weather is conducive, fire
size and effects are primarily a function of landscape-level fuel continuity and
variability in fuel accumulation as determined by previous fires (Fernandes et al.
2016a, b). Parks et al. (2018) analyzed the relative influence of fuels, topography,
climate, and fire weather on burn severity. They argued that in forests of the western
USA, live fuels (i.e., green vegetation) most influence the burn severity followed in
importance by fire weather tied to the specific day of burning, then long-term
climate, and finally, topography. Their results contrast with previous studies that
found topography to be one of the more important drivers of burn severity (e.g.,
Birch et al. 2015; Dillon et al. 2011; Estes et al. 2017). They pointed out, as did
Dillon et al. (2011), that topography is an indirect measure of vegetation and fuel
distribution and can appear more important when specific variables representing
vegetation are not included in analyses. Parks et al. (2018) concluded that the
amount of pre-fire vegetation is more important than any inherent topographic factor.
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With that said, some combination of topographic variables did still add value to their
statistical models in every scenario, even after accounting for vegetation and fuel
moisture. These results suggest that manipulating the fuels, e.g., through fuels
treatments or through fuels accumulation in the absence of other disturbances,
influences the ecological effects of fires, especially in some topographic settings.
More analyses of the multi-scale interactions among fuel properties, fire weather,
topography, and climatic predictors of fire extent and burn severity are needed to
determine how they vary along environmental gradients and at what scale
(McLaughlan et al. 2020). Forkel et al. (2017) evaluated the performance of fire-
enabled dynamic global vegetation models against 20 years of area burned
interpreted from MODIS satellite data. Such models are widely used to predict the
implications of changing climate for ecosystem processes. Forkel et al. (2017) found
that burned area variability differed with vegetation types. They concluded that
vegetation effects on fires, such as fuel structure and fuel moisture, as well as fire
ignition and spread, need to be included in dynamic global vegetation models if they
are to better simulate year to year variation in the burned area across the globe. In
other words, both vegetation and climate matter to fire occurrence, fire extent, and
burn severity.

Prior fires and other disturbances greatly influence burn probability and burn
severity. Fires are somewhat “self-regulating”, as previous fires can limit the size and
severity of subsequent fires. Because fuels are consumed and reduced for a time after
fires, there is less available fuel to burn in subsequent wildfires. Time and produc-
tivity influence how long prior fires will limit the probability and burn severity of
reburn and therefore serve as fuels treatments (Moritz et al. 2011; Parks et al. 2015a,
Fernandes et al. 2012, 2016a, b). The effect depends on vegetation development as
grasses may rapidly grow after fires to soon provide fuel for future fires, but trees and
shrubs grow slower and may shade surface fuels and shelter them from the wind.
Thus, previously burned landscapes can reburn in later fires (Prichard et al. 2017;
Stevens-Rumann et al. 2016; Parks et al. 2015b). Fuels, time, biomass accumulation
rates (See Chap. 11) are all important, but so are wind and other weather conditions
(and therefore climate) and topography (Prichard et al. 2017). Past fires limit fire
spread most effectively soon after fires. Parks et al. (2014b) found that there was a
smaller effect of prior fires on fire size during extreme weather, as indicated by large
Energy Release Component, which is an indicator of long-term drought (Fig. 12.26).
They also found that prior fires were less effective the longer since previous fires.
The effect was shorter (6 years) under warm, dry climate than under cool, wet
climate (14–18 years).

Hurteau et al. (2019) projected that area burned in California forests would
increase significantly in the next few decades, driven by the changing climate. The
area burned increased at a slightly slower rate when fuels and prior fires were
considered along with climate in their simulation model (Fig. 12.27).

One of the most prevalent results of changed fire regimes is that many landscapes
are missing the small- and medium-sized fires that burned under mild to moderate
weather and fuels (Haugo et al. 2019). These are the fires most commonly
suppressed by people. Though the cumulative area burned is low, by altering
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Fig. 12.26 Prior fires limited the spread of subsequent fires but less so in extreme conditions and
with increasing time since the prior fire. These analyses were in four large wilderness areas in the
western USA where fires have burned with limited suppression given the remote locations, rugged
terrain, and few threats to human life, property, and other values, and consistent with managing for
resource benefits and as a natural process. (a) Illustrations of prior fires (red perimeter) limiting or

464 12 Fire Regimes, Landscape Dynamics, and Landscape Management



vegetation over many small areas they shape landscape heterogeneity that influences
how readily subsequent fires will grow and how vegetation will respond to those
subsequent fires. Even small changes in the proportion of large patches can greatly
alter how vegetation responds to fires, and thus subsequent landscape patterns.

People have influenced climate with implications for fires. Human-caused climate
change contributed half of the area burned in recent decades in the western USA

⁄�

Fig. 12.26 (continued) not limiting the extent of later fires (gray). (b) The effect declines with time
for all fires and for large fires, but more quickly in the warmer and dryer Gila-Aldo Leopold
wilderness in New Mexico (GAL) than in the Frank Church (FCW) in Idaho, the Selway-Bitterroot
(SBW) in Idaho and Montana, and the Crown of the Continent (CCE) in Montana, USA. (c)
Subsequent fires were less likely to be limited by prior fires when later fires burned under more
extreme climatic conditions; colored lines from black to red represent increasing Energy Release
Component (ERC) values (From Parks et al. 2015a)
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Fig. 12.27 Simulated area burned for forests at three different latitudes in California. The dynamic
simulations take into account prior fires and climate, while the static simulations are based solely on
climate. As climate changes, the area burned in large fires is projected to increase in many areas
whether or not fuel dynamics from prior fires are considered. Simulations were made using the
LANDIS-II ecosystem process model (From Hurteau et al. 2019)
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(Abatzoglou and Williams 2016). People have also suppressed fires and altered
vegetation through land uses. Haugo et al. (2019) found that relative to the historical
fire frequency, current fires were much less frequent and many were burning with
much higher burn severity. They attributed this to fire suppression efforts plus
logging, roads, and other land uses in forests across Oregon and Washington,
USA. They quantified the degree of change and used this to map the need for
restoration to increase forest resilience. See Sect. 10.2.1 about resilience and fires.
Parks et al. (2015b) developed predictive models of area burned based on climate
(1984–2012 based on geographic areas with limited land use and fire suppression
and then projected their model results for the western USA. They found that many
forested areas had less area burned than expected (presumably due to fire suppres-
sion, land use, as well as roads and other barriers to fire spread). In comparison, some
extensive shrubland and grassland areas had much more area burned than expected
based on climate alone, presumably due to an abundance of non-native annual
grasses such as cheatgrass (Bromus tectorum). People have altered fire occurrence,
vegetation composition, and landscape homogeneity over extensive areas.

Invasive species have changed current and future fire regimes in many ecosys-
tems. Examples are juniper trees (they are native but invasive, see Case Study 12.1)
and annual grasses that have in many locations fueled very frequent fires in what has
been called the grass-fire cycle (Case Study 12.1). We note that invasive species
sometimes reduce fire frequency and severity, especially when the invasive species
facilitate moisture retention on-site or otherwise are of low flammability.

We know from earlier chapters that weather and fuel moisture affect fire behavior,
soil heating, and burn severity. Energy Release Component and similar indices that
reflect the combined effect of temperature and drought on the moisture levels in fuel
can be useful for forecasting fire size and intensity (Jolly and Freeborn 2017).
Similarly, the fuel moisture of 1000-h time lag fuels integrates the effect of temper-
ature, relative humidity, and precipitation amount. When these large fuels and duff
burn, the long duration burning that often results can contribute to severe fire effects
(Morgan et al. 2014). However, topography and vegetation moderate the influences
of climate.

As climate changes, the climate will be increasingly important in shaping fires,
fuels, and vegetation response. Fuels management will still be needed, though an
ecologically and socially appropriate mix of fuel management tools and practices is
needed (Moritz et al. 2018). Fuels management is more broadly accepted when it
occurs near homes. There is more scientific debate and less general acceptance by
people when fuels far from homes are treated, particularly if the justification is
focused on protecting those homes.

Will climate or fuel or both, or other factors determine future fire regimes? Pausas
and Paula (2012) postulated that in dry Mediterranean ecosystems, fuel abundance is
quite important in controlling fires, and therefore that climate alone won’t be enough
to forecast future fire regimes. They argue that in dry ecosystems, it is the vegetation
structure that influences the availability of fuel and thus is most limiting as every
year the potential fire season is long. Over large areas of the Earth, there are seasons
for vegetation production followed by prolonged dry seasons that make some or all
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of those fuels available for burning. The coincidence of sufficient fuel production
and long dry periods with ignitions means that much of the world’s land surface will
support fires in parts of most years and especially so in some years. Only the most
arid (with low productivity) and the wettest (with limited flammability) will not
burn. Fire regimes reflect interactions of climate, weather, topography, fuels, and
vegetation, and these reflect legacies of prior disturbance and management.

12.4.2 Historical Range of Variability (HRV), Future Range
of Variability (FRV), and Resilience

Understanding how ecosystems functioned and fire interacted in the past can help
people anticipate the future. Historical Range of Variability (sometimes called
Natural Range of Variability) is the minimum to the maximum value of selected
ecosystem characteristics through time (Fig. 12.28). Fire frequency is commonly

Fig. 12.28 (a) The historical range of variability (HRV) is characterized based on the minimum to
maximum values of a landscape characteristic, such as median patch size or frequency of fires, over
a past time period. (b, c) One can contrast the current landscape to historical conditions as done in
this case for the proportion of the landscape in different forest composition and structure classes.
Here, current conditions are “out of whack” as they differ so greatly from historical abundance with
likely implications for habitat for many birds, fire hazard, and ecosystem functions. Observations
may be reconstructed from field observations or models or both. (d) The legacy of past conditions
can shape the future, but so do climate, succession, disturbances, and land uses. Where the
ecosystems depart greatly from HRV, the forest ecosystems may be less sustainable (From Keane
et al. 2009)
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used, as is the proportion of land area occupied by a particular vegetation class, such
as old-growth ponderosa pine.

Historical ecological understanding and simulation modeling based upon it can
help people understand the effects of land use, climate, and fires. HRV is a useful,
albeit flawed, guide for achieving management objectives based upon long-term
health and sustainability, but it should not be the goal (Landres et al. 1999; Swetnam
et al. 1999; Keane et al. 2009; Keeley et al. 2009).

HRV is useful for communicating and understanding change (Landres et al.
1999) and fostering ecosystem resilience to future changes. Historical ecology
informs models that can then be used to test hypotheses about the implications of
global change. HRV is less useful as a guide when conditions are expected to be very
novel (e.g., through climate change, great abundance of invasive species, high
density of human population, etc.), and where management objectives are very
focused on individual species of concern (Keane et al. 2009; Landres et al. 1999).
As Harari (2017) states, the value of history is not to predict the future but to enhance
understanding of the past to envision alternative futures. HRV is less useful when it
is interpreted for a relatively short time or under the assumption that background
climate is stationary through time, for climate has varied through time, as have
vegetation and disturbance (Whitlock et al. 2010). HRV can be oversimplified if
applied with the assumption that one fire history characterizes all places with a given
vegetation type. HRV is scale-dependent.

Hessburg et al. (2015) recommended using both the Historical Range of Vari-
ability (HRV) and Future Range of Variability (FRV) as guides in restoring the
resilience of landscapes to future fires. They define FRV as a reference representing
predicted future characteristics of a landscape; FRV can be generated from simula-
tion models or approximated from other parts of a landscape representing those
future conditions (Keane et al. 2009; Hessburg et al. 2015).

Haugo et al. (2015) used a comparison of the historical and current abundance of
forest ecosystem structure classes to assess the “need” for restoration to improve
forest health and ecosystem services and, therefore, future resilience to fires across
Oregon and Washington. They argued that forest composition structure needed to
change on 40% of the area of coniferous forested lands. They called for a substantial
increase in the pace and scale of thinning, and low severity fire, especially in dry
forests, and managing for succession to older forest structures in many forests.

Resilience for the future will require ongoing learning from history, current
conditions, and simulation models (Schoennagel et al. 2017). HRV is useful even
in a rapidly changing world. It is also useful when the focus is on resilience to future
disturbances, not reconstructing the past. That depends on using HRV to build our
understanding of how ecosystems “work”, and then using that understanding to
guide our management for the future.

468 12 Fire Regimes, Landscape Dynamics, and Landscape Management



Case Study 12.1 The Grass-Fire Cycle is Fueled by Invasive Species
and Positive Feedback with Fire
Penelope Morgan, email: pmorgan@uidaho.edu

Department of Forest, Rangeland, and Fire Sciences, University of Idaho,
Moscow, ID, USA
Alien plant invasion is one of the widespread global changes with broad

implications for the native biodiversity and ecosystem services we depend
upon. Globally, invasive species have altered ecosystems in many places.
Invasive species are especially problematic when they alter fire frequency,
size, severity, and seasonality, often with great consequences for native plants
and landscape dynamics (Brooks et al. 2004). The “grass-fire cycle”
(Fig. 12.29) is one such common and widespread phenomenon. In a positive
feedback loop, often triggered by land clearing and introduction of non-native
grasses, the grasses fuel fires and then increase following fires and then rapidly
accumulate to fuel future fires that are both large and frequent (D’Antonio and
Vitousek 1992; Brooks et al. 2004).

Some invasive species compete quite successfully with native plants, and
often thereby alter ecosystem services as well as fire regimes. Such species are
often, but not always, non-native. They may be called alien, introduced,
exotic, or weeds, but not all such plants become invasive. If invasive species
thrive, they can alter the amount, timing, and spatial continuity of fuel.
Introduced grasses may not always lead to positive feedback with the area
burned. For instance, McGranahan et al. (2013) found that an invasive grass

(continued)

Fig. 12.29 Land use and introduction of invasive grasses can alter fire regimes, often resulting
in the conversion of forests or shrublands to dominance by grass in savanna, shrublands, or
grasslands. The positive feedback makes it difficult to interrupt the grass-fire cycle
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Case Study 12.1 (continued)
increased live fuel proportion and reduced the potential fire spread during the
late summer season in a tallgrass prairie.

Greater sage-grouse (Centrocercus urophasianus) and many other species
that need sagebrush in a fine-scale mosaic with bunchgrasses and forbs have
declined so much that many are threatened with extinction. Their habitat has
become limited as very frequent fires fueled by introduced annual grasses,
including cheatgrass (Bromus tectorum), have burned large patches within the
Great Basin area of the western USA (Coates et al. 2016). Now, few islands of
Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis) remain in
what was once the “sagebrush sea”. The annual grasses establish in abundance
before and after wildfires, increasing fuel continuity, and they readily burn
within 1 or 2 years after a prior fire. Fires readily kill sagebrush plants that can
take years to establish and grow long enough to produce seed. The introduced
annual grasses are well adapted to the semi-arid habitats, especially where they
can establish in fall or early spring, survive winter as seedlings and then
out-compete native bunchgrasses for the soil moisture from winter snowpack.
In contrast, at higher elevations, where annual grasses are much less abundant,
fire suppression has been so effective that western juniper (Juniperus
occidentalis) and Rocky Mountain Douglas-fir (Pseudotsuga menziesii var.
glauca) have invaded areas once dominated by mountain big sagebrush
(Artemisia tridentata ssp. vaseyana). Fire once limited these native tree
species to rocky areas, but now sagebrush and grasses are eventually replaced
as tree canopy cover increases. Similarly, western juniper and other tree
species are invading areas dominated by mountain big sagebrush (Artemisia
tridentata ssp. vaseyana) where fires are now less frequent than historically
(see Case Study 12.2 for landscape implications). The area of Wyoming and
mountain big sagebrush have been greatly reduced by the change in fire
regimes—too much fire and too little fire, respectively. This “Goldilocks”
problem can only be addressed if we don’t assume there is a single one-size-
fits-all solution, we are proactive and innovative, and we learn and adapt
landscape management. Already there have been many changes in land and
vegetation management on both private and public (both state and federal)
lands under the conservation plan that was developed with unprecedented,
collaborative problem-solving efforts across the range of the greater sage-
grouse. The Sage Grouse Initiative (2017) is a partnership-based, science-
driven, nationally-funded effort in which voluntary incentives are designed to
foster proactive conservation. More than 1500 ranchers are partners along with
government agencies in 11 states since 2010, conserving 2.2 million ha of
sage-grouse and sagebrush habitat. Tools include prescribed burning, grazing
with domestic livestock, post-fire management, and fire suppression, all to
keep the sage-grouse from being further endangered and keeping ranchers

(continued)
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Case Study 12.1 (continued)
ranching. However, the challenges are many for maintaining populations of
greater sage-grouse now and in the future (Figs. 12.30 and 12.31).

In the grass-fire cycle described by D’Antonio and Vitousek (1992) with
examples from all over the globe, invasive grasses increase fuel load or
flammability or both, which leads to more fires that are more frequent, larger,
or burn with higher intensity (or all three) (Fig. 12.32). Together these and
competition lead to mortality of large trees and lack of tree regeneration and, in
turn, an increase in the invasive grass in a positive feedback cycle. Grasses are
common invasive species world-wide and given their biomass, grasses can
readily fuel fires when it is dry. As many grasses resprout or readily establish
in disturbed areas, grasses commonly increase post-fire to favor more frequent,
intense, and large fires. Bowman et al. (2014) evaluated claims that a tropical
savanna tree in northern Australia was being eliminated by high-intensity fires

(continued)

Fig 12.30 The greater sage-grouse is one of the many sagebrush obligate birds whose population
has greatly declined as habitat changed through multiple effects, including habitat change due to
changing fire regimes (Pacific Southwest Region U.S. Fish andWildlife Service 2006)
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Case Study 12.1 (continued)

fueled by a non-native grass. They burned plots experimentally to document
the higher intensity fires with the grasses present and found no tree seedlings
established. Rossiter-Rachor et al. (2008) found that as gamba grass
(Andropogon gayanus) introduced from Africa increased in abundance, fires
burned with such high intensity that nitrogen was lost. Thus, in the grass-fire
cycle, ecosystem processes are affected as well as vegetation composition and
structure.

Breaking the grass-fire cycle is challenging (Brooks et al. 2004, Fig. 12.32).
In the earliest stages (green and yellow in the figure), managers can seek to
control or eradicate the species they have identified as potentially problematic.
They can seek to maintain the historical fire regime. This proactive manage-
ment is less intensive and more likely to be successful than trying to control or

(continued)

Fig. 12.31 Cumulative area burned would have to be reduced by 75–99% in the next 30 years
within 5 km of the breeding areas for greater sage-grouse populations to increase (blue), and only
if precipitation is above the median according to this simulation model. Here, the black line is a
stable population (From Coates et al. 2016)
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Case Study 12.1 (continued)

(continued)
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Fig. 12.32 Invasive species can alter fire regimes. For instance, introduced annual or perennial
grasses often increase the fuel continuity and fuel repeated fires that are too frequent for the native
flora to survive even if they were adapted to less frequent fires. Alternatively, invasive plants can
alter fuels so that fires are less likely or fires burn in a different season than the one to which native
plants were adapted (From Brooks et al. 2004)
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Case Study 12.1 (continued)
eliminate the invasive species and restore the historical fire regime once the
fire regimes have been altered (red in Fig. 12.32). Brooks et al. (2004)
recommended managing ignition sources and fuels where invasive plants
have promoted larger and more frequent fires. Such strategies could include
creating fuel breaks, planting or seeding with fire-resistant plants, and fire
prevention. Where invasive species result in smaller and less frequent fires or
alter the seasonality and patch sizes, igniting prescribed fires once fuels have
been enhanced is potentially useful, particularly if coupled with managing land
use to favor native species. In both cases, working where the fire regimes are
just beginning to change and where ecosystems are fairly healthy will likely be
more successful in preventing or reversing degradation in vegetation compo-
sition and fire regimes.

12.5 Landscape Dynamics and Landscape Management

Once we consider fire history and fire effects over space and time, we immediately
recognize that fires have implications for landscape dynamics. Indeed, there is a rich
interaction between fires and landscapes depending on climate, past fires, vegetation,
topography, and other factors. Disturbances are the norm. Vegetation is almost
always recovering from disturbances. Fires and other disturbances are a critical
part of ecosystems.

Disturbance interactions are an important part of understanding the dynamics of
landscapes. The combination and sequence of repeated disturbances influence the
severity of subsequent fires and forest recovery. For instance, Stevens-Rumann and
Morgan (2016) found that repeated fires affected the density of tree seedlings that
subsequently established with very few tree seedlings found when either the earlier
or later fires burned with high severity. Similarly, tree seedling density was less in
the areas burned with either prior bark beetle or prior wildfire. Stevens-Rumann et al.
(2016) found that prior wildfires influenced the severity of subsequent fires, similar
to the findings of Parks et al. (2014b). Teske et al. (2012) and Parks et al. (2015a, b,
2016) found that prior fires limited the extent of subsequent fires, though this varied
with weather and topography (Holsinger et al. 2016). Flower et al. (2014) found that
defoliation by spruce budworm did not increase the probability that fires occurred in
grand fir forests, but forest composition and structure, including fire exclusion, can
influence the severity of defoliation which in turn can affect how subsequent fires
burn. Hood et al. (2015) concluded that low-severity fire increased ponderosa pine
tree defense against bark beetle attacks. Thus, prior fires or other disturbances may
increase or decrease the likelihood, spatial extent, or magnitude of subsequent
disturbances. The combined effect can be more pronounced than either disturbance
alone, especially if either or both of the disturbances are severe, and the subsequent
disturbance occurs so soon after the first one that the vegetation has not recovered.
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Where prior disturbances increase the size of patches burned with high severity in
subsequent fires, vegetation recovery rate and composition could be altered by the
limited availability of seed sources from outside those patches.

Past landscape changes influence fuels, and therefore, burned area and burn
severity and vegetation structure and composition. Patch size distribution will be
especially important in influencing landscape dynamics. When a landscape burns
with very large patches, especially if those large patches burn with high severity,
there are many consequences for ecosystem function. The seed sources for post-fire
regeneration of trees and other plants may be far away (see Case Study 12.3), habitat
for animals changes, especially those that need hiding and thermal cover near more
open areas, soil erosion potential is often higher and less carbon may be sequestered
(see Sect. 9.5.3). Managing for future resilience to future fires in a rapidly changing
world will require applying what we learn from history to some future range of
variability, where fires burn and ecosystems respond in both similar and different
ways (Moritz et al. 2018). Further, fuels management alone is not restoration
(Stephens et al. 2020). Some fuels management is often crucial to successful
ecosystem restoration. However, not all fuels treatments further restoration goals
(Stephens et al. 2020). Restoration of ecological processes usually needs fire, though
some combination of mechanical treatments and fire are often effective.

Where fire suppression has been effective, most fires are suppressed when they
are small, and fires are more easily suppressed when fuel moisture and wind are
mild. As a result, the numerous small- and medium-sized fires that burned under
less-than-extreme conditions of weather and fuels are missing (Haugo et al. 2019).
Even though they likely didn’t burn much land area individually, such fires cumu-
latively shaped landscape patch patterns. They often fostered landscape heterogene-
ity as their effects often limited the spread or the severity of subsequent fires and
limited the creation of large, homogeneous patches in subsequent fires. Importantly,
the variety of previously burned and recovering patches in the landscape influenced
how subsequent fires burned and vegetation responded to subsequent fires that
burned under more extreme weather and fuel conditions. Hessburg et al. (2007)
showed with simulation modeling that even relatively small changes in the propor-
tion of large patches alter the resilience of landscapes to future fires as indicated by
their patch size distribution.

Succession, the process of vegetation response to disturbances, follows multiple
pathways reflecting both the structure and composition of vegetation when burned
and burn severity. Tepley et al. (2013) give one example (Fig. 12.33). Succession,
including multiple stable states, can be characterized using relatively simple state
and transition models or more complex ecosystem process models (Keane et al.
2015). Sometimes there is a shifting mosaic that results in a steady state of the
proportion of different successional stages, even though the spatial arrangement of
those stages may change over time (typically characterized by dominant plants and
structure). However, the steady-state mosaic only occurs if disturbances are much
smaller than the landscape area and vegetation recovery is rapid relative to the
frequency (Turner et al. 1993). Thus landscape equilibrium is scale-dependent,
and other landscape dynamics are possible (Fig. 12.34).
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Fig. 12.33 Multiple pathways of succession in moist, productive Douglas-fir and western hemlock
forests in the Cascades mountains of Oregon, USA. In the absence of fire (dashed lines) succession

476 12 Fire Regimes, Landscape Dynamics, and Landscape Management



12.5.1 Modeling Landscape Dynamics to Inform Landscape
Management

Models are useful to explore the implications of alternative land management and
disturbance scenarios. Though sometimes limited by their assumptions, models
enable exploring the implications of landscape change, some of which may be
unexpected. Here we share several examples.

⁄�

Fig. 12.33 (continued) proceeds from young to mature and old-growth forests (the three columns,
respectively). The pathway of succession varies with burn severity (the darker the arrow, the more
severe the fire, except that stand-replacing fires are not shown as they are assumed to all lead to the
upper left corner) and the vegetation condition when fires occur. Burn severity and stand structure
influence the resulting forest structure, and that in turn influences succession. Infrequent stand-
replacing fires with single-cohort eventually develop the complex vertical structure of old-growth.
Episodic fires of moderate burn severity result in many trees surviving in multiple cohorts of mostly
shade-tolerant species. Frequent fires of low burn severity can favor a mix of trees of different sizes
in complex stand structures. (From Tepley et al. 2013)
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Fig. 12.34 Landscape dynamics vary with scale. Equilibrium or steady-state conditions are only
likely when the extent of disturbances, such as stand-replacing fires, are much smaller than the size
of the landscape assessed, and when vegetation recovers quickly relative to time between distur-
bances. Variability over time and space similarly varies with scale (From Turner et al. 1993)
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Bunting et al. (2007) used state and transition models to compare the landscape
composition under alternative fire management scenarios, including wildfire only
and with different percentages of the landscapes burned with prescribed burning. In
Case Study 12.2 they illustrate their findings for one large watershed in the Owyhee
uplands in southwestern Idaho, USA. Their results have implications for sage grouse
and other sagebrush-obligate birds, and fire behavior and biodiversity when the
landscape patch pattern changes through time. They emphasized the value of
prescribed burning and fire management that increased the area burned over time
and space.

Case Study 12.2 Landscape Dynamics and Management: The Western
Juniper Woodland Story
Stephen C. Bunting, email: sbunting@uidaho.edu; Eva K. Strand, email:
evas@uidaho.edu

College of Natural Resources, University of Idaho, Moscow, ID, USA
Juniper and pinyon/juniper woodland encroachment has been a well-

documented problem on rangelands in the USA, including the Great Basin
(Miller et al. 2005, 2008; Sankey and Germino 2008), Colorado Plateau
(Miller and Tausch 2001), and Great Plains (Engle and Kulbeth 1992) for
decades. These semi-arid landscapes were historically mosaics of woodland,
shrub steppe, and other vegetation types. During the recent 150–200 years,
they have become increasingly dominated by juniper and pinyon/juniper
woodlands. The encroachment usually results in the structural simplification
of the landscape as it becomes increasingly dominated by woodland with little
sagebrush and herbaceous vegetation as these are shaded out by trees. Changes
with this encroachment have often been reduced community and landscape
diversity, reduced herbaceous biomass production, changes in the fuel com-
plex, altered watershed characteristics, and loss of habitat for many plants and
animals, particularly those associated with shrub steppe (Miller et al. 2005).
The causes of woodland encroachment into the shrub steppe include (1) cli-
mate change and climate variation, (2) historical livestock grazing which
reduced the herbaceous biomass and herbaceous competition, (3) passive fire
suppression resulting from livestock grazing, roads, and other agricultural
development, and (4) active fire suppression (Miller et al. 2005). The goal of
our research was to estimate how much area within a landscape needed to burn
with either wildfire or prescribed fire in order to maintain sagebrush steppe
vegetation on the landscape. Landscape composition is influenced by the
interaction between successional processes, natural disturbance regimes, and
management. This example illustrates how landscape composition, diversity,
and pattern can be influenced by fire management in steppe and woodland
vegetation in Idaho.

(continued)
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Case Study 12.2 (continued)
We studied the encroachment of western juniper (Juniperus occidentalis)

into sagebrush shrub steppe in the Owyhee Mountains in southwestern Idaho,
USA. The sagebrush steppe consists primarily of two types dominated by
mountain big sagebrush (Artemisia tridentata ssp. vaseyana), and little sage-
brush (A. arbuscula). On some transitional sites, a fine-scale mixture of the
two species occurs (Fig. 12.35).

Methods
We selected three watersheds (each ~6000 ha) for study. The current

vegetation for two Potential Vegetation Types (PVT) of interest was classified
into one of six successional stages representing the successional continuum
(Fig. 12.36). The three successional stages constituting the early stages of
woodland development are referred to as Phase 1, 2, and 3 as developed by
Miller et al. (2005). Vegetation in each watershed was mapped into polygons
of similar vegetation reflectance with a supervised classification using >740
ground control points within a Landsat 7 ETM satellite image from 2 August
2002 (Fig. 12.37). The polygon groups were assigned a successional stage
based on the field classification of the ground control points and this was
mapped (Fig 12.37). Successional models for the two PVTs were developed
using tree age estimates at the ground control points and the Vegetation
Dynamics Development Tool (VDDT). VDDT provides a state-and-transition
modeling framework for analyzing landscape succession while accounting for

(continued)

Fig. 12.35 Typical sagebrush steppe/western juniper woodland mosaic. Many plants and animals
depend on the open areas dominated by grass and shrubs. In the absence of fires, trees become
increasingly abundant (Photograph by Stephen C. Bunting)
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Case Study 12.2 (continued)
disturbances and management actions (Fig. 12.38). Data related to the histor-
ical occurrence of wildfire for the Owyhee Mountains was derived from the
US Bureau of Land Management historical fire perimeters data. The data
regarding pre-European fire history was taken from published fire history
studies of the Owyhee Mountains conducted by Burkhardt and Tisdale
(1976). VDDT is not spatially explicit. Therefore, the VDDT models were
implemented in the Tool for Exploratory Landscape Scenario Analyses

(continued)

Fig. 12.36 Six juniper woodland successional vegetation stages. Following a fire, a successional
stage dominated by herbaceous vegetation develops (upper left). In the next successional stage,
sagebrush has re-colonized the site (upper center). In Phase 1, juniper seedlings and small trees
begin to occupy the site (upper right). As the trees grow and become co-dominant with the steppe
vegetation Phase 2 develops (lower left). In Phase 3, the woodland vegetation is dominating
ecological processes (lower center), and eventually, mature woodlands develop that can last on
the site for more than 1000 years in the absence of major disturbance (lower right). Fire in early and
mid successional stages (Phase 2 and earlier) generally results in a return to herbaceous grasslands
while vegetation resulting from a fire in Phase 3 and mature juniper is less predictable (Photograph
in the lower right by Eva Strand, all others by Stephen Bunting)
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Fig. 12.37 Current vegetation cover type map based on a classified Landsat image of the Smith
Creek watershed

Fig. 12.38 Successional model developed using the Vegetation Dynamics Development Tool.
Solid lines indicate transitions between phases in the absence of disturbance. Dashed lines indicate
vegetation change following wildfire and prescribed fire. Phases shown in Fig. 12.36. (Diagram by
S. C. Bunting and E. K. Strand)
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Case Study 12.2 (continued)
(TELSA Version 3.3), a spatially-explicit, deterministic succession modeling
tool with stochastic properties. We used TELSA to predict future landscape
compositions of the three watersheds that would result from a variety of fire
management strategies. Within the model, random prescribed fires were
“ignited” in the sagebrush steppe and Phase 1 and Phase 2 juniper successional
stages. Particular attention was given to these two Phases because they have
the attributes that are most dynamic and subject to successional change.
Because the establishment of juniper often occurs relatively rapidly and
these two phases retain species found in sagebrush steppe, transitions between
these phases occur readily. In addition, the loss of sagebrush-dominated
vegetation significantly affects the abundance and quality of habitat for
many plant and animal species. We compared results for several scenarios of
differing levels of prescribed burning (2, 5, 7, 10% of the watershed/decade)
and a scenario reflecting the current wildfire management (fire suppression).
The models were run ten times for each scenario in each watershed to
characterize stochastic variability. The average and variation for each scenario
for each watershed were then compiled and statistically analyzed. The histor-
ical watershed composition was estimated from tree ages by essentially run-
ning the TELSA model backward in time. This approach was limited to a
maximum period of 150–200 years because it is based on the assumption that
the probabilities of plant establishment and growth, and of fire occurrence
historically were similar to the current probabilities.

Results
Since approximately 1850, western juniper woodland area increased 8- to

10-fold on the three watersheds with very large patches of continuous trees
where historically the vegetation had many smaller patches of trees inter-
spersed with patches of shrub steppe. Most of the tree encroachment occurred
into what had previously been sagebrush shrub steppe but encroachment also
affected other vegetation types such as aspen woodland and dry meadows. The
resulting encroachment woodlands primarily consisted of the open young
woodlands (Phase 2) and young multi-story woodlands (Phase 3).

Under the current wildfire management strategy of rapid and aggressive
wildfire suppression, the area of sagebrush steppe and Phase 1 juniper wood-
lands will continue to decline into the future (Fig. 12.39). As a consequence,
landscape diversity and evenness will decline, as would the number of habitat
boundaries between patch types. Patch size increased as patches of differing
patch type coalesced into the same patch type of later stages (Phase 3 and
mature woodlands). Distances between patches of the earlier successional
stages (herbaceous, sagebrush steppe, and Phase 1 woodland) increased.

Prescribed burning 2, 5, and 7% of the landscapes per decade, focusing on
the burning of Phase 1 and Phase 2 woodlands, would increasingly slow the

(continued)
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Case Study 12.2 (continued)
decline of sagebrush steppe vegetation (Fig. 12.39). However, sagebrush
steppe-dominated vegetation continued to become less abundant under all
scenarios. Given the weather variation between different years and, conse-
quently, the ability to implement prescribed burning, burned area is expressed
as a percentage per decade. The random application of prescribed fire allowed
some Phase 1 and 2 patches to not be burned and transition into Phase
3 woodlands where they were immune to prescribed fire treatments. Prescribed
burning more than 10% of the landscapes per decade also resulted in the loss
of sagebrush habitat. Areas were being reburned so quickly (less than 20 years
between fires) that the sagebrush shrubs did not have time to develop and the
burned areas remained dominated by herbaceous vegetation. In order to
maintain the present levels of sagebrush-dominated vegetation habitat, some
percentage of Phase 3 woodland must be treated to bring it back into the early
successional loop. However, since this successional stage is less resilient with
respect to sagebrush steppe species establishment, recovery of sagebrush
steppe habitat on these sites required longer time periods than for the Phase
1 and 2 vegetation, as can be seen in Fig. 12.39.

(continued)
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Fig. 12.39 Predicted change in the total area of mountain big and little sagebrush steppe within
Smith Creek watershed under different fire scenarios. Note that 345 ha is about 5% of the watershed
(graphics by the case study coauthors, Steve Bunting and Eva Strand, used with their permission)
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Case Study 12.2 (continued)
The oldest western juniper woodland stands commonly contained trees that

were 800–1000 years old or more. These stands were frequently found on
rocky ridges and sites where they were unlikely to burn under most wildfire
conditions. However, old tree stands also occurred on more fire-prone sites
with deeper soil and more level topography. We concluded that if a stand of
trees could serendipitously avoid being burned for 2 or 3 fire events, the trees
could grow to a size that would enable them to likely survive subsequent fires.
Fire-scarred trees were present but not common in the watersheds. Very old
juniper added greatly to the diversity of the landscapes and provided habitat
for many species, including many birds that are unlikely to live elsewhere. The
old juniper stands provide unique habitat characteristics such as nest cavities
and logs. The old stands are also more likely to have an uneven-aged structure
than the younger woodlands. As a consequence, many plant and animal
species are only found in the older juniper woodlands. Because old juniper
woodland stands may require 500–800 years to develop, care should be taken
to not unnecessarily treat the areas. Also, past wildfires have burned through
very old juniper woodland stands. Thus, some Phase 3 woodlands should be
retained in appropriate locations on the landscape to allow for the development
of future old mature stands to replace those that may be lost to wildfire or
inappropriate management activities. Efforts should be taken to preserve these
mature stands when using prescribed burning and managing fire and fuels in
these landscapes.

We did not account for livestock grazing in our modeling. However, it is
well known that the previous removal of herbaceous biomass by livestock can
influence prescribed burning success and resulting pattern and affect subse-
quent post-burn recovery.

Summary
Landscape models that include successional and disturbance influences

were extremely useful in assessing the long-term effects of management
actions in the sagebrush steppe and western juniper-dominated landscape.
There are ecological concerns regarding the downward population trends of
many sagebrush-obligate species, such as the greater sage-grouse
(Centrocercus urophasianus), pigmy rabbit (Brachylagus idahoensis), sage
thrasher (Oreoscoptes montanus) and sage sparrow (Artemisiospiza
nevadensis). Both spatially explicit and non-spatial models are useful, but
some landscape characteristics such as mean patch size, the pattern of patches,
the mean distance between areas of the same patch type, and boundary length
can only be assessed with spatially-explicit models. Other characteristics such
as landscape diversity and patch type evenness and dominance can be assessed
by either type of model. We emphasize that the maps of patch types on the
landscape when the processes occur at random are only representations of one

(continued)
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Case Study 12.2 (continued)
of an infinite number of outcomes and are not necessarily “real” maps of the
future landscape.

The models were run for 200 years into the future. While 200 years is well
beyond the typical management framework, the results of these longer runs
were important in our analysis because some trends in landscape change were
not apparent with shorter runs of 25–50 years. For example, the loss to wildfire
and development of old mature juniper woodlands operates on an entirely
different time scale than our typical management planning.

Wildfire management has changed here, partially as a result of this
landscape-level research. Local managers are using prescribed fire and other
vegetation treatments in expanding juniper woodlands. As scientists, we
worked closely with local and regional managers. We worked as partners to
co-produce the knowledge to inform and evaluate management. The simula-
tion model results were instrumental in helping both scientists and managers to
explore and understand the implications of different management scenarios. In
the last 10–15 years, large wildfires have also become more common, likely
due to the warming climate that has led to a longer, drier summer season
allowing wildfires to ignite and spread. As a result of concern for sagebrush-
obligate species and the susceptibility of sagebrush to fire, mechanical treat-
ments on juniper are now being implemented more often and over larger areas.
Succession, disturbance, and management will continue to affect the area and
pattern of sagebrush steppe and juniper woodlands into the future.

Loehman et al. (2018) used simulation models to forecast fire frequency, area
burned, and area burned with high severity for two different landscapes in the
southwestern USA. The forests there are dominated by ponderosa pine and other
species. They used two different landscape models, FireBGCv2 (Keane et al. 2011)
and LANDIS-II (Scheller et al. 2007), to project forests and wildfire under contem-
porary and both Warm-Dry and Hot-Arid scenarios with four different management
scenarios. They found that regardless of management technique, the ecosystems
reorganized under the effects of changing climate (Fig. 12.38). Intensive manage-
ment somewhat reduced the severity and extent of fires but did not prevent forest
ecosystem reorganization, including the loss of key species, altered nutrient cycles,
and carbon sequestering. Thus, they concluded that we will have to change our
concept of the desired future conditions or use novel approaches to landscape
management.

Managing ecosystems under a changing climate requires being flexible and
adapting approaches. Reestablishing fire regimes is a key principle of forest ecosys-
tem and landscape restoration (e.g., Hessburg et al. 2015) under current climate
scenarios. Multiple treatments, used alone or in concert, may be needed to restore
ecosystems for many areas (Reinhardt et al. 2008; Stephens et al. 2020). We
recommend that while restoration can be informed by historical conditions, the
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focus should be on resilience for the future that includes rapidly changing climate.
When Flatley and Fulé (2016) used a combination of simulation models to explore
the consequences of climate change and fire regimes for dry and mesic mixed conifer
forests in the southwestern USA, they concluded that longer (compared to historical
conditions) intervals between frequent fires would be needed in the dry forests
coupled with protection of mesic forests from fire if they were to be maintained.
Similarly, Loehman et al. (2018) concluded that intensive management with thin-
ning and prescribed burning was not enough to forestall ecosystem change under
future hot and dry climate scenarios (Fig. 12.40).

Fig. 12.40 Simulated future forests under projected climate change scenarios with fire suppression
only (90% of ignitions suppressed successfully), and then with suppression combined in each of
three scenarios with an increased burned area representing 76-, 22- and 11-year rotation of thinning
and prescribed fire (here referred to as BAU, 3�BAU, and 6�BAU where BAUmeans Business As
Usual). Simulations were made with FireBGCv2 for (a) the Jemez Mountains in New Mexico and
(b) the Kaibab Plateau in Arizona using LANDIS-II with other models. (From Loehman et al. 2018)
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12.5.2 Landscape Restoration, Resilience to Future Fires,
and Changing Climate

In many ecosystems around the world, there is great emphasis on increasing the pace
and scale of restoration of resilience to future fires, usually through reducing fuel
hazard, improving wildlife habitats, and otherwise increasing the probability that
future fires will have more positive and fewer negative effects. Dustin Doane, a fire
manager on the Payette National Forest in Idaho, said, “More prescribed fire is one
of the most critical change agents in these efforts. Therefore, the demand for
responsible, efficient, and effective applications of prescribed fire is paramount in
today’s environment. Successful efforts will require good plans, experienced prac-
titioners, community support, and partner participation.” The safety of fire fighters
and other people is important, as is the degree of exposure of people to smoke, the
costs of action or inaction, and the scales and locations where treatments can be
effective must all be considered. See the related Case Study 13.4, and other success
stories of Integrated Fire Management in Chap. 13. Resilience is defined and
discussed in Chap. 10.

Landscape management can be guided by seven principles (Table 12.1). Hetero-
geneity at multiple scales is critical to ecological restoration and other landscape
management goals (Hessburg et al. 2015). Use topography and other guides, and
realize that not every patch needs to be treated. If we are to manage landscapes for
resilience to future fires in the changing climate, we likely cannot accomplish
meaningful change without active management, such as prescribed burning and
vegetation manipulation, including tree cutting, and strategically managing wild-
fires. Hessburg et al. (2015) also recommended increasing heterogeneity within
stands and across landscapes in keeping with topography and disturbance by fire,
insects, and pathogens that would have maintained and enhanced clumps and
openings at multiple spatial scales. They suggested adapting vegetation management

Table 12.1 Landscape management can be guided by these key ideas, adapted from seven
principles of forest restoration described by Hessburg et al. (2015)

Principles for restoring resilience of forest landscapes to future fires and changing climate

Manage forest landscapes as patchworks across multiple scales to foster landscape processes

Use topography to guide restoration of vegetation to ensure heterogeneity and habitat

Enable and encourage disturbance and succession consistent with natural regimes

Manage patch size distributions and then allow them to adapt to topography, climate, and
disturbance

Consider patches within patches to foster heterogeneity over space and through time

Retain and protect the large and old trees, as well as large snags and logs, as these are both the
legacy and backbone of many forest ecosystems

Collaborate to coordinate management across boundaries to accommodate diverse land ownership
and management objectives and to coordinate access, ecosystem services
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to leave such diversity in forest structure and composition through time and across
space as recommended by North et al. (2019), Churchill et al. (2013), and others.

Hessburg et al. (2000) compared current to historical aerial photographs for
several watersheds across the forests of the northwestern USA. They found that
the patch sizes and forest structure have changed in all forests, including not just the
drier forests but also moist mixed-conifer and cold, subalpine forests. Haugo et al.
(2015) showed that current conditions have significantly departed from the past,
reflecting increased forest area, increased tree density, more canopy layering, and
increased continuity of these conditions across forest landscapes. In such landscapes,
fires can more readily spread and grow because early seral forests are underrepre-
sented, and continuous mid- and late seral conditions are over-represented. These
forests are more prone to large patches burned with high severity than they were
historically (Hessburg et al. 2016). Though there are many plants and animals,
including (e.g., woodpeckers), that depend on severely burned forests for their
habitat (DellaSala and Hanson 2015; Hutto et al. 2016), it is unlikely that there is
too little severely burned area. When more area and more large patches burn with
high severity, this will affect many ecosystem functions, including soil erosion
potential, nutrient cycling, primary production and decomposition.

High-severity fire can be a catalyst for ecosystem change in the face of changing
climate (Stevens-Rumann et al. 2015, 2018; Walker et al. 2018; Stevens-Rumann
and Morgan 2019), particularly where there are large patches burned with high
severity in forests. Then, post-fire recovery can be slow or follow a very different
trajectory if trees don’t regenerate and forests become non-forest. Post-fire manage-
ment can sometimes address this. Such management must be strategically focused
on locations where post-fire tree planting will result in forest establishment, or where
prior management has increased the potential for seed source trees to survive when
fires occur (Stevens-Rumann and Morgan 2019). Managers can focus on multiple
strategies to increase survival of the trees that will be the seed source for future forest
regeneration. They can also focus on sites where post-fire planting is likely to be
successful even as climate changes and reburning from repeated fires is less likely.
See Case Study 12.3.

Grazing and burning can be useful together in managing native prairie vegetation
for the benefit of herbivores and other animals and native plants. The idea is to burn
parts of large pastures through time. As herbivores move about (many will prefer to
graze in recently burned areas), they will subject the land to a spatially varying mix
of intensive to low herbivory on vegetation that is unburned in places, burned
recently in others, and burned long ago in still other parts of the area. Given the
high diversity of plant species in prairies, some will be favored immediately, some
will be eaten soon after fires, and others only long after burning. The many native
grasses and forbs regrow or otherwise recover following fire, and thrive when the
accumulated dead grass is consumed by fire, thus opening space. The herbivores,
including ungulates, insects, and rodents, while free to graze throughout the pasture,
preferentially consume some but not all plants and will concentrate in some but not
all areas. The combined effect is high diversity with patches of different conditions
over space and through time. Developed by Fuhlendorf and Engle (2001), the ‘patch
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burning’ approach has been adapted and applied by private landowners raising
livestock on native prairie vegetation. In addition to favoring landscape heterogene-
ity with multiple ecological benefits, the landowners can sometimes effectively
incorporate this as part of their management system.

Case Study 12.3 Post-Fire Tree Regeneration in a Changing Climate
Camille Stevens-Rumann, email: C.Stevens-Rumann@colostate.edu

Forest and Rangeland Stewardship, Colorado State University, Fort Col-
lins, CO

Penelope Morgan, email: pmorgan@uidaho.edu
Department of Forest, Rangeland, and Fire Sciences, University of Idaho,
Moscow, ID, USA
Fires will be an agent of ecosystem change as climate changes (Stevens-

Rumann et al. 2018; Walker et al. 2018; Davis et al. 2019). Consider recent
studies of post-fire tree regeneration or lack thereof. In many locations across
the western USA (see review by Stevens-Rumann and Morgan 2019), the
Mediterranean region (Pausas et al. 2008), and elsewhere, researchers and
managers are concerned. Even 7–25 years after large fires, many formerly
forested sites have so few tree seedlings that forests will be replaced by
persistent shrublands, grasslands, or woodlands, especially for warm, dry
sites burned in recent decades. Why?

Stevens-Rumann et al. (2018) found that one of the causes of low tree
seedling densities in burned areas after 62 large fires in the US Rocky
Mountains was the warmer and dryer conditions post-fire. These warm and
dry conditions were particularly prevalent in fires that occurred after 2000
compared to wildfires in the 1980s and 1990s (Fig. 12.41). They compared the
climate conditions on each site to the 30-year averages on each site. Once the
distance to seed source was accounted for, the burn severity class identified by
the proportion of overstory trees surviving fires or satellite-derived burn
severity was not a significant influence on post-fire tree regeneration (Kemp
et al. 2016; Stevens-Rumann et al. 2018). Similar trends and causes have
occurred in numerous wildfires across the western USA (Stevens-Rumann and
Morgan 2019). Davis et al. (2019) aged tree seedlings on multiple sites across
the western USA to reach a similar conclusion. They found that the warm, dry
conditions of recent years have exceeded the thresholds for the successful
post-fire establishment of ponderosa pine and Douglas-fir tree seedlings on
warm, dry sites (Fig. 12.41). The adult trees on many sites globally are
experiencing high levels of tree mortality, usually in response to drought and
bark beetles (van Mantgem et al. 2009, 2013; Allen et al. 2010; Hicke et al.
2015) even in the absence of fire. High rates of tree mortality are predicted due
to the increasing vulnerability of forests to drought-induced tree mortality as
climate changes (Allen et al. 2010; Hicke et al. 2012; Anderegg et al. 2015). In

(continued)
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Case Study 12.3 (continued)
the Sierra Nevada Mountains of southern California, more than 100 million
trees have died in recent years in response to acute drought, bark beetles, and
high forest density where fires in recent decades have been far less frequent
than historically (Stephens et al. 2018). Other disturbances could induce
additional tree mortality, thus further limiting tree seed sources for forest
regeneration.

What are the implications for management? What proactive strategies show
promise for managing before and during fires, and how can post-fire manage-
ment be more effective and strategic?

With wildfires as a potential catalyst for abrupt ecosystem change, espe-
cially in the face of climate change, there are concerns about the resilience of
many forests (Fig. 12.41). If and where grasslands or shrublands replace
forests post fire, there may be less carbon stored (Liang et al. 2018), changed
habitat for many wildlife species, and other ecosystem services society values.

(continued)

Fig. 12.41 (a) Many of the sites at low elevations within large fires sampled in California (CA),
Colorado (CO), the US northern Rockies (NR) and the southwestern USA (SW) have poor
regeneration. (b, c) Drought (summer vapor pressure deficit VPD, z score) and soil moisture during
the driest month (volumetric water content, vwc) have exceeded thresholds for successful recruit-
ment, in many years. This is increasingly so in recent years. As a result, recruitment probability of
tree seedlings is highly variable year to year, and very low in recent years. Analyses accounted for
the effect of burn severity and distance from the seed source. (a and b from Stevens-Rumann and
Morgan 2016; graphs in c are from Davis et al. 2019)
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Case Study 12.3 (continued)
With the changing climate, we can expect the loss of forests on relatively
warm and dry sites, especially at the lower treeline (Fig. 12.42).

Strategic management decisions can use this knowledge on seedling estab-
lishment limitations to promote the resilience of forests to future disturbances
(North et al. 2019). Here are four key factors for consideration, as outlined in
multiple publications and amongst managers. First, projections of areas

(continued)

Fig. 12.42 (a) On many warm, dry sites, no or very few tree seedlings have regenerated following
large fires (Photograph by Daniel Donato). (b) This is sometimes related to distance to the seed
source, but trees are less likely to successfully establish if the climate is too warm and dry
(Photograph by Monica Rother). (c) For lodgepole pine with serotinous cones and for many tree
species, seedlings establish in abundance post fire (Photo used with permission from Kerry Kemp).
(d) This decision tree, developed by scientists and managers working together, suggests that on the
warmest and driest sites, post-fire tree regeneration is unlikely whether trees are planted or not.
Also, where the climate is very favorable, planting may not be needed either. On intermediate sites,
managers could strategically target planting tree seedlings in areas beyond the reach of seed sources,
and also beyond the edge where reburns are more likely to occur (From Stevens-Rumann et al.
2019)
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Case Study 12.3 (continued)
susceptible to high severity fire could be combined with future climate pro-
jections to assess potential ecosystem shifts due to changing climate. These
projections coul help identify where prescribed burning or other treatments
could help facilitate the adaptation of ecosystems to changing climate. Second,
managers of forests and fires could foster the survival of the trees that will
provide seed sources for future regeneration now and in the future. Surviving
trees provide locally adapted seed, which can aid in successful regeneration
through time if the conditions are suitable for tree seedling establishment and
growth. This strategy includes managing so that more areas burn under less
extreme conditions and with more smaller patches, prescribed burning to limit
the accumulation of fuels to the point where trees are likely to die in subse-
quent wildfires, and thinning to foster the development of larger trees more
likely to survive fires. Perhaps you can think of this as ensuring “mama” trees
can survive to provide seed rain year after year near where baby trees can
grow. Walker et al. (2018) found there were more tree seedlings in the parts of
the 2011 Los Conchas Fire that burned with low severity and where prior
prescribed burns or wildfires had burned recently. Third, Stevens-Rumann and
Morgan (2019) developed a decision tree to assist managers in their strategic
decisions about where and what to plant post fire to foster forests. They
suggest that managers avoid planting trees on sites that are so warm and dry
that planted trees are unlikely to survive, and also on cooler and wetter sites
where trees will naturally regenerate post fire so no planting is needed. Action
must be tempered by local knowledge and experience. Further, they suggested
not planting near edges of burned areas as they are both within “reach” of a
seed source and more likely to burn if the surrounding area burns again. North
et al. (2019) suggest planting clumps of “founder trees”, especially in rela-
tively inaccessible areas where planting is challenging. As different tree
species respond differently to warm and dry conditions (Davis et al. 2018,
2019), planting multiple species and genomes and fire-resistant trees likely to
survive future fires is advisable. Fourth, tree seedlings may not establish and
grow following fires on some sites. There will be areas where forests will not
regenerate, and will instead be replaced by shrublands and grasslands, regard-
less of intervention. Managing for a resilient community of understory plants
will help the land during global change.

12.6 Landscape Management Perspectives

The ways in which climate, vegetation, and people influenced historical fire regimes
might hold important lessons for understanding what makes ecosystems resilient and
managing them to adapt for the future (Morgan et al. 2020). Past disturbances
affected the vegetation with which fires interact, as does the weather at the time of
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the fire, climate, and topography. Past landscape change, including vegetation
structure and composition, and therefore fuels, influenced both area burned and
burn severity. Landscapes thus have inertia, as landscapes reflect legacies of past
disturbance. Once the patch size distribution changes, subsequent fire effects will
often reinforce it (under less extreme conditions) or overcome it (under more
extreme conditions).

Fires currently burn more areas than we affect with fuels and other land manage-
ment in many areas worldwide. Fires must be considered and planned for in
landscape management, for they will occur. We can manage fires and their effects
to help achieve landscape management goals. Although fires can be a blunt tool, we
can often harness fires’ power to change landscapes. A landscape framework is
useful. The Washington Department of Natural Resources (2020) has a scientifically
sound, strategic management plan in place to address landscape-scale forest health
across mixed public and privately owned forest lands. With five interlocking goals
guiding landscape-scale assessment, action, and monitoring over 0.5 million ha, the
plan boldly seeks to reduce the risk of uncharacteristic fires and other disturbances to
protect people and ecosystems, enhance economic well-being of rural communities,
manage for future resilience of forests and watersheds (Washington DNR 2020).
There and elsewhere, experience with recent large fires has driven innovation in
policy to guide strategic decisions before, during, and after fires. Cross-boundary,
collaborative, landscape-scale work with fire can benefit multiple parts of social-
ecological systems (see Chaps. 13 and 14).

With large fires affecting landscapes now, strategic thinking is needed for burned
areas. Three strategies build on assessing fire effects within the burns to understand
where and managing burned areas and the surrounding landscape to build toward
landscape management goals. First, areas where fires did good work toward land-
scape management goals can be appreciated. Active management may be needed
there in the future, but doing nothing there may be the best strategy until then.
Second, where fires did some good work within individual burned areas, some
additional treatments may be needed to meet long-term goals including resilience
to future fires. This could include prescribed burning or other fuels treatment,
rehabilitation to reduce soil erosion potential, salvage logging, planting, and other
treatments to support local economies while furthering long-term landscape man-
agement goals. Third, some parts of some burned areas may require accepting
transition to quite different conditions and different trajectories than those that
existed before the fire. In some burned areas, especially those burned with high
tree mortality and near lower timberline, forests may not reestablish even with
intensive planting efforts. There, accepting and managing transition to different
vegetation may be the best strategy (Stevens-Rumann and Morgan 2019, See Case
Study 12.3). Planting and seeding could focus on shifting plant composition to more
drought-tolerant species.

People will continue to debate the best management to achieve resilient social-
ecological systems. Many managers seek to balance the benefits of fire with negative
impacts. All management decisions, including no action, have consequences for
future fires and vegetation. Evaluating best management requires projecting what
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fire effects, short-term and long-term, will occur and balancing the ecosystem
products and services people want with what is ecologically appropriate, socially
acceptable, and economically feasible. To respond to rapidly changing landscape
and social conditions, managers will need to be highly adaptive and adept at learning
from what works well and what doesn’t. Collaborative partnerships, including
scientists, managers, and other citizens, as appropriate, are useful for monitoring,
learning from the results of management decisions, and communicating effectively.

Managing lands and fires can be challenging. Currently, the area of fuels treat-
ments, including thinning, prescribed burning, grazing, and other actions, are
dwarfed by the need and by the area burned (Schoennagel et al. 2017). To influence
the spread and severity of future fires, treating large areas and managing large fires in
strategic ways will be needed. Yet, such efforts are often controversial, especially
when there is distrust, risk, and uncertainty. Trust grows from engaged partners
collaborating together to build local understanding about how and why landscapes
have changed and what those landscapes may be in the future under different
management scenarios. People can build trust by working in areas of common
ground (Fig. 12.43) where there is agreement, such as prescribed burning and
fuels treatments in dry forests and near towns or other values at risk. People, from
land managers to society at large, must wrestle with and decide what future propor-
tion and pattern of area burned and burn severity might be desirable and possible in
each locality. Management decisions ideally reflect local and broader objectives and
costs, fire fighter safety, public safety, smoke, and other local concerns and regional
or national priorities. If the goal is to manage landscape change and fire regimes,
then any management actions will need to be strategically located and large enough
to alter landscape dynamics. Both opportunities and constraints vary geographically,

Fig. 12.43 There is often
much common ground
where different objectives
overlap. Working from the
“zones of agreement” can
help gain experience and
trust needed to work through
decisions elsewhere (From
Moritz et al. 2018)
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but planning across landscapes can enable meeting shared goals while accommo-
dating different specific objectives and constraints in different parts of the land-
scapes. Decisions can be paralyzed by a lack of information and agreement about the
interpretation of scientific findings and social will. Yet, a decision of no action has
consequences that must be considered. Engaging stakeholders in discussing alter-
native management choices has built trust and consensus, as has working in those
areas where there is greater agreement. Further, we must appreciate how important it
is for people to feel safe, so coupling landscape management with helping commu-
nities feel less vulnerable to fires is important.

Many people support aggressive fire suppression and fuels treatments within and
immediately adjacent to the WUI. However, vegetation management beyond the
WUI influences forest resilience, smoke, water quantity and quality, and many other
ecosystem services people value. Appropriate strategies for managing fire far from
the WUI differ from those within and adjacent to the WUI. There is broad agreement
amongst fire scientists that fire is a fundamental ecological process (McLaughlan
et al. 2020). Further, combinations of low-, moderate-, and high-severity fire are
essential to ecological processes, including landscape resilience to future fires in
forests and grasslands (Moritz et al. 2018). Managers are often open to using fire,
depending on fuel conditions and the land management objectives, but they will
need many tools. Fire alone may not suffice.

Climate and fuels will both be increasingly important as we go forward. Where
climate change results in extended droughts and extreme fire weather, more large
fires are likely, but in some areas, actively managing fuels can reduce the proportion
of the area burned with high severity depending on the topography, vegetation and
fuels. Uncertainties when projecting historical trends into the future abound. Many
such uncertainties reflect the interactions, environmental gradients, invasive species,
land uses, and social trends, including fire policy and how we value and manage
ecosystem services. Nonetheless, we can say with certainty that landscapes will
change and that those changes will often be the result of fires. Don’t let fear of fire
drive us to attempt exclusion of fire. In many landscapes, more fires is needed, not
less, for resilience to future fires and to meet management goals. Prioritize prescribed
burning and managing wildfires where we can.

With the pressure of global change, strategic choices are urgent. As Aplet and
Cole (2010) suggest, we can resist change (perhaps guided by historical conditions),
accept change, or guide change. Guiding change could result in transformation to
more novel ecosystem conditions. Consider using vegetation management, includ-
ing prescribed fires to aid wildfire by preparing anchor points, fuel breaks around
valued assets, including peoples’ homes. Fuels treatments and fire management can
increase the potential for success in achieving long-term sustainability of social-
ecological systems.

Loud voices and competing science are challenging. Moritz et al. (2018)
highlighted the differing science perspectives that could inform best management
practices. These include what proportions of low-, moderate-, and high-severity fire
are natural and desirable, and how and where landscapes and fire regimes have
changed since the nineteenth century. Moritz et al. (2018) highlighted common
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ground amongst competing objectives and scientifically-based viewpoints about
fires (Fig. 12.43). Often, there is more common ground than we think, particularly
when we think long-term (about future generations) and build trust. With so many
scientists offering their perspectives, the sometimes fractious debates will continue
about what to do where and which science is sounder. Trust becomes all the more
important. Clear communication, including listening, is important to building trust.

Actively using fire can help increase the resilience of our landscapes to future
fires. Our communities and local economies depend on healthy ecosystems and
healthy watersheds. A little smoke now from prescribed burns helps avoid a lot of
smoke in the future. Prescribed fires are often a key tool in restoration. Prescribed
fires can promote healthy ecosystems, reduce the likelihood that future fires will burn
severely, and often reduce the smoke impacts on public health. Fire is part of our
land’s personality. Fires were part of healthy forests for millennia, and many plants
and animals depend on fires. However, severe fires over large areas, especially ones
with large patches severely burned, can harm plants and animals. In fire-adapted
ecosystems, “no fire” is not one of our choices. Prescribed burns are done carefully
with a lot of planning based on ecological understanding, building on decades of
local, on-the-ground knowledge, and cutting edge fire and smoke modeling tools to
inform choice of when, where and how to conduct prescribed fires.

Proactive, strategic management is useful, especially where future fires are highly
likely. Thompson et al. (2016) recommended a framework called Potential Opera-
tional Delineations implemented before fires occur to support risk-informed man-
agement during fires. In this and similar approaches, maps and historical data are
used to assess where fires are most likely to occur and where they are most likely to
spread, and then the conditions under which fire effects would be a net positive or net
negative outcome for the local management goals. They form the basis of strategic
fire response zones for each geographical location, so fire management can effec-
tively advance resource and land management. Similarly, Hessburg et al. (2015)
recommend using topography as a template for applying their seven principles of
landscape management.
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Chapter 13
Integrated Fire Management

13.1 What Is Integrated Fire Management andWhy DoWe
Need It?

Fires so greatly influence many landscapes that effectively managing fires is integral
to successful natural resource management. Attaining the objectives of fire manage-
ment is conditional on a number of factors, including the resources available, but
starts by adequately understanding fire-related processes and our impact on them
(Martell 2001). A diverse array of activities falls under the fire management
umbrella, but achieving control (be it of fuels, ignitions, or fire spread) is the
common denominator.

Integrated Fire Management engages with all fire-related information and activ-
ities consistent with and furthering vegetation and land management goals. Rather
than focusing on minimizing the area burned, integrated fire management seeks to
maximize the net benefits of fires, including both using fires and suppressing fires
effectively to further the strategic goals. Many have called for integrated fire

Learning Outcomes
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1. Identify the characteristics of successful integrated fire management,
2. Discuss the challenges for effective integrated fire management for a
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3. Explain what you could learn from the individual case studies that would be
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4. Explain how integrated fire management includes and goes well beyond fire

suppression.
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management (Table 13.1). All over the world, scientists, managers, and
policymakers have called for fire management that is more holistic than what has
often been a primary focus on fire control, suppression, and exclusion (Table 13.1).
Integrated Fire Management evolved from but is significantly different than an
approach based on fire suppression alone (Table 13.1). The latter comes from a
command and control perspective. Integrated fire management can only be success-
ful if we think of fire as more than something to be suppressed immediately. Instead,
we must plan for the long-term effects of fire as part of sustainable management.

Integrated Fire Management has a long history, and yet it is relatively new. Many
Indigenous cultures practiced informal Integrated Fire Management. They had few
other tools for manipulating vegetation for utilitarian purposes, especially across
large areas, and they found many cultural and spiritual uses of fire (Huffman 2013;
Bowman et al. 2009, 2011). Today’s fire managers often apply lessons learned from
Indigenous and other people who have lived for generations in places where they
found ways for living with and using fire. Fire suppression was the focus of early
professional foresters, mostly influenced by forestry education grounded in central
Europe. Western science sought solutions to the “fire problem” by understanding fire
behavior and fire danger and means for preventing, detecting, and suppressing fires.
The science of fire ecology has become increasingly popular since the middle 1900s
(Komarek 1976), and now informs fire science and management broadly. The
ecological role of fire is increasingly well understood and valued, though it can be
difficult to balance protecting people and property from fires with the ecological
imperative for ecosystems to burn. As a result, the use of fire and multiple fire
management strategies are both parts of integrated fire management today.

After this brief introduction, we have eight success stories of integrated fire
management from all over the world. Together they illustrate how integrated fire
management is adapted and applied through the knowledge of a place and people
even while policies adapt too. In the last section, we discuss the implications and
recommendations.

13.2 Global Success Stories

Here we highlight global success stories. Each is written by local experts who have
been centrally involved with these successful implementations of integrated fire
management. In each, the authors address the history and context and then describe
how programs are implemented and challenges addressed. All of the global success
stories include extensive use of prescribed fires. All have overcome and still face
challenges, but each has lessons to be learned that could be applied elsewhere. We
close the chapter with broader insights drawn from these success stories and
published literature.
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Table 13.1 Integrated fire management contrasts with suppression-centered fire management.
Both are designed to protect people and property

Suppression-centered fire
management Integrated fire management

Objectives and
overall
approach

Minimize area burned. Large fires
equate to higher losses

Minimize fire-induced damage and
the difference between the negative
and positive impacts of fire. Larger
fires do not necessarily equate to
higher impacts. Holistic

Society &
policy

Wildfire perceived solely as an emer-
gency to be addressed by civil pro-
tection. Separation between fire and
forest management. Unbalanced allo-
cation of resources to fire suppression

Living with fire. Integration of fire
and forest management. More equi-
table allocation of resources between
suppression and fire mitigation/forest
and land management

Fire
suppression

Rigid, full force, regardless of
resources at risk, burn conditions, and
costs. Focus on civil protection
decreases effectiveness

Flexible. Variable in effort and
timing. Deliberate planned response,
weighing consequences, and includ-
ing monitoring and limited or
no-suppression options. Rationalized
costs. Increased effectiveness

Environmental/
ecological
issues

Fire is solely a damaging disturbance. Ecosystems require fire regimes that
are consistent with current and future
ecological and social goals

Socioeconomic
issues

Traditional burning subject to social
coercion. No consideration for Tradi-
tional Ecological Knowledge

Fire provides ecosystem services.
Traditional Ecological Knowledge is
considered. Involvement with local
communities and reinstatement or
regulation of their burning practices

Fuels
management

Absent or restricted to an isolation
strategy (fire- and fuel-breaks)

Extended fuel reduction/modification
programs, including preventive silvi-
culture and area-wide/mosaic treat-
ments, often through prescribed
burning

Planning and
decision
support

One-size fits all Guided by forests and land manage-
ment goals and policies. Hierarchical,
from the global objectives of
resources management to the specific
aims of fire management, to the for-
mulation of strategies, tactics, and
actions. Fire management zoning.
Accounting for cross-sectional
dynamics and as a social-ecological
problem. Consistent and compatible
across agencies, clear and compre-
hensive, and spatially and temporally
scalable. Risk-based

Monitoring Cost, area burned Cost, area burned, effectiveness in
meeting strategic objectives empha-
sizing outcomes, area meeting
desired natural resource management
objectives

(continued)
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13.2.1 Prescribed Fires Alter Wildfires

In southwestern Australia (Case Study 13.1), Neil Burrows describes how prescribed
burning has altered the pattern of extensive wildfires. When 8% of the landscape is
burned each year, wildfires burn less total area and fire fighters find that suppression
is eased where prior fires have consumed fuels.

Case Study 13.1 Managing with Fire in Forests of Southwestern Australia
Neil D. Burrows, email: neil.burrows@dbca.wa.gov.au

Department of Biodiversity, Conservation and Attractions, Perth, Western
Australia, Australia
Introduction
Fires have shaped the biodiversity of southwestern Australian eucalypt

forests for thousands of years (Hassell and Dodson 2003). For millennia,
fires were important for the physical and spiritual well-being of Noongar
Aboriginal people, who used fire skillfully and frequently for a myriad of
reasons (Hallam 1975), creating a quasi-stable fire-induced mosaic of vegeta-
tion at different growth stages. As a result, large, damaging wildfires were rare
(Burrows et al. 1995). European settlement some 200 hundred years ago saw
the demise of traditional Aboriginal burning. Initially, the fire-phobic
European-trained foresters adopted a ‘fire suppression’ policy, believing all
fires to be harmful to the forest. However, this failed to prevent large, damag-
ing bushfires and in the 1950s, the policy was changed to include prescribed
burning to reduce the fuel hazard. Initially, the impetus for regular prescribed
burning across broad areas arose from the need to reduce the impact of large,
high-intensity fires on human life, property, and forest values. However,

(continued)

Table 13.1 (continued)

Suppression-centered fire
management Integrated fire management

Governance Command and control Integrative, comprising cooperative
planning and deliberative processes
and facilitated by inclusive, partici-
patory, and reflexive practices and
mechanisms, enabling adaptive strat-
egies. Regular policy assessment

Adapted from Fernandes (2020) and Fernandes et al. (2020), which was synthesized from these
sources: Birot (2009), Calkin et al. (2011, 2015), Chandler et al. (1983), Egging and Barney (1979),
Fernandes et al. (2013), Fischer (1980), IUFRO (2018), Lotan (1979), Meyer et al. (2015), Minor
and Boyce (2018), Moritz et al. (2014), Myers (2006), North et al. (2015), O’Laughlin (2005),
Pacheco et al. (2015), Ruane (2018), Russell-Smith et al. (2013), Silva et al. (2010), Steelman
(2016), TNC (2017), Twidwell et al. (2019)
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Case Study 13.1 (continued)
because these ecosystems are fire-maintained, prescribed fire is increasingly
used to meet multiple land use objectives including the protection of conser-
vation, cultural and environmental values such as wildlife, water and soil, and
for maintaining healthy ecosystems (Burrows 2008; McCaw 2012).

The Fire Environment
Southwestern Australia has a Mediterranean-type climate with cool, moist

winters and warm, dry summers. Mean annual rainfall in the jarrah forest
varies from about 600 mm in the eastern part of its range to about 1200 mm in
western and southern parts of its range, while the mean annual rainfall in karri
forest is 1200–1300 mm. Typical of Mediterranean-type climates, rainfall is
strongly seasonal with about 80% of annual rainfall falling during the six
consecutive wettest months (May–October). Consequently, fuels are dry
enough to burn for 6–8 months of the year. Maximum summer temperatures
regularly exceed 35 �C while winter maxima are usually 15–20 �C. Since the
1970s, there has been a steady decrease in rainfall across most of the region,
prolonging the fire season by up to several months in some years (McCaw
2012). Weather factors influencing the fire environment include coastal sea
breezes, strong easterly winds from the warm, dry interior, abrupt wind,
temperature, and relative humidity changes associated with prefrontal troughs
and occasional incursions of tropical cyclones. Both human (deliberate and
accidental) and lightning-caused fires are common during the dry summer
months.

Remnant native eucalypt forests and associated ecosystems, including
shrublands and wetlands, extend over an area of about 2.5 million ha of
predominantly public land managed for multiple purposes including conser-
vation, timber production, water catchment protection, and recreation. Forest
ecosystems occur primarily on undulating land surfaces and nutrient-poor soils
derived from Precambrian granite and gneiss substrates that have undergone
prolonged leaching, erosion, and deposition. Dry sclerophyll forests are dom-
inated by jarrah (Eucalyptus marginata) and marri (Corymbia calophylla)
averaging around 20–30 m in height. The structure of the species-rich
understorey vegetation varies according to soil and climate butthe veg is
mostly <2 m high with a canopy cover of 35–70%. Wet sclerophyll (karri)
forests are dominated by karri (E. diversicolor) and can reach heights of up to
85 m, with dense understoreys up to 10 m high (Fig. 13.1). The dominant fine
fuels in all these forests are dead leaves, twigs, and bark that accumulate on the
forest floor (surface fuel), suspended dead material (near-surface fuel), shrubs
(elevated fuel), and bark on standing trees. In long unburnt forests, total fuel
loads can reach 15–20 and 50–60 tonnes ha�1 in jarrah and karri forests
respectively (McCaw et al. 2002; Gould et al. 2011).

Prescribed Burning for Fuels Management

(continued)
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Case Study 13.1 (continued)
The combination of hot, dry, windy weather and accumulations of flam-

mable fuels can give rise to large, intense bushfires that threaten communities,
critical infrastructure, conservation values, and other assets. Forest fires gen-
erate intensity from the amount of fuel that burns and the rate at which it burns,
which is primarily a function of fuel structure, fuel moisture content, wind, and
other weather conditions, and topography. Science, history and fire fighter
experience have shown that managing the build-up of flammable fuels is the
most effective way to reduce the potential fire intensity, thereby reducing
intensity, size, damage potential and suppression difficulty (Fernandes and
Botelho 2003; McCaw et al. 2008; Boer et al. 2009; McCaw 2012). Prescribed
burning is a cost-effective means of achieving this in these fire-adapted forests
without causing long-term harm (Wittkuhn et al. 2011; Burrows et al. 2019).
Landscape-scale prescribed fire has been used extensively to manage fuels in
southwestern Australian forests since the mid-1950s, although the extent of
burning was limited prior to the destructive bushfires of 1961 (Fig. 13.2).
Reducing fuel load and altering fuel structure can mitigate key aspects of

(continued)

Fig. 13.1 (a) Dry sclerophyll jarrah (Eucalyptus marginata) forest. (b) Aerial view of prescribed
burning in a mosaic of jarrah forest and shrubland. (c) Wet sclerophyll karri (E. diversicolor) forest.
To the left of the road is 15 years since prescribed fire, and to the right of the road is 3 years since
prescribed fire. (Photographs by Neil Burrows)
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Case Study 13.1 (continued)
wildfire behavior including the rate of spread, flame dimensions, spotting, and
fireline intensity (McCaw et al. 2008). The contribution of prescribed burning
to mitigating the effects of wildfires has been quantified in various ways
including using basic fire behavior science, well-documented case studies,
and analysis of historical fire statistics (Underwood et al. 1985; Fernandes and
Botelho 2003; Boer et al. 2009).

Fuel reduction improves the safety, efficiency, and effectiveness of fire
suppression, especially when fuels are less than about 6 years old (McCaw
2012). There is a strong inverse relationship between the areal extent of
prescribed burning and of wildfire (Sneeuwjagt 2008; Boer et al. 2009).
Landscape-scale prescribed burning of southwestern forests since the 1960s
has reduced the area burnt by wildfire, hence, the extent of wildfire loss and
damage. The inverse relationship between the extent of prescribed burning and
wildfire is evident in the historical data for the entire 2.5 million ha of the
southwest forest region over six decades (Figs. 13.2 and 13.3). Reasons for the
gradual reduction in prescribed burning since the mid-1990s and the associ-
ated increase in the area burnt by wildfire (Fig. 13.2) include reduced windows
of opportunity for prescribed burning due to changing climate, changing land
uses, population growth, industrial legacies (fire-sensitive mining rehabilita-
tion and regrowth forests), a reduced capacity to conduct burns, and smoke
and air quality issues. In order to maintain the long-term average annual area
burned by wildfire to <1% of the forest region, about 8% of the region needs to

(continued)
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Fig. 13.2 Annual area of the 2.5 million ha of southwest Australia forests burned by prescribed fire
(black bars) and wildfire (green bars) from 1951/1952 to 2017/2018. (Data from annual reports by
the Western Australian Department of Biodiversity, Conservation and Attractions, and its
predecessors)
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Case Study 13.1 (continued)
be prescribed burnt each year, equating to about 200,000 ha (Fig. 13.3). Based
on historical data, this level of landscape burning reduced the number, extent,
and frequency-size distribution of wildfires. Furthermore, the length of time
that sites remained unburnt by wildfire doubled to about 9 years (Boer et al.
2009). Fuel reduction had a detectable effect on the incidence and extent of
wildfires for up to 6 years after prescribed burning, consistent with the
scientific knowledge of fuel dynamics and field observations of the important
contribution of fuel-reduced areas to wildfire suppression (Gould et al. 2011).

For the curvilinear inverse relationship between area burnt by prescribed
fire and by wildfire (Fig. 13.3), the x and y coordinates for the inflection point
are ~200,000 ha (prescribed burn area) and ~20,000 ha (wildfire area). For this
reason, and based on experience, the current fire management policy has a
prescribed burning target of 200,000 ha per year representing about 8% of the
public forest estate. Based on the historical data (Figs. 13.2 and 13.3), this will
result in about 0.8% of the forest estate being burnt by wildfire per annum, and
about 40% of the forest region carrying fuels �4 years old, providing oppor-
tunities for safer and effective fire suppression. Having significant areas of low
fuel in which fires will either go out or exhibit mild behavior allows fire

(continued)

Fig. 13.3 Area of southwest forest area burned by prescribed fire (mean of 4 years) with the area
burnt by wildfire (mean of 4 years). (Adapted from Sneeuwjagt 2008)
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Case Study 13.1 (continued)
fighters greater flexibility in prioritizing the allocation of fire fighting
resources, especially in the event of multiple fire outbreaks.

Six decades of widespread prescribed burning has significantly reduced the
extent and severity of wildfires, saving human lives and substantially reducing
damage to infrastructure, economic losses, and disruption and trauma to
communities who live in and around the forests. Although not well
documented, it is evident that prescribed burning has also reduced the harmful
effects of large and intense wildfires on other values including wildlife, water
catchments, and soils.

It has been claimed that, based on computer simulations, it is only neces-
sary to reduce fuel hazard in the immediate vicinity, 100–500 m or so, of the
peri-urban interface and around assets, and that burning beyond this is inef-
fective (e.g., Furlaud et al. 2018). Aside from the limitations of computer
simulations to adequately represent the complexities and nuances of
landscape-scale fire behavior, prescribed burning, and fire suppression,
neglecting to treat fuels in the broader landscape will result in a cycle of
large and damaging bushfires. Prior to adopting a landscape-scale prescribed
burning policy in the mid-1950s, southwestern forest fire managers relied on a
system of five chain-wide (~100 m) fuel reduced buffers, or ‘green belts’,
around communities and other assets including forest regeneration, and an
assumed ability to suppress wildfires. This system failed under severe fire
weather conditions because the heavy fuel build-up in the surrounding forest
resulted in very high-intensity wildfires which could not be suppressed at their
peak, and which, via spotting and ember storms, breached the narrow fuel
buffers and then impacted settlements. These fires also caused extensive
damage to timber, water catchments, and other forest values. Decades of
experience and knowledge of severe fire behavior dictates that unless the
buffers are several kilometers wide, a large well-developed fire burning in
heavy, long unburnt forest fuels under severe fire weather conditions will
generate fireballs of hot gas and dense smoke, and also a blizzard of embers
that will breach narrow buffers, besieging urban areas. If the bushfire
approaching the interface buffer is moderate to low intensity as a result of
low fuel loads and/or low fire danger rating, a narrower buffer may be
effective.

Another shortcoming of only treating fuels at the interface is that it places
everything outside the treated buffer at risk to wildfire damage. This includes
the critical infrastructure of state-level significance such as major transport
corridors, infrastructure associated with power and energy generation and
distribution, water supply catchments, pipelines and pumping stations, major
cables and towers, and major wastewater treatment sites. Wildfires in the
broader landscape may have a significant impact on the livelihood of

(continued)
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Case Study 13.1 (continued)
individuals or community economic sustainability, such as infrastructure of
local or regional significance, agricultural land, major industries such as
mines, refineries, manufacturing plants, and native and plantation timber
industries. Such fires also threaten other significant built, natural or cultural
assets, such as areas of transient population density and low resilience to
bushfire, including holiday homes, hobby farms and recreation and camping
sites, fire-vulnerable Aboriginal or European heritage sites, significant ecolog-
ical communities or species habitats, and natural areas with specific fire regime
requirements. Also, fire fighters will be expected to fight fires beyond the
interface. Fires burning in long unburnt, heavy forest fuels will be dangerous
and difficult to control, even under moderate fire weather conditions, and
impossible to control under more severe weather conditions. For narrow
buffers around communities to effectively stop a high-intensity forest fire
burning under severe weather conditions (although too narrow to capture
embers), they would need to be burnt, or otherwise treated, every 2–3 years.
Given that there are thousands of kilometers of the convoluted urban interface
areas, much of which is private property, it is not feasible to install and
maintain a system of 100–500 m fuel reduced buffers to a standard that they
will stop a running fire. To protect communities and other values, it is
necessary to both reduce flammable fuels from the interface out as far as is
practical and to manage fuels in the broader landscape.

A risk-based framework is being used to manage bushfire risk through fuel
management on public lands in Western Australia, including the southwestern
forest region. This establishes risk criteria, including indicators of acceptable
bushfire risk. The indicators establish targets for fuel management that are
applicable statewide but can be customized to meet local circumstances. The
framework provides the context for fuel management in Western Australia,
including descriptions of the fire (climate, weather, fuels) and social (land use,
cultural considerations) environments that contribute to risk. Areas of rela-
tively homogenous risk context are described as Bushfire Risk Management
Zones, of which eight are identified. Each Bushfire Risk Management Zone is
further divided into Fire Management Areas, based on the management intent.
These are areas where fuels will be managed primarily to (1) buffer settle-
ments, (2) buffer critical infrastructure, (3) manage fuels in the landscape to
prevent or buffer large bushfires, or (4) for other land management outcomes.
The location, extent, and indicators of acceptable bushfire risk of each Fire
Management Area are modified according to the nature and distribution of
assets and potential fire behavior in the landscape. The risk criteria established
in the framework are converted to spatially-represented targets for fuel man-
agement in each Bushfire Risk Management Zone. These underpin fuel man-
agement planning on public lands.

(continued)
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Case Study 13.1 (continued)
Prescribed Burning for Biodiversity Conservation
While the use of prescribed burning to mitigate wildfire risk focuses on

managing the accumulation and structure of fuel, long-term studies show that
prescribed burning does not pose a risk to biodiversity (e.g., Wittkuhn et al.
2011; Burrows et al. 2019). However, there are situations where the applica-
tion of fire for specific biodiversity conservation outcomes focuses on man-
aging components of the fire regime considered important for the maintenance
of habitats for selected species. These components include the interval
between fires, fire seasonality, intensity, scale, and patchiness of burning
(Burrows 2008). Fire management for biodiversity outcomes is guided by
biodiversity conservation objectives operating at a range of spatial and tem-
poral scales. These objectives have a foundation in ecological theory and are
based on knowledge gained through experiments, retrospective studies, and
monitoring. Responses to fire have been documented for many species of flora
and fauna, including threatened taxa, in forests and associated ecosystems
(Wittkuhn et al. 2011; Pekin et al. 2012; Burrows et al. 2019).

The primary objectives of fire management for conserving biodiversity at
the landscape scale are (1) to maintain a diverse representation of ecosystem
seral stages and habitat conditions and, (2) to protect fire-sensitive and fire-
independent ecosystems and niches, including riparian zones, aquatic ecosys-
tems, rock outcrops and peat wetlands (Burrows 2008). Strategies to achieve
these objectives include maintaining a mosaic of fire management units within
the landscape at different times since fire, including recently burnt and long
unburnt, and units burnt in different seasons. Ideally, the mosaic will include
three biologically important fire regime components: (1) time since last fire,
(2) fire frequency, and (3) fire season. In the southwestern forest region, fire-
sensitive and fire-independent ecosystems embedded in the forest matrix are
usually less flammable than the surrounding ecosystems because they remain
damp for extended periods or because fuels are naturally discontinuous (Bur-
rows 2008; Shedley et al. 2018). Low intensity prescribed fires in spring or late
autumn will burn the more flammable ecosystems in the landscape but not the
less flammable ones. Making the landscape less vulnerable to large, intense
wildfires reduces the risk of fire-sensitive ecosystems being damaged by
severe wildfires. For example, large granite outcrops that occur throughout
the forests provide habitat for both fire-sensitive species, such as obligate
seeding plants with long juvenile periods (e.g., Calothamnus and Acacia
spp.), and fire-independent species (e.g., Borya spp. and cryptogams). These
outcrop ecosystems require relatively long intervals between fires and can be
damaged by intense wildfires that can develop in the surrounding forests if
forest fuels have not been regularly prescribed burnt (Burrows 2013). Because
vegetation (fuel) on rock outcrops is discontinuous, the surrounding forests,

(continued)
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Case Study 13.1 (continued)
which contain continuous fuels, can be burnt under mild weather conditions in
spring or autumn without burning the rock outcrop habitats.

For almost 60 years, prescribed burning has been used in southwestern
Australia forests to achieve multiple objectives, supported by applied research
into fire behavior and fire ecology, and resulting in a significant reduction in
the areal extent of bushfires and bushfire losses without loss of biodiversity or
environmental damage. This has been achieved by understanding the role of
fire in these environments, by understanding fire behavior and by understand-
ing the importance of continuing with wise anthropogenic planned burning,
which commenced with the arrival of Noongar people thousands of years ago.
In recent times, prescribed burning has been achieved by good planning, a
skilled and adequately resourced workforce, political and community support,
and ongoing investment in applied fire research. Climate variability, popula-
tion growth, air quality concerns, and land-use and use legacies and land use
changes present ongoing challenges for forest fire managers to maintain an
effective prescribed burning program that protects communities and the envi-
ronment from damaging wildfires into the future.

13.2.2 Conserving Biodiversity Using Integrated Fire
Management

Fire is widely used to conserve biological diversity. In the eastern Pyrenees (Case
Study 13.2), Eric Rigolot and Bernard Lambert explain how prescribed fires have
been instrumental in managing vegetation and fuels with broad implications for
biodiversity and social values. In Kruger National Park in South Africa, fires are
managed for habitat for the large charismatic animals, the species, and the landscape
diversity of the vegetation (Case Study 13.3). There, the lessons learned from long-
term experiments using fire at different intervals and seasons have informed inte-
grated fire management. In both areas, scientists have been engaged in assessing and
informing the burning program. The landscape scale of these case studies is impres-
sive and necessary for accomplishing long-term ecological, fire management, and
social goals.

Case Study 13.2 Prescribed Burning: An Integrated Management Tool
Meeting Many Needs in the Pyrénées-Orientales Region in France
Eric Rigolot, email: eric.rigolot@inra.fr

UR629, INRAE, URFM, 84914, Avignon, France
and Bernard Lambert, email: bernard.lambert66@orange.fr

Société d’Elevage des Pyrénées-Orientales, Prades, France
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Case Study 13.2 (continued)
The Practice of Pastoral Fires in the Pyrenees
For thousands of years across the entire Pyrenees mountain range, human-

kind’s relationship with the environment has been closely associated with fire.
According to the Greek historian Diodorus Silucus, the very name of Pyrenees
would come from the Greek Pyros, which means fire. Cutting and then burning
forests for agriculture and grazing has been carried out for at least several 1000
years, including regular pastoral fires on rangelands encroached with trees and
shrubs, burning wood in forges and charcoal kilns, wildfires of various origins,
often of low intensity until the middle of the twentieth century but then more
devastating in the modern era (Métailié 1981). The use of fire for agricultural,
pastoral, and industrial purposes involved highly elaborate methods integrated
into a coherent agri-silvi-pastoral system.

Since its creation in the seventeenth century, the French forestry commis-
sion has sought to control pastoral fires in order to conserve timber and forests.
However, along the last century, the socio-economic decline in the mountain-
ous area and the resulting shrub encroachment led to a significant change in
fire-related practices. At the same time, the administrative framework, initially
supportive of these agri-pastoral fires, gradually turned against pastoral
burning.

Consequently, pastoral society was confronted with a dual dilemma. First,
once-grassy areas used for grazing were gradually becoming overgrown by
shrubs and trees due to the decline of pastoralism and farming and many areas
were purposefully reforested by the national Forest Service. The breeder-
gatherers needed to reopen their pastoral areas threatened with closure when
shrublands grew. The second dilemma was to find a solution to uncontrolled
pastoral burns that regularly escalated into wildfires.

Unable to suppress the fires and limit the ecological, economic, and social
impacts of changing lands, farmers and herders wished to reintroduce burning
practices. This involved setting up an institutional structure to help farmers
take back ownership of fire so they could use fire while carefully managing its
ecological and social effects. It was in this context that the first institutional
European experiment supporting the use of fire by rural communities was
carried out in the easternmost part of the French Pyrenees.

The Pyrénées-Orientales Region in France
The Pyrénées-Orientales region (Fig. 13.4) comprises vast wildlands

formed at the end of the nineteenth century as land uses changed and many
people moved away from rural lands, which allowed a gradual invasion of
shrubs and trees (Fig. 13.5). Roura (2002) found that area in grasslands and
prairies declined by 70% from 1953 to 2000 as they were replaced by forests
and heathland dominated by Cytisus oromediterraneus. Today, the biodiver-

(continued)
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Case Study 13.2 (continued)
sity of the open grasslands of these Mediterranean mountains is threatened and
shrub encroachment constitutes a formidable source of fuel favouring large
fires.

Agri-silvi-pastoral activities have always been the matrix of biological
diversity in open areas, as well as contributing to the diversity of the land-
scapes in this French region, which extends over a wide altitudinal gradient
from sea level to 2921 m, thus presenting a wide range of environments of
major interest for their cultural and biological heritage. This region is home to
12 natural habitats of European interest including three priority ones, and a
quarter of the heritage flora of the Catalan Pyrenees. Moreover, among the
heritage vertebrate fauna, 40% of nesting birds use these open and semi-open
habitats to breed. Regulatory measures aimed at protecting the environment
are now gaining increased public support locally and nationally.

(continued)

Fig. 13.4 Location of the Pyrénées-Orientales region at the eastern extremity of the Pyrenees
mountain range (arrow and red dot). This map shows the type of prescribed burning objectives in
Europe following the Nomenclature of Territorial Units for Statistics 3 scale. (Adapted from Lazaro
and Montiel 2010)
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Case Study 13.2 (continued)
The invasion by shrubs and trees coupled with the decline in traditional

uses for pastoral, agricultural, forest, and hunting purposes, these vast spaces
have also seen their social functions diversify with the explosion of nature-
related tourist activities. At the crossroads of uses and expectations, many
farmers, shepherds, foresters, fire fighting services, and “environmentalists”
have joined forces to invent a common use of fire in order to satisfy new social
demands in these culturally important and biodiverse environments.

Creation and Purpose of the Prescribed Burning Unit
To this end, an action research initiative was set up between 1984 and 1987

to pool the efforts of the scientific community and the agricultural profession
to “relearn” fire control and the response of ecosystems. This experimental
pilot programme totalizing on the whole 150 ha, comprised ten plots of land
reflecting the diversity of the heathland and rangelands in the fire-sensitive

(continued)

Fig. 13.5 In many areas, grasslands have been invaded by shrubs and trees such as broom (Cytisus
oromediterraneus) and mugho pine (Pinus mugo). (Photograph by B Lambert)
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Case Study 13.2 (continued)
area. Given the positive results of the initial trials and the increasing demand
for pastoral fires by farmers, in autumn 1986, the agricultural profession and
the local authorities decided to support the creation of the first prescribed
burning unit in France to be project managed by the agricultural profession
(Lambert 2010). The unit is a departmental entity run by a pastoral agency,
with active participation of national forest service personnel over the first
10 years, then replaced by local fire fighters, with support from time to time
by national military units of civil protection. In this part of the Pyrenees, local
beneficiaries do not participate directly in prescribed burns, but can achieve
safety fuel-breaks beforehand.

The aims of the Pyrénées-Orientales’ prescribed burning unit were to
(1) train and raise the awareness of farmers on the use of fire, (2) possibly
replace them to perform pastoral burnings that were difficult to control,
(3) carry out, as a priority, burnings in areas susceptible to major fires,
(4) provide training to departmental fire fighters, as well as national reinforce-
ments, (5) provide a training school for future bosses of prescribed burning
units, (6) add burning to the range of tools used to manage heritage species,
including grey partridge (Perdrix perdrix) and Pyrenean chamois (Rupicapra
rupicapra), and natural habitats of European interest, (7) ensure technical
exchanges with Spanish fire fighters in the framework of the European
programme and, in particular, the Generalitat of Catalonia, and Vila Réal
University in Portugal, and, since 2006, (8) train local fire fighters in the use
of backing fire techniques for wildfire suppression.

Scientific Support to Meet Multi-Functional Objectives
The prescribed burning unit came about in close collaboration with the

research community. Since the winter of 1984/1985, the pastoral improvement
programme on the use of fire was created with the Inra Ecodevelopment
Research group of Avignon, the first experimental burning operations were
supervised by the Cemagref of Aix en Provence (now INRAE) following a
visit to North America, and monitoring vegetation as temperature measure-
ments thanks to the Cnrs-Cefe experiment carried out in the Montpellier
heathland. Later, information collected from each site was compiled and
organised by Inra (now INRAE) Ecology of Mediterranean Forest research
group (URFM) as part of the European FireTorch programme (Botelho et al.
2002).

This long-term collaboration made it possible to demonstrate the effects of
repeated burnings on heathland dynamics in order to determine the most
appropriate management scenarios and the most relevant development indica-
tors (Rigolot et al. 1998) and to redefine the use of fire in technical sequences
to manage pastoral environments in the Mediterranean mountains. The
impacts of prescribed burning on fauna were analysed, as well as the benefits

(continued)
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Case Study 13.2 (continued)
of using fire to conserve the habitats of birds (Pons et al. 2003) and the
management of game birds. The relationships between institutional uses
(prescribed burning) and traditional fires (pastoral fires) were analysed
(Fernandes et al. 2013).

After 30 years of operation of the Pyrénées-Orientales’ prescribed burning
unit, an audit was conducted by an independent research group following a
request from the administration to identify the main points of success from an
organisational point of view and to report any threats to the system’s sustain-
ability (Métailié et al. 2017).

Strong Points of the Prescribed Burning Unit
The Pyrénées-Orientales’ prescribed burning unit plays a key role in

maintaining rangeland resources and open landscapes. For 32 years, the unit
annually treated between 600 and 1200 ha (40–80 plots of land) totaling
26,000 ha and participating in the maintenance of 14% of the 120,000 ha of
areas used for livestock grazing (Fig. 13.6). The size of the plots of land varies

(continued)

Fig. 13.6 Map of the livestock farming area in the Pyrénées-Orientales (120,000 ha) and zones
treated using prescribed burning between 1984 and 2019. (Map made by B Lambert)
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Case Study 13.2 (continued)
between 0.5 and 179 ha with an average size of 9 ha. The prescribed burning
projects are split evenly between the fire-sensitive Mediterranean area and the
montane and subalpine zones.

Prescribed burning is now recognised as a tool that promotes biodiversity.
Managers frequently combine prescribed burning with mechanical or other
techniques to achieve vegetation management and social goals. Increasingly,
fire is perceived by scientists and managers of natural areas as an integral part
of the evolutionary cycle of certain ecosystems. Managers use fire in technical
sequences and specify the appropriate regime for each context. Mosaic burn-
ing comprising burned patches of a few acres to one hectare, carried out in
several phases over one or more seasons, has become standard practice in the
upper heathlands of the Pyrénées-Orientales (Rigolot et al. 1998).

The extensive practice of prescribed burning in the Pyrénées-Orientales has
also been a success in terms of suppressing wildland fires. Thanks to pre-
scribed burning practices, we have observed a strong decline in fires of a
pastoral origin since the 1990s. In addition to contributing to fuel manage-
ment, prescribed burning also acts on the causes of forest fires. Prescribed
burning now receives institutional recognition via a body of laws and regula-
tions, as well as being accompanied by a well-established training programme.
Fire fighters implementing prescribed burning follow a highly effective train-
ing programme, which they put into practice fighting forest fires and, in
particular, by familiarising themselves with suppression fire practices. Fire
fighters working in the Pyrénées-Orientales, thanks to their high levels of
involvement and regular practice of burning in the winter, since 2004 have
been systematically using backing fires during the local summer wildfire
suppression campaigns, as well as supporting their colleagues elsewhere in
France and Catalonia, and even Sweden in the summer of 2018.

The systematic recording of costs on prescribed burning intervention
worksheets shows that these costs are acceptable. The least expensive opera-
tions are those carried out in pre-mountainous areas (i.e., in non-wooded
heathland) where the estimated costs are between €50 and €100/ha. Forest
fire prevention operations carried out in wooded areas are generally more
expensive costing between €100 and €600/ha compared to €800 to €2400/ha
for mechanical clearing and €2000–€4000 for manual clearing. Therefore,
prescribed burning, as carried out by the Pyrénées-Orientales prescribed
burning unit, is economically viable.

The prescribed burning unit is led by the Pyrénées-Orientales’ livestock
breeding society, a professional organisation that ensures that fires are prop-
erly used. Their work includes consultations with a large number of local,
regional, and even cross-border partners to develop recommendations and
guidelines suitable for all stakeholders. With the aim of greater transparency

(continued)
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Case Study 13.2 (continued)
and to reach a wider audience, a real-time information website has been
developed (www.risque-incendie.com).

Due to its seniority, the Pyrénées-Orientales’ prescribed burning unit is a
reference not only in the pastoral network of the Pyrenees mountain range but
also at the national level where it has acted as a facilitator of the national
prescribed burning network for 15 years (Lambert 2010).

Weaknesses and Threats
Despite this success, the programme faces climatic and social pressures

(Rigolot and Lambert 2017). Increasingly variable weather conditions require
greater responsiveness and high levels of professionalism: after years of
logistics implementation (1987–1989) followed by a long period of consoli-
dation (1990–2002), recent trends show a marked shortening in the periods
suitable for prescribed burning due to climate change. With a late autumn
season that is too dry and too hot, the most favourable winter period is between
the end of January and the beginning of March (the campaign period is now
under 30 days compared to over 70 days in the 1990s). Faced with increasingly
volatile and unpredictable weather patterns, it is necessary to demonstrate
increasing levels of professionalism and responsiveness to take advantage of
these unpredictable time windows. This means adopting a strategy that is both
flexible in terms of its implementation and its ability to carry out several
simultaneous operations during these increasingly short time windows.

The demand for more consultations has led to a reduction in the size of the
worksites. Burning prescriptions are now the domain of a more complex and
larger group of stakeholders compared to the erstwhile forester/farmer. This
means lengthier consultations, increasingly complex specifications, more lim-
ited burning practices, and increased higher costs.

Social acceptance of prescribed burning has always been challenging, even
more so today as opposition to this practice by urban groups is growing.
Excellent results in terms of fire prevention have led to a loss of awareness
on the risks of these new urban groups. These groups increasingly dominate
local commissions and municipal councils, and pressure elected officials to
reject practices they consider unsightly, a source of dissatisfaction for holi-
daymakers who get dirty, and which some see as being dangerous, inefficient,
responsible for erosion, deforestation and, more recently, air pollution. This
last point is of particular sensitivity during high-pressure conditions in and
around populated areas on the plain and the coast, including ski resorts. The
sharp drop in the number of wildfire areas in recent years is reducing the
motivation of elected officials to support prescribed burning. While objec-
tively the risk of wildfire remains, elected officials, faced with significantly
improved annual reports, are tempted to support less prescribed burning thus
reducing public funding. Public funding currently provides more than 75% of

(continued)
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Case Study 13.2 (continued)
the operating costs of the unit, which is around €100,000 per annum and per
1000 ha treated.

Conclusion
Prescribed burning has reached a crossroads in the Pyrénées-Orientales.

Over 30 years of development supported by scientific research have resulted in
an effective technical and organisation model. It has achieved the dual objec-
tives of controlling wildfires due to poor pastoral burning practices and
meeting farmers’ needs in terms of maintaining and renewing the pastoral
resources. But is it really efficient? The per-hectare financial and human
resources required for operations are high. However, the strictly agronomic
and forest fire prevention points of view are only a partial vision of the benefits
of integrated fire management in this area. Maintaining wildlife habitats,
strengthening fire fighters’ skills through prescribed burning practice,
maintaining mountain landscapes and supporting the remaining farmers in
these rural communities are positive outcomes that should be better evaluated
from an environmental, social and economic point of view in order to give a
full picture of the efficiency of prescribed burning in the Pyrénées-Orientales
region. While biotechnological research is still required in some areas, notably
into combustion management to ensure better smoke control, the social sci-
ence and humanities research is needed to continue improving integrated fire
management this Mediterranean mountain region. Ultimately, political science
must inform public decision-making in terms of the inevitable trade-offs that
exist between risk management and the multiple uses of mountainous areas
and nature conservation.

Case Study 13.3 Integrated Fire Management in Kruger National Park
Navashni Govender, email: navashni.govender@sanparks.org

Conservation Management, South African National Parks, Conservation
Management, Kruger National Park, Skukuza, South Africa
African savannas are driven by fluctuations in rainfall, herbivory, nutrients

and fires (Sankaran et al. 2005). In Africa and the Kruger National Park
(KNP), fires are ignited by people, whether on purpose or accidentally, and
by lightning (Archibald et al. 2009). Lightning fires are less common and
usually do not burn large expanses of natural veld (van Wilgen 2009). The
fauna and flora in these fire-prone ecosystems have co-evolved with fire,
resulting in a resilient fire-adapted system with many fire-adapted plant species
(Bond and Keeley 2005). In southern Africa, people have been using and
controlling fires to manipulate their environment for thousands of years.

(continued)
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Case Study 13.3 (continued)
Humans used fires to manage their environments for agricultural purposes, to
cycle soil nutrients and to control herbivore movements to facilitate easy
hunting of wildlife, therefore the KNP acknowledges humans as a “natural”
ignition source. The main objectives for fire management in KNP is to mimic
the role that fire plays in maintaining African savannas by improving biodi-
versity, wildlife habitats and ecosystem services, whilst specifically consider-
ing fire-herbivory interactions, by evaluating and responding appropriately to
fire threats facing infrastructure and human lives.

Established in 1926, KNP, is one of the largest proclaimed and officially
protected natural areas in the world. The park covers approximately 2 million
ha, occupying almost 2.5% of the total land surface area in South Africa
(Fig. 13.7). It is situated in the north-eastern region of South Africa and is
separated from adjoining Moçambique by the Lebombo mountain range in the
east and from Zimbabwe by the Limpopo valley in the north. It is elongated
with a total length of approximately 320 km and a mean width of 65 km
(Govender et al. 2012). The park’s mean annual rainfall is approximately
500 mm, with a rainfall gradient from around 350 mm in the north to around
750 mm in the south. The climate of KNP is well suited to support regular veld
fires, with the wet season from October to March that results in fuel accumu-
lation and the dry season, which extends from April to September, which
encourages veld fires. The park is distinctively divided in two by its geology,
with granitic sandy soils occurring on the western half of the park and basaltic
clay soils on the eastern half. There are two major river systems (the Nkomati
system in the south and Limpopo system in the north). The vegetation of the
park is characterized as an open-wooded savanna, dominated by trees in the
genera Acacia (Senegalia and Vachellia), Combretum, Sclerocarya, and
Colophospermum (Fig. 13.8b). The flora of the park comprises �2000 taxa,
including over 400 tree and shrub species and over 220 grass species. The
fauna of the park includes 148 mammals, 53 fish, 35 amphibians, 118 reptiles
and �500 bird species.

The Evolution of Fire Management in Kruger National Park (KNP)
The first park Warden, Colonel James Stevenson-Hamilton, enforced a

general ban on any deliberate burning because he believed that fires had a
detrimental impact on vegetation and wildlife. In 1935, the National Parks
Board decided that fires should not be explicitly banned but rather controlled,
and in 1937 Stevenson-Hamilton suggested the bush be burnt every second
year to avoid the accumulation of moribund material. In 1947, Stevenson-
Hamilton suggested that half the available fuel in KNP should be burnt every
year between February and April in order to promote low-intensity fires
burning while vegetation is still green. Due to the limited resources available,

(continued)

13.2 Global Success Stories 529



Case Study 13.3 (continued)
most of these policies were nearly impossible to implement, and thus between
1926 and 1947 the KNP fire policy was essentially “laissez-faire”.

In the mid-1940s, prescribed burning was prohibited to limit land degrada-
tion and soil erosion. The 1948–1956 period was known as the Fire Suppres-
sion or Protection Era (van Wilgen 2009).

Between 1957 and 1980, KNP managers implemented a Fixed Prescribed
Burning strategy by establishing a graded firebreak network with more than
400 burn blocks ranging in size between 50 and 24,000 ha (van Wilgen 2009).
Fires were applied every 3 years in Spring (after the first rains) (Govender et al.
2012). In 1981, this rigid burning program was declared unsuitable and
adapted to allow for seasonal variation in the timing of prescribed burns,
whilst retaining the 3-year rotation (van Wilgen et al. 2014). This Flexible
Prescribed Burning strategy lasted until 1991 when KNP managers shifted
their fire strategy towards a “Natural” Fire Policy in which lightning fires were

(continued)
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Case Study 13.3 (continued)
allowed to burn to their fullest extent and were no longer confined by burn
blocks (van Wilgen et al. 2004). In recognition of the substantial extent of area
burnt per year by people, the fire management strategy was adapted once again
in 2001 when management officially recognized the role of people in the
landscape (van Wilgen et al. 2004; Govender et al. 2012).

Our Integrated Fire Management Strategy, implemented since 2001, allows
for multiple ignition sources such as lightning, game rangers and migrants
traversing the park from Mozambique into South Africa (Govender et al.
2012). The amount to burn would be calculated based on the preceding
2 years’ rainfall and fuel load accumulation (van Wilgen et al. 2014). This
strategy aimed at promoting variability by influencing fire intensities and
spatial patterns whilst allowing for lighting-ignited fires and acknowledging
the occurrence of inevitable wildfires. In 2012, the Integrated Fire Manage-
ment Strategy was updated to include Fire Management Zones delineated
based on the underlying geology, fire return period, and mean annual rainfall
(Fig. 13.8a, Smit et al. 2013). In each zone, different fire strategies are
implemented to achieve specific ecological objectives.

(continued)
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Case Study 13.3 (continued)
Fire and Herbivory Interactions
Globally, fire and large mammal herbivores (grazers and browsers) are two

of the key consumers of above-ground plant biomass; they affect vegetation
structure and shape the landscape. Positive feedbacks between fire and her-
bivory (grazers and browsers) can maintain ecosystems in alternate states
between a savanna-grassland and savanna-forest mosaic. The co-evolvement
of fire and herbivory adapted plant communities in African savannas and the
KNP has allowed managers to use these processes as management tools to
achieve various ecological objectives. For example, elephants debark trees,
exposing vulnerable cambium tissue to excessive heat by fires; such trees
eventually succumb to successive fires (Fig. 13.9). The removal or exclusion
of either browsing by elephants (Fig. 13.10) or fire (Fig. 13.11) can increase
tree woody biomass, cover, and structure resulting in decreased grass cover
which reduces the spread and occurrence of fires in areas, thereby promoting
the recruitment and establishment of mature trees (Hempson et al. 2019).

(continued)

Fig. 13.9 Impact of the
same fire on two different
T. sericea trees. (a) The fire
burns into the cambium of
the tree with high elephant
utilization, which can
eventually lead to the death
of the tree. (b) Here, the fire
burned on the surface of the
tree only, as a result of an
intact bark due to no prior
elephant use of the tree.
(Photographs by Tercia
Strydom)
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Hempson et al. (2019) provided the elegant conceptual diagram

(Fig. 13.12) of alternate fire-grass and fire-herbivore (grazing lawn) stable
states along a productivity gradient. The current fire policy in KNP provides
for fire-dominated grasslands (Zone 1, see Fig. 13.8a) by increasing fire
intensity and frequency in these landscapes and herbivore and grazer domi-
nated grasslands (Zone 2S & 2N, see Fig. 13.8a) by reducing fire frequency
and intensity thereby increasing grazing lawns and more palatable grass
species.

Legislation
The National Veld and Forest Fire Act (No. 101 of 1998) promotes the use

of prescribed fire and intends to prevent and combat wildfires in mountainous,
veld, and forested areas throughout the country, thereby resulting in greater
attention to fire safety and protection. The KNP is a member of the Greater
Kruger Fire Protection Association (GKFPA) that covers the entire KNP and
some of the nearby private nature reserves (Klaserie, Timbavati, Balule, and
Umbabat private nature reserves; and Sabi Sand Wildtuin (SSW); and
MalaMala Game Reserve).

(continued)

Fig. 13.10 Long-term fixed-point photographs ((a) 1985, (b) 1995, (c) 2005 and (d) 2015) at the
Nwashitsumbe roan enclosure where elephants have been excluded since its establishment in 1969
illustrating the increase in woody vegetation biomass, cover, and structure. (Photographs by Danny
Govender)
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Case Study 13.3 (continued)
Members strategically use fire within the GKFPA for ecological mainte-

nance of biodiversity and for managing the fire risks in the area. Monitoring is
required, as is reviewing and updating the rules and regulations that govern
resource sharing, training standards, required equipment, firebreaks, and com-
munication). Through the GKFPA, landowners cooperate for better and safer
veld fire management practices.

Fire Research: The Long-Term Fire Experimental Burn Plots
Our understanding of the effects of fire on the ecosystem is often supported

by research based on the experimental application of selected fire regimes on
fixed areas. In the early 1950s, fire research began formally in the KNP with
the establishment in 1954 of a long-term fire experiment (Biggs et al. 2003).
The main aim of the experiment was to study the effects of fire frequency and
season on the vegetation of the KNP under the grazing pressure of indigenous
herbivores.

(continued)

Fig. 13.11 Long-term experimental burning plots in the central area of the Kruger National Park.
The two plots are separated by a strip of cleared land. Fire has been excluded from the plot on the
right for 65 years, resulting in dense and closed woodland, whereas the plot on the left has been
subjected to fire every 2 years, resulting in a more open landscape. (Photograph by Navashni
Govender)
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Case Study 13.3 (continued)
Fire frequency treatments applied are annual (in August only), biennial and

triennial intervals, and fire season treatment are in February (late summer),
April (autumn), August (winter), October (after the first spring rains) and
December (early summer)). After 1974, quadrennial and sexennial burns in
October were added to the experiment. Each plot is approximately 7 ha, and
treatments are replicated four times in each of the four major landscapes in the
park (Fig. 13.8b) (Biggs et al. 2003).

Future Developments
All fires in KNP are mapped for ecological and safety reasons (Govender

et al. 2012). The ecological requirements are defined by the KNP Fire Thresh-
old of Potential Concerns (TPCs) (van Wilgen et al. 2014) and the safety
criteria is that of reduction of fire risk and time since last fire. With the use of a
computerized Decision Support System (DSS) the current fire TPC’s (fire
intensity and extent for each FMZ) are evaluated on an annual basis (Attorre
et al. 2015). The DSS allows for the collection, organization, calculation,

(continued)
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Case Study 13.3 (continued)
analysis, and visualization of important fire-related data, including precipita-
tion, vegetation, and fuel biomass, area burnt, fire frequency, and intensity.

Since 2004, KNP has been using remote sensing techniques for fire map-
ping and monitoring purposes (Govender et al. 2012). Moderate Resolution
Imaging Spectroradiometer (MODIS) instruments onboard the EOS-AM
(Terra) and EOS-PM (Aqua) satellites, which were launched in 2001, are
used to detect fires and create KNP’s fire scar maps. With the launch of
Sentinel 2 and Sentinel 3 satellites in 2015 by the European Space Agency
(ESA) KNP will now migrate from MODIS to Sentinel-2 with higher resolu-
tion satellite imagery. This will improve the detection of smaller and
low-intensity fires, minimize false detections, allow for more accurate fire
scar perimeter mapping, and help quantify the effective temperature and fire
radiative power (FRP).

Burn quotas were determined based on results from the Veld Condition
Assessments (particularly biomass) and fuel load estimates from a model
developed using 2 years’ preceding rainfall totals. Since 2012, fuel loads
available to burn were predicted using the preceding 2 years’ rainfall model
(van Wilgen et al. 2004; Archibald et al. 2009). However, a major shortfall
herewith is the low density and wide spatial extent of the rainfall stations used
to collect rainfall data. A total of only 23 rainfall stations (point data) scattered
across 2 million hectares and data interpolation is bound to result in less
accurate fuel load estimates further away from where rainfall is actually
measured. Currently, we are investigating the possibility of using high-
resolution satellite imagery to estimate fuel loads and fire probability. To
measure vegetation characteristics, we’re exploring the use of Normalized
Difference Vegetation Index (NDVI) and/or Enhanced Vegetation Index
(EVI) data derived from Sentinel-2 imagery. Improved fuel load and vegeta-
tion greenness estimates combined with time since last fire, from higher spatial
and temporal resolution imagery will go a long way in providing more
accurate burn quotas for the KNP fire managers.

Poaching has become a major problem facing rhino populations here and
around the world and in KNP rhino poaching has increased substantially in
recent years. KNP rangers now use fire to track poachers in the veld. Rangers
burn blocks where poaching activity is high. After the fire, poachers are more
readily tracked in the ash and bare soil and are more visible until the thick grass
cover recovers. Prescribed fires are burnt to encourage rhinos (improved
grazing from the new green flush) to move into areas that are deemed safer
and away from parks perimeter.

Conclusions
Fire is a key process and management tool within our African savanna

ecosystems. Fire management in KNP has changed at least seven times since

(continued)
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Case Study 13.3 (continued)
the park’s proclamation in 1926. Strategic Adaptive Management is core to
KNP’s management that is consistently informed by the best available infor-
mation, implemented, and monitored. KNP managers use fire for promoting
and enhancing biodiversity and ecosystem processes for the benefits of wild-
life and people, protecting human lives and property from fire threats.

13.2.3 Working with Partners Through Shared Stewardship
and Cooperatives

Landscape-scale integrated fire management must include working effectively with
many people, as fire and smoke cross boundaries between lands. In central Idaho,
efforts to greatly increase the scale and pace of forest restoration requires strategi-
cally using prescribed and wildfires for landscape-scale burning to accomplish
objectives (Case Study 13.4). There, managers of public lands work with people in
local communities to hear and address concerns about fire and smoke, and with
managers of adjacent public and private lands to meet shared objectives. As Doane
and coauthors explain, they use innovative practices for planning and implementing
integrated fire management. Ongoing monitoring and adaptation are key to achiev-
ing their long-term goals (Case Study 13.4). Changing policies and laws aid them.
Collaborative decision-making has brought people together to address broad land
and fire management challenges.

In the prairie grasslands and woodlands of the Great Plains in central North
America, almost all of the land is privately owned, yet for ecological and economic
reasons, many land managers there use and manage fires. Bauman et al. (Case Study
13.5) communicate the imperative for burning, as well as the innovative ways that
people have overcome the challenges. The Nature Conservancy, a
non-governmental organization, has been especially effective in envisioning a future
of burning where neighbors are helping neighbors achieve their own objectives
while providing for vibrant grasslands, ranches, and people. Here, many landowners
have formed prescribed burning cooperatives to share knowledge, training, equip-
ment, and labor.

Case Study 13.4 Integrated Fire Management: Landscape Fire
on the Payette National Forest in Idaho, USA
Dustin Doane, email: dustin.doane@usda.gov; Phil Graeve, email: phillip.
graeve@usda.gov; Patrick Schon, email: patrick.schon@usda.gov; Erin
Phelps, email: erin.phelps@usda.gov

Payette National Forest, New Meadows, Idaho, USA

(continued)
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Case Study 13.4 (continued)
Why We Are Using Fire
Historically, fires were common across the 1 million ha landscape of the

Payette National Forest in central Idaho, with roughly 28,000 ha burned on
average each year (Table 13.2). Fire is not only natural; fire is critical for the
health of our ecosystems. We use fire on the Payette National Forest because
we understand that reestablishing a healthy relationship with fire is the only
way to be successful land managers.

Aggressive fire suppression and other land uses since the early 1900s led to
an accumulation of ground, surface, and canopy fuels, an increase in overall
tree densities, and a shift in forest composition toward less fire-resilient
species. This departure from historical conditions across central Idaho is
directly correlated to the extent to which key ecosystem components have
been altered, thereby reducing the current resiliency of forest landscapes to
disturbances. The primary disturbance risks are now uncharacteristic wildland
fire, native insect outbreaks, and introduced insects and diseases, all of which
kill many trees. The same conditions that lead to undesirable fire effects also
favor the proliferation of insects and diseases beyond endemic levels that can
lead to high rates of tree mortality as stressed trees are less able to recover from
disease or insect outbreaks than their healthy counterparts. Uncharacteristic
disturbances are those differing in fire size, spatial patterns, severities, and
frequencies from historical such that large changes in ecosystems result
(Singleton et al. 2019).

Uncharacteristic wildfires threaten a variety of ecosystem functions and
values. Threatened and sensitive wildlife species such as northern Idaho
ground squirrel and great grey owl have evolved with the historical type and
frequency of fire (Table 13.2), so the changes in tree density and forest
encroachment into meadows since 1900 have likely affected these and many
other species negatively. In addition, some of the very reasons the National
Forests exist and are valued can be greatly impacted by uncharacteristic
wildfires, such as recreation access, grazing forage, and sustainable timber
production. Uncharacteristic fire behavior can also significantly increase the
risk to people in communities, including emergency responders. These unde-
sirable consequences are driving the need to increase the proactive manage-
ment and restoration of fire on the landscape, and motivating all area land
managers and community members to take action.

Use of Fire
Fire plays a key role in restoring landscape conditions and increasing the

ability to protect values at risk, from homes and infrastructure to wildlife
habitat and recreational opportunities. This is recognized nationally and
locally, within the USFS, cooperating agencies, state governments, and by
many people in the surrounding communities (USDA 2018).

(continued)
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Case Study 13.4 (continued)
In the last 10 years, the use of prescribed fire has become more common on

the Payette National Forest, and through extensive public outreach and edu-
cation efforts, the relationship between prescribed fire and the local commu-
nities has become increasingly positive. The short-term goal for the Payette
National Forest is to burn 10,000 ha per year with prescribed fire, which is
considerably higher than the 1000 ha accomplished in 2010 (Fig. 13.13).

The ability to manage a naturally-ignited wildfire for resource objectives is
also an important tool on the Payette National Forest. The Payette National
Forest administers approximately 310,800 ha of the Frank Church-River of No
Return Wilderness Area (FCRONR). Fires have generally been managed to
play their natural role since the establishment of this Wilderness Area in 1980.
There are some exceptions when it comes to the immediate risk to private
inholdings or other significant values requiring protection, but in general, the
management policy for the FCRONR acknowledges that wildfires are natural
processes and that efforts should be made to minimize effects from suppres-
sion activities on wilderness characteristics. In other words, the emphasis is on
protecting wilderness characteristics from suppression actions (e.g.,
constructing containment lines, use of chainsaws or helicopters, etc.) rather
than protecting them from wildfire itself.

(continued)

Table 13.2 Types of fire historically on the Payette National Forest in Central Idaho

Approximate
percentage of area
burned annually Forest type

Burn
severity

Historical fire return
intervala

50 Diverse understory of grasses, forbs,
and low shrubs with a large-diameter
fire-resilient overstory trees, primarily
ponderosa pine (Pinus ponderosa) and
Douglas-fir (Pseudotsuga menziesii)

Low Frequent: 5–30 years
between fires

30 Stands dominated by Douglas-fir,
western larch (Larix occidentalis), and
grand fir (Abies grandis), and open
forests of whitebark pine (Pinus
albicaulis)

Mixed Less frequent: 5–100
years between fires

1 Lodgepole pine (Pinus contorta),
Englemann spruce (Picea
engelmannii), subalpine fir (Abies
lasiocarpa), and Douglas-fir

High Low frequency: 25–
300 years between
fires

20 Non-forested grass and shrublands Variable Low to high fre-
quency, depending on
adjacent forest types

From Payette National Forest public documents
aHistorical refers to 1300–1900 AD
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Case Study 13.4 (continued)
Managing lightning-ignited fires to meet resource objectives outside of the

FCRONR is slowly expanding since it became an option with the revision of
the Payette National Forest Land and Resource Management Plan (Forest
Plan) in 2003, with approximately six fires per year outside wilderness man-
aged for resource objectives. The Forest Plan categorized the National Forest
into three areas of management options (Fig. 13.14): areas where only protec-
tion objectives are available (red), areas where wilderness and protection
objectives areas are available (green), and areas where resource and protection
objectives are available (blue). Managing lightning-ignited fires for resource
objectives is not currently allowed across approximately 100,000 ha (~11% of
the National Forest area, red in Fig. 13.14); wildfire events in those areas must
be managed with a focus on protecting human and other resource values.
Therefore, prescribed fire is the only means to restore fire as a process, and it is
often used along with other fuels treatments near communities.

Because the risk of smoke impacts and the consequences of prescribed fire
escaping containment are heightened near communities, thinning and other
mechanical activities are often relied upon to facilitate the application of

(continued)
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Case Study 13.4 (continued)
prescribed fire as well as mimic fire effects when the application of fire poses
too great a risk to people and property. This may include thinning of under-
story trees, removal of fire-intolerant tree species, increasing the base heights
of the canopy, and piling of recent or existing dead and down woody material
for burning at a later date when managers can ignite piles safely with minimal
smoke impacts to people.

Prescribed Fire Planning
To meet the overall demand for restoring fire to the landscape, planning

must be robust and bold. Forest personnel have found the following to be
effective and efficient for planning for use of prescribed fire. Project areas need
to be large (20,000 to >100,000 ha (50,000 to >250,000 ac) and include lands
managed by adjacent National Forests, the State of Idaho, the Bureau of Land
Management, local governments, and/or private lands) because fires, insects,
and disease do not recognize jurisdictional boundaries. Use roads and other
significant existing barriers to fire spread as project boundaries. Treatments
within stands of historically frequent fire need to be continuous across the
landscape for greatest effectiveness (Menakis et al. 2016). Forests treated with

(continued)

Fig. 13.14 Fire management options across the Payette National Forest. US 95 is the main north-
south highway in Idaho. McCall and Cascade are the primary communities, but there is extensive
residential development on private lands, especially around the towns and adjacent to the National
Forest System lands. (Map courtesy of Payette National Forest GIS Specialist)
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Case Study 13.4 (continued)
isolated, light, and patchy treatments have limited resilience to large wildfires.
Objectives need to be general so that desired conditions can be met among the
various weather and environmental conditions. Planning decisions should
allow for 20 or more years of burning and include maintenance burning and
other treatments. This provides clarity to the temporal scale of implementation
and allows implementers the ability to continue to make efforts to maintain or
improve conditions. Continued growth in the application and management of
fire is dependent on social acceptance among agency personnel, partners, and
the community. This can be difficult as many stakeholders derive much of
their experiences with fire from very large, damaging, and costly wildfires.
They don’t have another lens from which to view the positive aspects of fire on
the landscape. Therefore, a first step is to understand the resource values most
salient to these critical stakeholders, be it recreation, timber, grazing, water,
etc., then connect the maintenance of those values with the role of fire.

Example of Landscape-Scale, Collaborative Planning
The Granite Meadows project is a large, cross-boundary look at the health

of our collective landscape and an example of how changes cannot be made if
we don’t share stewardship responsibilities across jurisdictional lines
(Fig. 13.15). The project encompasses approximately 28,000 ha of Payette

(continued)

Fig. 13.15 Land managers adjacent to the Payette National Forest; Granite Meadows Project in
orange. Map courtesy of Payette National Forest GIS Specialist

542 13 Integrated Fire Management



Case Study 13.4 (continued)
National Forest lands and also includes over 6500 ha managed by the State of
Idaho, the US Bureau of Land Management, and private owners. Upon
completion of the environmental analysis process, the Payette National Forest
plans to enter into agreements with these area land managers and owners to
treat the landscape as a whole by way of the Wyden Amendment. The Wyden
Amendment (US Public Law 105-277, Section 323 as amended by Public Law
111-11 Section 3001 or 4001) allows the Forest Service to enter into cooper-
ative agreements with willing Federal, Tribal, State, and local governments,
private and nonprofit entities, and private landowners to benefit resources
within watersheds on National Forest lands. Twenty years of planned activities
include approximately 10,000 ha of commercial tree harvest treatments,
19,400 ha of noncommercial vegetative treatments, 31,600 ha of prescribed
fire, and a variety of watershed health activities and road and recreational
improvements. This project is based in part on recommendations provided by
the Payette Forest Coalition (PFC). The PFC consists of stakeholders from a
broad range of interests including conservation groups, timber industry, rec-
reational groups, and state and county government.

Prescribed Fire Strategies
Strategies for applying fire across the Payette National Forest change with

landscape conditions. Remote and roadless areas, including but not limited to
the designated wilderness, are priority areas for the use of natural ignitions,
and prescribed fire is an excellent tool to facilitate greater use of those natural
ignitions, especially as a means to protect the human values that do exist in
these remote areas. When used within the footprints of the large wildfires of
the recent past that exhibit very homogenous and extensive coarse woody
debris loadings, prescribed fire can provide a network of habitats and connec-
tive corridors for wildlife in addition to adding diversity to age class and
structure of the previously burned areas and surrounding landscape.

Many efficiencies are gained by burning across large areas, especially when
burning large areas within a network of roads. The fire and engineering
managers work together to reduce ladder fuels and tree densities along road-
ways. This improves roadway safety (e.g., travel conditions and sight distance)
and drainage and eases the application and management of prescribed fire.
Recent maintenance burns in these landscapes have also shown that tree
mortality, escapes, and smoke impacts are far less than with the initial pre-
scribed burns. Costs of the maintenance burns are generally 30–50% of the
cost of initial applications of prescribed fire.

When applying fire near significant values, such as homes and timber, on
nearby private lands, the amount of burn preparation increases (e.g., prior
thinning to reduce ladder fuels, notifications, coordination with partnering
agencies, etc.), and the resources allocated typically increase. Smoke

(continued)
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Case Study 13.4 (continued)
management becomes more labor-intensive and limits the timing and size of
burns in and near WUI areas. The cost per hectare increases in the WUI, but it
also drops significantly after the first prescribed burn. Our fire management
strategy within the WUI is to prepare many sites through mechanical means
then follow with prescribed fire. Maintenance using prescribed fire is planned
at intervals frequent enough to maintain low surface fuel conditions and thus
limit the threat of wildfire to values. People in the communities around the
Payette National Forest, including numerous Home Owners Associations and
individual landowners, are currently increasing their own efforts to improve
forest resilience on their lands, which includes preparing for and using
prescribed fire.

Regardless of geographic location, when conditions permit, the Payette
National Forest personnel work cohesively in applying fire to the landscape.
Spring burning begins below the snow line among the lower elevation
ponderosa pine communities (900–1200 m elevation) in March and April
(Fig. 13.16) and lasts into June among the mid-elevation Douglas-fir and

(continued)

Fig. 13.16 Early spring burning in stands dominated by ponderosa pine and Douglas-fir; fire
backing downslope with 0.3 m flame lengths. (Photograph by Dustin Doane)
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Case Study 13.4 (continued)
grand fir (1500–1800 m elevation) forests (Fig. 13.17). All elevations are
typically available to burn in the fall (900–2400 m elevation). Burning can
start in late August and continue into October. On the Payette National Forest,
we seek to use all seasons to treat a single large block (2000–6000 ha in size).
This often involves burning drier forest types on the south- and west-facing
aspects in early spring (Figs. 13.16 and 13.17), then burning east-facing
aspects in late spring, then burning north-facing aspects and other relatively
wetter forest types within the block during the fall (Figs. 13.18 and 13.19).
Implementing fires in two or three large blocks concurrently across the forest
will compound the efficiencies gained (sharing aircraft, personnel, etc.) by
treating large areas rather than individual stands. We expect and manage for
unburned patches within the burn perimeter in order to create a mosaic of
burned and unburned across the landscape.

Challenges and Solutions
Poor smoke dispersion is the most limiting factor in the ability to apply fire

across landscapes. It is common to have 8 h of acceptable weather and fuel

(continued)

Fig. 13.17 Late spring burning in stands dominated by Douglas-fir and grand fir. (Photograph by
Patrick Schon)
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Case Study 13.4 (continued)
conditions to meet objectives and conditions desirable for fire containment, but
ignitions are generally limited to two to 4 h in order to allow for adequate
smoke dispersal late in the day. On the Payette National Forest we have found
the following to be very effective in overcoming these challenges:

• Having multiple burn blocks of various sizes prepared to receive fire across
various watersheds and fuel conditions. This affords burners options to
continue applying fire daily while allowing air sheds of recently burned
blocks time for “scrubbing” (i.e., allowing time for the smoke to clear out of
the airshed).

• Having more blocks prepared to receive fire than what may be feasible to
accomplish in a given burn season is vital. Extensive burn preparation is
accomplished throughout the snow-free months by personnel from all
resource areas and managers of adjacent National Forests and other lands.
Implementing multiple large burn blocks allows burners to take advantage
of treating more of the landscape on those days with excellent smoke
dispersion.

(continued)

Fig. 13.18 Landscape-scale fall burn in grasslands and adjacent stands dominated by ponderosa
pine and Douglas-fir. (Photograph by Dustin Doane)
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• Expanding the number of months available to the application of fire has

increased opportunities to burn as well as days of “scrubbing”.
• Increasing the use of fire and concurrently, seizing every opportunity to talk

with the public and partners about the “why” as well as the “what” and the
“how”. The growing understanding of fire’s multiple benefits has greatly
improved the acceptance of low levels of residual smoke as continued
applications of fire have increased community acceptance.

Another challenge is the tendency for some agency specialists to focus
almost exclusively on one potential negative outcome from the application of
fire (e.g., the mortality of legacy trees or smoke impacting recreational use for
one afternoon), and focusing on the greatest potential consequence without
giving much weight to the probability of that event occurring. One “no” can
override a thousand “yeses”. Differing perceptions of risk and tolerance for
these risks are a challenge to communicate within the organization. This has
limited the use of fire (prescribed or wildfire) or various mechanical means to
achieve desired conditions.

(continued)

Fig. 13.19 Early fall burning among high elevation forests of whitebark pine and subalpine fir
among remote and rugged terrain; ignited by helitorch. (Photograph by Dustin Doane)
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Case Study 13.4 (continued)
To address these challenges, we have found that bringing specialists

together to delve into the following items has been effective in broadening
the lens from which specialists view fire and thus building support for the
application of both prescribed and wildfires with resource objectives.
Conducting these discussions in the field and for specific projects has been
effective.

• The historical role of fire on the various fire regimes of the forest and
specifically, the area of concern

• Long-term social and ecological risk of not restoring fire, including the
consequences of not burning before wildfires occur

• Short- and long-term risk to various resources of concern within the area
• Locations where the application of fire is not a concern
• Fire effects that are acceptable within areas of concern

Additionally, the Payette National Forest has benefitted from the national
Prescribed Fire Training Center (https://www.fws.gov/fire/pftc/index.shtml).
Having agency administrators, fire, and other resource specialists participate in
the training and outreach has helped all to understand what other agencies and
units are doing to overcome challenges and be successful. We share experi-
ences, try out new ideas, and build a network for support at various levels of
the organization, all of which are invaluable in the pursuit of improving the
effectiveness of not only our use of fire but also our relationships with people
inside and outside the Payette National Forest.

Keys to Success
There is no template to restoring fire to this 1 million-hectare landscape. It

is being constructed now. There will always be a reason not to move forward,
there will always be hurdles to overcome, and there will always be a risk of
failure. Success requires collaborating effectively with partners and stake-
holders to make the most informed decisions with an eye toward the greatest
good for the greatest number for the long-term, hiring people with drive and
grit, and facilitating an environment where planners and implementers are not
afraid to fail.

It is not the critic who counts; not the man who points out how the strong man
stumbles, or where the doer of deeds could have done them better. The credit
belongs to the man who is actually in the arena, whose face is marred by dust
and sweat and blood; who strives valiantly; who errs, who comes short again and
again, because there is no effort without error and shortcoming; but who does actually
strive to do the deeds; who knows great enthusiasms, the great devotions; who spends
himself in a worthy cause; who at the best knows in the end the triumph of high
achievement, and who at the worst, if he fails, at least fails while daring greatly, so
that his place shall never be with those cold and timid souls who neither know victory
nor defeat. Theodore Roosevelt (April 23, 1910)
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Case Study 13.5 From Normal to Scary to Necessary: Innovations in Great
Plains Fire Use
Pete Bauman, email: pete.bauman@sdstate.edu

South Dakota State University Extension, Watertown, SD, USA
Joe Blastick, email: jblastick@tnc.org

The Nature Conservancy, Clear Lake, SD, USA
Sean Kelly, email: Sean.Kelly@sdstate.edu

South Dakota State University Extension, Winner, SD, USA
North America’s Great Plains had historically immense grasslands in the

heart of the continent. Complex interactions of climate, grazing, and fire
yielded a diversity of life that rivals any of Earth’s most charismatic land-
scapes. The vast majority of fires were ignited by people to manipulate
vegetation with multiple goals, including attracting grazing animals for food,
clothing, and other needs. The interaction of fire and grazing resulted in a
shifting mosaic of vegetation age and structure that harbored a sea of life.
Thus, grazing and fire were intertwined into the very fabric of the indigenous
culture and ecology of the Great Plains.

Today, we have a much different Great Plains. Why? Exposure to foreign
diseases decimated North America’s indigenous people, and as they were
reduced, removed, or relocated, their once widespread use of fire as a tool
was essentially eliminated. These changes altered plant community composi-
tion and allowed for the expansion of woody species once limited by frequent
fire. European settlement quickly reduced the vast herds of grazers while also
suppressing fire for the protection of personal and public property. Wild
ungulates gave way to domestic livestock and large open landscapes were
replaced by fenced pastures. Other developments, such as roads, railroads,
enhanced watercourses, and crop fields, limited fire spread and aided in fire
suppression. The resulting patchwork of vegetation and fuels sharply contrasts
with the historical spatial or temporal patterns associated with prior centuries
of fire, grazing, and land use interactions (Twidwell et al. 2013).

Consequently, grasslands have been dominated by grazing alone or com-
plete rest from either fire or grazing. Today, we are witnessing the return of
‘necessary’ fire by innovative persons and groups who are motivated to use
fire to conserve grassland-dependent species and ecological functionality OR
by those who are motivated to maintain healthy grassland communities for
profitable livestock operations.

Understanding Fire Impacts: Yesterday, Today, and Tomorrow
Fire impacts vegetation. Understanding fire effects requires knowledge of

native, non-native, and invasive plant species. Non-native species are now
common and invasive species (some native) are often considered in the goals
and success of prescribed fires. Today’s fires may either stimulate healthy
native plant communities through biomass production, seed production, and

(continued)
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Case Study 13.5 (continued)
control of invasive species, or they may degrade those same communities by
favoring invasion by undesirable species, so effective fire execution is impor-
tant. Vegetation response is ultimately based on the season of burn, intensity,
frequency, land use history, and the relative health of the plant community
(Fig. 13.20).

Historically, fire and grazing interaction would have likely resulted in shifts
of a post-fire plant community from early successional broadleaf plants to
more dominant grasses over the course of several years. Today, however, land
managers using patch-burn grazing (see patch-burn grazing section) or other
methods must consider how all species will be affected by fires and grazing,
including stimulation of undesirable species that may require additional tools
or a shift in fire and grazing strategies. Without this awareness, a fire event
might just be ‘burning for the sake of burning’ which in today’s Great Plains
might not be ecologically, socially, or economically justified.

Why Burn in the Great Plains?
Fire is useful for maintaining and enhancing healthy native grassland

communities. . .for the most part (Fig. 13.21). Well-timed, appropriately
applied fire requires art and science. Few tools can rival the effects of a

(continued)

Fig. 13.20 Grasslands with burned, unburned, grazed, and ungrazed patches often have high
species diversity as with The Nature Conservancy’s (TNC) Chippewa Prairie in full bloom
following a spring prescribed burn. (Photograph by Joe Blastick, The Nature Conservancy)
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Case Study 13.5 (continued)
well-planned and executed fire. The effects of fire can be partially mimicked
with other tools. However, when done well, fire provides the best potential of
any tool to achieve certain desired results quickly and efficiently, especially
over large areas. This is not to imply that the use of fire is easy and risk-free.
The art of fire is to find balance in stimulating the greatest good while
mitigating risks associated with a potential fire escape.

A good example is using fire to manage big bluestem (Andropogon
gerardii) and smooth bromegrass (Bromus inermis). Big bluestem is a native,
warm-season perennial grass that is desirable for wildlife and livestock forage.
Smooth bromegrass, on the other hand, is an exotic, cool-season, perennial
grass that was introduced into the Great Plains and now occupies extensive
areas and is generally considered undesirable for wildlife and livestock and is
an indicator of unhealthy grassland, as it can displace more resilient and
nutritious native grasses if not kept at bay. As a warm-season grass, big
bluestem grows in the heat of the growing season, whereas smooth bromegrass
grows in the cooler spring and fall months. If burned too early in the spring

(continued)

Fig. 13.21 Male and
female Dakota Skippers
butterflies (Hesperia
dacotae) rest on native
prairie coneflower
(Echinacea purpurea) in full
July bloom after a mid-May
fire at TNC’s Hole in the
Mountain Prairie.
(Photograph by Joe
Blastick, The Nature
Conservancy)
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Case Study 13.5 (continued)
while both species are still dormant, one risks stimulating the growth of the
smooth bromegrass due to the early warming of the soil, causing it to sprout
and flourish. Burning later in the spring when the smooth bromegrass is green,
lush, and growing will significantly harm the smooth bromegrass while stim-
ulating the native big bluestem, which will then itself flourish by producing
more forage, cover, and viable seed. Burning in mid-summer while the big
bluestem is green and lush, one may harm big bluestem and stimulate the
smooth bromegrass to flourish with regrowth in the cool fall. Now consider
that many grassland communities have over 200 species of native grasses,
forbs, and shrubs, along with diverse insects, animals, and other life below and
above ground. Finally, consider invasive species concerns, profitability, and
politics and it is easy to understand that successful prescribed fire requires both
art and science!

Challenges and Innovations in Integration of Agency- and Private
Landowner-Led Prescribed Fire

Over decades, federal, state, and non-government organizations (here col-
lectively referred to as ‘agencies’) have developed most of our modern tools
and techniques for wildfire suppression. Many agencies have also developed
or adapted wildfire suppression programs to prescribed burning on lands they
own and manage, leading to methods and innovations that allow them to use
fires to accomplish vegetation and habitat goals such as restoration or recov-
ery. Generally, today’s agency-led prescribed burning is accomplished under
the adoption of a wildfire ‘system’ known the National Wildfire Coordinating
Group (NWCG); initially developed in 1976 by the Departments of Agricul-
ture and Interior and which now includes several other non-federal affiliates.
This system has allowed personnel across various agencies a means of coor-
dination related to communication, training, qualifications, human resources,
mechanical resources, health and safety, and fire planning complexity analysis
(NWCG 2019).

Most agencies who practice both wildfire suppression and prescribed fire
implementation now adhere to the NWCG standards across all aspects of their
fire management programs. However, because the NWCG system was devel-
oped for wildfire response and suppression, partnering NWCG-compliant
agencies with non-NWCG prescribed fire practitioners, such as landowner
burn cooperatives, small or local conservation NGOs, local volunteer fire
departments, or prescribed fire contractors can complicate prescribed fire
operations. This is especially true in the Great Plains states with predominantly
privately-owned lands where wildfire response is mostly by rural volunteer fire
departments (VFDs).

Under NWCG policies, all personnel involved in a fire event must meet
stringent basic training and physical fitness requirements, which can be

(continued)
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Case Study 13.5 (continued)
challenging for non-agency staff such as landowners, VFDs, or private fire
service providers. Without the basic qualifications being met by all persons,
agency personnel often cannot assist in training or fire events that include
landowners or VFDs in live-fire scenarios which of course provide the best
opportunities for learning and skills building. Therefore, agency personnel
often must avoid participation in live-fire events, including live-fire training or
burning on private lands, which can diminish the mutual transfer of knowledge
and skills.

This is not to suggest that NWCG affiliation completely hinders all pre-
scribed fire cooperation or training among these groups. Agencies conducting
prescribed fire in the Great Plains recognize the enormous need for fire
application across this vast landscape, and they understand that the inclusion
of private landowners is essential. Private landowners also recognize this need,
and while there are private landowner groups who are very experienced, others
who are less experienced desperately desire appropriate training and guidance
in their prescribed fire efforts.

Mutual desire to advance fire has yielded creative options including mutual
training opportunities, University Extension outreach (some including live-fire
workshops), memorandums of understanding for mutual acceptance of train-
ing standards, and various other efforts that improve fire communications,
training, and application. In South Dakota (SD), for example, partner agencies,
including The Nature Conservancy (TNC), The US Fish and Wildlife Service,
SD Department of Game, Fish, and Parks, SD State University Extension, the
Natural Resources Conservation Service, Pheasants Forever, and others
formed the Prairie Coteau Habitat Partnership. This partnership cooperatively
supports private lands burning and has developed classroom-based landowner
training addressing fire planning, burn unit preparation, weather, safety, igni-
tion techniques, water handling, tools, equipment, and communications.

Perhaps one of the best examples of persistent innovation by an agency can
be found in TNC’s fire program in the Great Plains. Challenges related to basic
NWCG requirements for landowners already discussed still persist, but from
the Sheyenne Delta region of North Dakota through the Loess Hills of Iowa
down to the Cross Timbers region of Oklahoma and into Texas, TNC fire
program managers are finding innovative ways to cooperate with agencies,
landowners, and VFDs to advance fire training and objectives. Part of TNC’s
ongoing commitment to ensuring prescribed fire remains a viable option in the
Great Plains and other areas is the coordination of the popular, multi-partner
Prescribed Fire Training Exchanges (TREX) programs. The TREX training
events are geared toward fire personnel in landscapes or regions who share
similar needs for training and skills in their fuel type or terrain. The TREX
program embraces diversification and encourages participation from a great

(continued)
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Case Study 13.5 (continued)
variety of fire personnel and skill levels, including landowners in some cases.
Further, in partnership with NGO, Federal, and State Agencies, TNC supports
outreach to private landowners through training and coaching, even if coop-
erative live-fire training is not always possible (Fig. 13.22).

In keeping with its commitment to innovation in prescribed fire, TNC now
supports live-fire training for individuals who have no prior classroom or field
experience and who do not meet any of the minimum NWCG requirements
through a new Supervised Participant designation. TNC can allow a limited
number of Supervised Participants on the fire line as long as they are under the
direct supervision of a fire-qualified coach. This experience allows individuals
to be exposed to the process of live prescribed fire in a safe and controlled
learning environment. Beyond TNC’s efforts, other live-fire training work-
shops open to landowners and VFD personnel still occur in some areas where a
fire culture has persisted over time, such as through university Extension
services in Texas, Oklahoma, and Kansas, but they are currently uncommon
in the northern Great Plains.

(continued)

Fig. 13.22 Multi-agency personnel gather with private landowners to conduct sand table fire
scenario training supported by the Great Plains Fire Science Exchange. (Photograph by Pete
Bauman)
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Managing Prescribed Fire Liability and Risk
Liability and risk are two terms often associated with prescribed burning.

Weir et al. (2020) described liability as the ‘legal responsibility for one’s acts
or omissions’, whereas risk is defined as ‘the likelihood of liability for or loss
from exposure to a potentially harmful event’. In the Great Plains, liability and
risk generally fall on the person or entity who owns the land where the fire is
being conducted. State or federal agencies or non-governmental organizations
like The Nature Conservancy that conduct prescribed fire are insured and
address liability and risk through a variety of options including memorandums
of understanding, liability waivers, and other such tools where appropriate.
Private landowners who choose to use fire are often covered under their own
insurance policies under individual state law. In general terms, criminal
liability and negligence are generally of limited concern if the private land-
owner has done due diligence in prescribed fire planning and is adhering to
state statutes (Weir et al. 2017, 2020). In instances where a service provider is
conducting the prescribed fire on behalf of the landowner, liability, risk, and
responsibility are often shared as per the agreement between the parties
involved, subject to existing law.

The Rise of Landowner Prescribed Burn Associations
For private landowners, the promise of improved ecology or diversity is

often not enough incentive to adopt such a complex tool as burning. While
there is an economic justification for fire through increased post-burn grass-
land forage production, the economic payoff alone rarely provides enough of a
catalyst to convince a non-burning landowner to begin using fire. However,
when the economics and ecology of fire align, we see private landowners
earnestly embrace fire as a tool. Such is the case with the woody species
encroachment that is threatening ranchlands throughout the Great Plains,
largely due to the lack of fire over time. Ironically, landowners are discovering
that the only reasonable tool left at their disposal for woody species control is
the one tool that was put away decades ago: fire (Twidwell et al. 2013).

For example, eastern redcedar (Juniperus virginia) and Rocky Mountain
juniper (J. scopolurum), both native species, are dramatically changing the
vegetation dynamics of the central Great Plains. Expansion of these species is
now one of the leading threats to grasslands. Woody species expansion
represents a degradation of the grasslands similar to physical land conversion,
but it differs in that it is a slow degradation from within that often goes
unnoticed until drastic measures are needed. Cedar encroachment from
Texas through the central Dakotas is appropriately dubbed the ‘green glacier’.

Landowners and agencies have taken note, and there are active campaigns
against woody encroachment throughout the Great Plains. While mechanical
means are useful, fire is necessary to accomplish control at a meaningful scale

(continued)
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Case Study 13.5 (continued)
and at a reasonable cost, and landowners have responded with the formation of
landowner-led and managed Prescribed Burn Associations (PBAs). For exam-
ple, Nebraska’s Loess Canyon Rangeland Alliance has burned nearly 60,000
acres of private rangeland since 2002 (Loess Canyons Rangeland Alliance n.
d.), while South Dakota’s Mid-Missouri River Prescribed Burn Association,
one of the newest in the country, has treated approximately 1000 acres in its
first 2 years (Kelly 2018). For perspective, over the last 10 years, federal
agency-led prescribed burns have treated 1.6 million acres annually across all
50 states, meanwhile private landowners in Oklahoma and Kansas burned just
over three million acres annually over the same period. Ultimately, success
stems from the desire of private individuals to overcome obstacles in order to
accomplish their goals (Fig. 13.23).

Private burn cooperatives have proven to be resilient and harbor certain
traits that help them achieve success. Burn cooperatives are motivated to
accomplish specific goals and are formed by dedicated individuals who truly
have something personal to lose if they fail. Their motivation to use fire safely
and efficiently is born of great need. Many of these cooperatives have formal
structures with directors and advisors, elected leadership, bylaws, and rules for
membership, service, and participation. Over 50 local Prescribed Burn Asso-
ciations have been initiated in the USA since the mid-1990s (Fig. 13.24).

Landowner cooperatives become highly skilled in their home landscapes
and are serious about safety. Written burn plans, equipment and resource
coordination, communication, and fire escape response plans are common
among the best landowner cooperatives. Negative events, such as burned
fences, a fire that escapes control lines and burns neighboring property, or
negligence are extremely rare. Landowner cooperatives have a track record
comparable to professional fire agencies (Weir et al. 2015) (Fig. 13.25).

Successful landowner cooperatives are flexible. They have proven that
agency protocols are not always necessary for successful fire implementation
in the Great Plains. They have sifted through the fundamentals of sound
prescribed burn protocols without becoming weighed down in unnecessary
policies or procedures. Communication, planning, maps, reliable resources,
and basic training are part of successful private burn cooperatives, as each
cooperative sorts out what works best.

The future of burning in the Great Plains will continue to be defined by
innovation from persons unwilling to allow our grassland landscapes to
deteriorate. Agencies and NGOs will continue to be challenged with balancing
protocols and procedures with basic fire needs and limited financial resources.
Landowners will be challenged to educate their neighbors and communities on
the need for fires while proving they can handle the fires necessary to sustain
healthy grasslands in the Great Plains. Landowners will continue to be served

(continued)

556 13 Integrated Fire Management



Fig. 13.23 Landowners participate in a cooperative burn on the Edwards Plateau of Texas. “This
PBA traces its roots back to Dr. Butch Taylor, who hosted a landowner field day at the Sonora, TX
research station and promoted the concept of less reliance on agencies and more reliance on
‘neighbor helping neighbor’ to accomplish private land burn objectives”. (Photograph and quote
by Ray Hinnant)
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Fig. 13.24 Distribution of landowner-led Prescribed Burn Cooperatives (in purple) in the USA
(www.gpfirescience.org, Accessed 6 Sep 2019)

Fig. 13.25 Private landowners gather for prayer prior to implementing a cooperative prescribed
burn on the Edwards Plateau of Texas. (Photograph by Ray Hinnant)
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Case Study 13.5 (continued)
through groups dedicated to disseminating information, such as the Great
Plains Fire Science Exchange, various university extension services, TNC,
and many agencies.

13.2.4 Addressing Contemporary Challenges by Adapting
Traditional Burning Practices

In the savanna landscapes of northern Australia, Indigenous and other people are
burning, using practices informed by and adapted from traditional knowledge. Yet
the goal is a contemporary one: reducing carbon emissions from burning landscapes,
as described by Russell-Smith and Murphy in Case Study 13.6. Burning in the early
dry season rather than in the late dry season can alter emissions because it alters how
fires burn. In the process, the landscape changes, often favoring wildlife and plants
and local culture.

In the forests of northern California, prescribed fires have cultural values as the
primary objective. As Huffman and others describe in Case Study 13.7, the tradi-
tional use of fire is being revived. While supporting Indigenous culture, the burning
is often done in partnership with The Nature Conservancy and agency partners
whose people gain valuable experience and training in prescribed burning and fire
management while also learning about the local fire ecology important to both
people and plants. This is a great example of the successful efforts of partnering
with people in local communities to further effective fire management. The Nature
Conservancy has been partnering with Indigenous people on fire and land manage-
ment, fostering local leadership worldwide (TNC 2017). TNC also leads the Fire
Adapted Communities Learning Network with funding from the US government.

Case Study 13.6 Contemporary Fire Management in Australia’s Fire-Prone
Northern Savannas
Jeremy Russell-Smith, email: Jeremy.Russell-Smith@cdu.edu.au; Brett
P. Murphy, email: Brett.P.Murphy@cdu.edu.au

Research Institute for the Environment and Livelihoods, Charles Darwin
University, Darwin, Northern Territory, Australia
Tropical savanna landscapes constitute the most fire-prone of the Earth’s

biomes and produce most greenhouse gas emissions from biomass burning
annually (van der Werf et al. 2017). The savannas of northern Australia
(Fig. 13.26), especially in the northernmost 1.2 million km2 region receiving
>600 mm annual rainfall, are no exception. Today, fire regimes in this region
are characterized by very frequent fires (typically recurring every 1–3 years),

(continued)
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Case Study 13.6 (continued)
mostly as extensive wildfires (typically >100 km2) in the latter part of the
7–8 month dry season (typically April–November) under relatively severe fire-
weather conditions (windy, high temperature, and low humidity) (Yates et al.
2008; Edwards et al. 2015). Fires in Australia’s tropical savannas produce
about 65% of the continent’s greenhouse gas emissions from biomass burning
(Murphy et al. 2019), despite representing only about 26% of the land area.

The current seasonal fire pattern (i.e., most fires burning in the late dry
season (LDS August–November) is the result of the breakdown of traditional
Indigenous (Aboriginal) modes of fire and resource management, commenc-
ing in the late nineteenth Century associated with the advent of European
pastoralism and disruption of relatively fine-scale (multi-hectare scale) burn-
ing practices undertaken throughout the year, but particularly prior to the LDS
(Russell-Smith et al. 2003). The ecological impacts of such contemporary
LDS fire regimes in northern Australia are increasingly well documented and
understood, including significant deleterious impacts on animals (including
invertebrates and vertebrates), especially those with restricted home ranges
and specialized habitat requirements (Lawes et al. 2015); fire-vulnerable
vegetation types, especially those supporting fire interval-sensitive taxa (i.e.,
obligate seeders) (Bowman and Panton 1993); and soil erosion and sedimen-
tation processes, especially on slopes �5� (Russell-Smith et al. 2006).

Landscape-scale fire management across this relatively high-rainfall, fire-
prone savanna region has proven particularly problematic. The rural

(continued)

Fig. 13.26 The extent of the tropical savannas in northern Australia, across three states, with
annual fire frequency, based on the MODIS satellite record (2000–2017), ranging from 0 (not burnt)
to 1 (burnt 17 times in 17 years). The 600 mm mean annual rainfall isohyet is indicated by the
dashed line. (Map made by Brett P. Murphy)
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population is very sparse (averaging <0.2 persons km�2), with few associated
infrastructure and management resources. The terrain is generally flat to
undulating with limited natural (e.g., watercourses) and built (e.g., roads and
tracks) barriers to fire spread, especially under the relatively severe fire-
weather conditions typical of the LDS. Despite being within a rich nation,
Australia’s tropical savannas have suffered from relatively meager resourcing
of fire management by Australian Commonwealth, State and Territory gov-
ernments in the late twentieth Century, mainly because of the region’s remote-
ness: the vast majority of the Australian population lives in southern Australia,
and the Northern Territory has a very small population (about 245,000 people
spread over 1.42 million km2).

Development of Commercial Savanna Burning Projects
The signing of the Kyoto Protocol in 1997 opened the door to the devel-

opment of a savanna burning greenhouse gas (GHG) emissions abatement
methodology. This is based essentially on emulating traditional savanna fire
management practices (focused on the undertaking of strategic landscape-
scale burning under relatively mild early dry season (EDS, April–July) fire-
weather conditions), in order to reduce fuel loads over extensive areas espe-
cially by reinforcing existing barriers to fire spread (e.g., watercourses and
previously burnt areas). Such management reduces the risk of extensive
emissions-intensive LDS wildfires. Implementation of this initial trial program
was undertaken on 28,000 km2 of Indigenous-owned lands adjoining the
World-Heritage Kakadu National Park, in the West Arnhem Land region of
the Northern Territory (Fig. 13.27). This region is renowned as a globally
significant center of plant and animal endemism, as well as a stronghold for
Indigenous culture. Indigenous Traditional Owners own outright or share title
(Native Title) across the vast majority of northern Australia’s tropical
savannas; both tenure types give Indigenous landowners (represented by
various statutory land councils or Aboriginal Corporations) the right to man-
age these lands, and exclude people and activities such as mining and
pastoralism.

As described in detail elsewhere (e.g., Russell-Smith et al. 2009, 2013),
core elements of the West Arnhem Land Fire Abatement (WALFA) program
have involved three elements. First, building the capacity of Indigenous
landowners to manage fuels and fires over a vast landscape that contained
few access tracks and is mostly topographically rugged. Second, developing a
nationally and internationally credible and accredited GHG emissions
accounting methodology, where GHG emissions from EDS fires broadly
contribute half those produced in the LDS (per unit of burnt area). Third,
and perhaps the most challenging of all, developing the governance capacity
of local Indigenous institutions to administer the complex implementation,

(continued)
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Case Study 13.6 (continued)
accounting, monitoring, and reporting systems required for the undertaking of
a sophisticated commercial operation.

By 2004, the GHG emissions abatement methodology was considered
sufficiently robust for the Australian Government’s then Australian Green-
house Office to endorse the accounting processes. In 2006, West Arnhem

(continued)

Fig. 13.27 (a) Registered savanna burning projects in the tropical savannas of northern Australia.
(b) The savanna burning accounting methodology that underpins these projects was first developed
for the West Arnhem Land Fire Abatement (WALFA) program, adjacent to World Heritage Kakadu
National Park. (Map made by Brett P. Murphy)

562 13 Integrated Fire Management



Case Study 13.6 (continued)
Indigenous landowners entered into a 17-year contract with a multinational
energy corporation to annually offset 100,000 tons CO2 equivalent (t CO2-e, a
basic unit of GHG) of GHG emissions through the implementation of the
WALFA program (Fig. 13.27). As of 2019, the WALFA program has contin-
ued to deliver the contracted emissions, essentially through changing the
pre-project LDS-dominated fire regime to one where most burning is now
undertaken under relatively mild fire-weather conditions in the EDS (see
example given in Russell-Smith et al. 2013).

In 2011, the Australian Government introduced its Carbon Farming Initia-
tive (CFI) emissions-trading legislation, and in 2013 the Savanna burning
accounting methodology was formally legislated as the first approved national
methodology determination under the CFI Act. Since that time, there have
been subsequent amendments and revisions both to the CFI and to the
Savanna burning methodology itself, notably with additional accounting of
dead organic matter biomass sequestration (previously the methodology only
accounted for the avoidance of methane and nitrous oxide emissions). Further
updates and revision to the current Savanna burning methodology are antic-
ipated to occur over the next year or 2, particularly with respect to accounting
for the effects of severe fires on live tree biomass (via reductions in growth and
survival), fuel loads, and related measurement processes. Importantly, the
original CFI emissions trading scheme, and its subsequent replacement with
the current taxpayer-funded Emissions Reduction Fund (ERF), have both
provided a stable national market platform for the trading of carbon credits
(where one Australian Carbon Credit Unit (ACCU) ¼ 1 t CO2-e), and where
currently 1 ACCU ~ US$10.

Current Fire Management Patterns across the Northern Savannas
Incentivized savanna fire management programs are helping transform fire

regimes in many fire-prone northern Australian regions. For example, since
2013, ~25% of the entire 1.2 million km2 northern Australian region is now
under a formally registered ERF project (Fig. 13.27). This has resulted in
significant achievements in GHG abatement at project scales and has facili-
tated the implementation of more conservative prescribed EDS fire regimes
over extensive regions (Fig. 13.28). It is likely that this shift in fire regimes has
benefited a range of plants, animals, and ecological communities, especially
those that are sensitive to frequent high-intensity fires.

This management paradigm shift has not necessarily fully addressed com-
plementary ecological challenges, especially the requirement to deliver rela-
tively small patchy fires at hectare and multiple-hectare scales (e.g., Woinarski
et al. 2005; Yates et al. 2008). For example, a recent assessment of the fire size
distribution in the WALFA project area illustrated that fire patch sizes have
decreased significantly with EDS prescribed burning, however, the total area

(continued)
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burnt is still substantially dominated by large fires, exceeding 10 km2, both in
EDS and LDS periods (Evans and Russell-Smith 2019). Such large fires
(Fig. 13.29) are thought to have negative impacts on biodiversity, especially
animal species with small home range sizes, such as small mammals
(Woinarski and Winderlich 2014). Furthermore, it is important to acknowl-
edge that amongst Australian ecologists there are legitimate concerns about the
potential for perverse biodiversity outcomes resulting from the roll-out of
savanna burning projects across northern Australia. The primary concern is
that extensive EDS prescribed burning, without reducing the total area burnt,
may be detrimental to certain fire-sensitive species. However, it is well
established that low-intensity EDS fires are significantly more patchy (i.e.,
leaving more internally unburnt sites) than typically very extensive and more
intense LDS fires (Price et al. 2003). At this stage, there is no direct evidence
of perverse biodiversity outcomes—but, as the savanna burning industry
develops, there is a clear need for more research to understand both the
short- and long-term effects of this style of fire management on northern
Australia biodiversity and ecological functions.

(continued)

Fig. 13.28 Warddeken Ranger, Greg Lippo conducting early dry season burning in the Warddeken
Indigenous Protected Area, Arnhem Land. (Photograph by Rowand Taylor)
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Irrespective of the biodiversity benefits of enhanced resourcing of fire

management in northern Australian savannas, there are enormous social ben-
efits. The tropical savannas are home to a significant proportion of Australia’s
Indigenous population—a highly economically marginalized segment of
Australian society. The vast majority of the region is comprised of
Indigenous-owned lands, where economic opportunities are severely lacking.
The savanna burning industry has brought much needed economic activity to
Indigenous lands, providing culturally-appropriate ‘on country’ employment
opportunities for Indigenous people. In addition to the direct economic bene-
fits to Indigenous people, the savanna burning industry has contributed
resources to enable Indigenous people to re-engage with important cultural
aspects of fire and land management.

The inclusion of biomass sequestration components in Australia’s updated
savanna burning GHG accounting methodology also presents additional pro-
ject implementation challenges given that, unlike the accounting of abatement
of GHG emissions through EDS prescribed burning as an annual management
activity, sequestered carbon is considered as a property right with long-term
permanency obligations (either 25 or 100 years) under Australian law (Dore

(continued)

Fig. 13.29 Approaching late dry season firestorm in Eucalyptus savanna open woodland. (Photo-
graph by Jeremy Russell-Smith)
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et al. 2014). These complexities are compounded both by different legislative
and regulatory carbon rights frameworks operating in respective northern
Australian jurisdictions (Queensland, Northern Territory, Western Australia),
as well as under different tenure (e.g., freehold, pastoral leasehold, and
co-existing Indigenous (Native Title)) arrangements (Dore et al. 2014).

Despite these considerable policy challenges, the implementation of com-
mercial savanna burning opportunities to date has radically transformed what
has been an intractable landscape-scale fire management problem in fire-prone
northern Australia savannas to one which is providing demonstrable cultural,
ecological, and economic benefits. This style of fire management is already
being advocated for other tropical savanna regions beyond Australia (Lipsett-
Moore et al. 2018).

Case Study 13.7 Indigenous Cultural Burning and Fire Stewardship
Frank K. Lake, email: frank.lake@usda.gov

USDA Forest Service, Pacific Southwest Research Station Fire and Fuels
Program, 1700 Bayview Dr. Arcata, CA, USA

Mary R. Huffman, email: mhuffman@TNC.ORG
Indigenous Peoples Burning Network, The Nature Conservancy, Lyons,
CO, USA

Don Hankins, email: dhankins@csuchico.edu
California State University-Chico, Department of Geography and Planning,
Chico, CA, USA
Introduction
Since time immemorial, Indigenous peoples of fire-prone regions have

evolved and adapted with fire. Many Indigenous cultures became fire-
dependent as they modified lightning-driven fire regimes. Indigenous peoples
created cultural fire regimes that shaped many ecosystems, created unique
habitats, and contributed to population dynamics. The interdependent nature
of Indigenous fire systems makes these some of the most integrated fire
management systems in the world.

Creation accounts and other traditional stories are integrated with tradi-
tional law for Indigenous peoples (Black 2011; Eriksen and Hankins 2014;
Hankins 2018). They also help Indigenous learners to understand a range of
physical, social, ecological and metaphysical factors related to fire. The
stewardship of fire across diverse ecosystems is derived from the complex
interaction of story, intergenerational and cross-gender teachings, ceremonial
observances, and subsistence practices.

(continued)
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Case Study 13.7 (continued)
Many of these stories narrate struggles by ancestral beings with vastly

destructive fires. Following these tribulations, people were gifted with the
ability to use fire for various purposes. For each Indigenous group, the central
figures of the story are different and appropriate to the given landscape, but
they reveal practical lessons (Fig. 13.30). In this Indigenous world view, fire is
spirit and relation, which engenders respect and reciprocity. Fire is a sacred
gift, and since humans are one of the very few species that can capture fire
(from lightning ignitions), store it (as coals in fire hearths), and create it (using
fire drills, flints, matches, torches), Indigenous peoples take very seriously the
ethical applications of fire and responsibility for fire stewardship.

(continued)

Fig. 13.30 Many indigenous peoples have traditional stories about fire that help foster their wise
stewardship of fire and other resources. In this book, based on a traditional story from the Karuk
tribe, coyote brings fire to the people. (Book cover art by Sylvia Long, printed by Chronicle Books)

13.2 Global Success Stories 567



Case Study 13.7 (continued)
Throughout climatic cycles over millennia, many Indigenous peoples have

tended their world with fire (Fig. 13.31), based upon place-specific and
intraspecific knowledge. Since ancestral times, fire and other practices have
been passed down as an obligation to past, present, and unborn generations to
maintain resilient and sustainable ecosystems (Hankins 2018). Traditional
cultural fire practices diversified fire’s effects spatially and temporally in
consideration of desired outcomes for habitat and species in the post-fire
environment. In this way, fire became fundamental to Indigenous economies
and quality of life. It is this ecocultural relationship with fire and the knowl-
edge of fire effects that inform Indigenous fire stewardship (Lake and
Christianson 2019).

Across the USA, Canada, Australia, and other countries, Indigenous fire
knowledge and practices were disrupted by European colonization and west-
ern societal commitments to fire suppression and control. Genocide, popula-
tion relocation, assimilation, centralization of fire governance, incarceration,

(continued)

Fig. 13.31 Smoke from a prescribed burn for cultural objectives along the Klamath River in
northern California near the creation place of the Karuk People. Photo of the Mid-Klamath
Watershed Council. (Photograph by Will Harling)
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and fines for fire use severely constrained the perpetuation of Indigenous fire
knowledge and practices. In turn, the erosion of cultural fire regimes had broad
implications for many fire-prone ecosystems. Despite this ecocultural devas-
tation, Indigenous peoples around the world are revitalizing their traditional
cultural fire systems in today’s context.

Indigenous Fire Systems Are Sophisticated, Viable and Ongoing
Indigenous cultural burning practices are distinguished from other fire

management (e.g., prescribed burning or fire suppression) by traditional law,
stewardship obligations and responsibilities, purposes, post-fire outcomes, and
the right to burn (Eriksen and Hankins 2014). Indigenous fire systems inte-
grate dozens of physical, ecological, and social factors (Huffman 2013).
Further, Indigenous communities from fire-prone ecosystems have developed
fire-dependent cultures in which mental, physical, emotional, and spiritual
health are connected with traditional fire knowledge and practices, and with
the health of the Earth (Lake and Christianson 2019).

The protocols for fire use and stewardship comes from the teachings of
responsibility, which can vary with local environments. Generally, fire is not
to be used or controlled for one’s own greed or benefit. Fire use should be
considerate of the impacts and potential effects it has on humans and for
relations in nature (e.g., other species). The responsibilities of those guiding
fire conduct and applications differ by cultural roles, leadership, and position
in one’s tribe/band, village/clan, family/house, gender, and age. As each is
taught at a young age about fire, trained through life for fire use and entrusted
with varying levels of responsibility for burning, the complexity of the rules of
engagement change. In many Indigenous cultures, children are taught about
fire, then allowed to use fire with supervision. Depending on their level of
maturity, responsibility, and knowledge, older children expand and increase
the complexity and scope of their use of fire through adulthood. Skillful
burning is acknowledged by the resulting quality of species used for foods,
regalia, basketry, tools, and materials that support traditional economies, as
well as the patterning of fire to create landscape heterogeneity. The misuse of
fire (e.g., setting fire at inappropriate times and locations) is also addressed by
the traditional laws of many Indigenous peoples, sometimes with severe
penalties as a consequence.

Integration of Western Science and Traditional Knowledge
Contemporary Indigenous fire practices often integrate or recognize the

support of scientific knowledge. Planning and implementing prescribed burns
may combine uses of traditional knowledge of weather systems, plant phenol-
ogy, or other indicators to determine appropriate times for burning, but those
may also be validated with data from meteorological forecasts, or technical
tools and meters for measuring fire conditions in the field. Geographic

(continued)
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Case Study 13.7 (continued)
information systems are used for planning and analysis, and global positioning
systems help to map fire perimeters or resource patches of interest to the
community. Many contemporary Indigenous fire systems practices integrate
traditional and western scientific knowledge and understanding. Wildland fire
has become both a cultural and an academic, professional pursuit among
younger Indigenous community members who are seeking to uphold tradi-
tional responsibilities or interests while preparing for mainstream employment
in wildland fire research and management. Whereas western science knowl-
edge has strength in reductionist reasoning, traditional knowledge has strength
in seeing phenomena as holistically interconnected (Lake et al. 2017).

Challenges to the Continuation of Indigenous Fire Stewardship
Cultural fire practitioners face significant challenges in upholding the

responsibilities of Indigenous fire stewardship. Specific challenges include
dichotomies between Indigenous and contemporary laws, application of fire
suppression training standards to cultural burning, failure to recognize spiritual
relationships and time-sensitive ceremonial obligations, and perceptions of
Indigenous fire stewardship as a historical process without relevance to current
or future conditions. In contrast to the dominant fire fighting systems, which
are built with mobile systems that transfer people and equipment to wherever
fires are the worst, Indigenous fire stewardship is place-based. Traditional
knowledge is passed from generation to generation by elders and community
members through stories, direct teachings, and practices. Though different in
character and purpose, training for cultural burning is no less rigorous. In some
cultures, responsibilities for fire stewardship are inherited or carried only by
designated subsets of a community (Stewart et al. 2002; White 2004; Eriksen
and Hankins 2014). The video “Revitalizing our Relationship with Fire”
(Klamathmedia 2018) illustrates an Indigenous community’s perspective on
how these two fire cultures differ.

In the United States, we know of no cases in which traditional Indigenous
fire training, leadership, and decision-making authority stands on equal foot-
ing with the dominant western fire fighting system. There is currently no
pathway for practicing traditional cultural burning apart from the training
and permitting required by the National Wildfire Coordinating Group
(NWCG) Group (https://www.nwcg.gov), state, or local government fire insti-
tutions. In addition, Indigenous communities face generation gaps in which
young people pursue mainstream lifestyles and move away to pursue career
opportunities. Practicing traditional lifeways during intermittent visits home is
often insufficient to achieve the requisite knowledge and skill required of
Indigenous cultural fire practitioners.

Blended approaches are possible, however. In northern California, Indige-
nous communities in the ancestral territories of the Yurok, Hupa, and Karuk

(continued)
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Case Study 13.7 (continued)
Tribes are building professional fire programs in keeping with the standards of
the NWCG as a means of providing career opportunities. At the same time, the
non-profit Yurok Cultural Fire Management Council is providing training for
traditional family-led burns in the area. Local school curricula in the ancestral
territories of the three tribes include cultural burning and special events that
celebrate fire-dependent native foods and materials for basketry and ceremo-
nial regalia (Fig. 13.32).

In some Indigenous communities, youth are being taught about cultural fire
stewardship responsibilities, then encouraged to seek and attain western aca-
demic fire degrees and professional qualifications. This integration of Indige-
nous and Western fire knowledge and management practices are adapting to
contemporary socio-economic, cultural, and governance systems. It is the
emergence of this new era of Indigenous western-trained researchers, man-
agers, and practitioners that link historical relationships of people and land-
scapes with modern societal challenges of living with fire. In this way,

(continued)

Fig. 13.32 Young person from the Yurok Tribe gathering acorns using a traditional burden basket.
Acorns are a nutritious, fire-dependent, and culturally important Native food. The basket is woven
from hazel stems sprouted after a cultural burn. (Photograph by Margo Robbins)
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Case Study 13.7 (continued)
policies, management, and research can be aligned to support effective fire
stewardship in support of Indigenous values (Lake et al. 2017).

Building Cross-Cultural Fire Partnerships
Where Indigenous leaders find it acceptable, their communities are working

across cultures to accelerate the revitalization of cultural burning practices. For
example, in 2013, Miwkoʔ fire practitioners developed and conducted a
training burn with professional fire fighters from multiple agencies in central
California (including other tribal organizations). The purpose was to restore
fire to a culturally important area while also building awareness of cultural
burning needs and practices. Similar partnerships between individual tribes
and non-profit organizations, universities, for-profit fire companies, or gov-
ernment agencies are becoming more common.

In the USA, Indigenous peoples are also participating in the Fire Learning
Network (TNC 2018), which is a suite of national networks focused on the
restoration of fire regimes, fire-adapted communities, Prescribed Fire Training
Exchanges (TREX), cultural burning, and more. TREX prescribed fire training
exchanges are known for their effectiveness in building fire partnerships;
among these, the Yurok TREX is known specifically for its emphasis on
cultural burning (TNC 2019; Azzuz 2017).

While Memoranda of Understanding (MOUs) are generally not legally
binding, they can serve as a formal expression by the signatories of their intent
to work together toward shared goals. On October 4, 2019, the Leech Lake
Band of Ojibwe of the Minnesota Chippewa Tribe and the Chippewa National
Forest signed an MOU that outlined a process and a framework for managing a
750,000-acre area where the Leech Lake Reservation and the national forest
overlap (USDA Forest Service and Leech Lake Band of Ojibwe 2019).
Following a century of conflict stemming from a legal violation by the US
Forest Service (USFS), this MOU records the intent of the USFS to manage
the vegetation of the overlap area according to cultural values and pre-defined
standards articulated by the tribe with tribal involvement in decision-making.

The Contribution of Biological Stations and University Reserves
Biological research stations and ecological reserves, such as those associ-

ated with universities, offer important opportunities to integrate Indigenous
fire systems into learning landscapes. Since 2007, the Big Chico Creek
Ecological Reserve of California State University—Chico has burned
200–300 acres each year in diverse ecosystems for multiple objectives. The
implementation of these burns is guided by a Miwkoʔ traditional cultural
practitioner and professor, reserve staff and volunteers, and local Mechoopda
tribal practitioners and others. These burns provide students and future fire
practitioners an appropriate place to practice prescribed burning with

(continued)
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integrated perspectives and knowledge transfer among participants
(Figs. 13.33 and 13.34).

Revitalizing Cultural Burning, Reconciliation, and Adaptation to Cli-
mate Change

Among the many important outcomes of Canada’s reconciliation process
with Indigenous peoples are substantial financial investments in the wellbeing
of Indigenous communities. This includes funding to prepare for the antici-
pated impacts of climate change, including increased wildfires. For example,
the Xwisten First Nation has a long tradition of fire management for cultural
purposes. With funds from the First Nations Adapt Program of the Department
of Indigenous Services Canada, the Xwisten Nation is working with the First
Nations Emergency Services Society of British Columbia to integrate Indig-
enous cultural values into climate change adaptation planning (FNESS 2019).
Revitalizing cultural burning practices and using Indigenous knowledge are
key components of their adaptation approach (Fig. 13.35).

(continued)

Fig. 13.33 Mechoopda woman learning to burn with guidance to enhance a patch of Juncus sp. at
the Big Chico Creek Ecological Reserve near Chico, California, USA. (Photograph by Eli
Goodsell)
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Fig. 13.34 A vigorous blue oak (Quercus douglasiana) (center of photo) stands in a spring-fed
meadow stewarded with Indigenous fire at the Big Chico Creek Ecological Reserve near Chico,
California, USA. (Photograph by Don Hankins)

Fig. 13.35 Conceptual diagram of cultural burning (Xwisten Nation et al. 2018)
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Networking for Greater Impact: The Indigenous Peoples Burning

Network and Other Networks
The Indigenous Peoples Burning Network (IPBN) (TNC 2019) is a support

network among Native American communities that are revitalizing their
traditional fire cultures in a contemporary context. It is one of a group of
Fire Learning Networks administered by The Nature Conservancy (TNC) and
funded primarily by the USDA Forest Service and the US Department of
Interior Office of Wildland Fire. Though currently focused on revitalizing fire
culture across the USA, these characteristics reflect worldwide standards
articulated in the United Nations Declaration on the Rights of Indigenous
Peoples (UNDRIP) (United Nations 2007). The principles of self-
determination; free, prior and informed consent; and protection of intellectual
property articulated in UNDRIP are central to the operation of the IPBN.

In addition to the IPBN, fire-related networks of multiple Indigenous
communities are also growing in Australia and Latin America. Started as a
project in 2015, the Participatory and Intercultural Fire Management Network
brought Indigenous communities, academic institutions, and government
agencies together with a goal to include Indigenous fire practices in govern-
ment policy in Venezuela, Brazil, and Guyana (Bilbao et al. 2019; COBRA
2019). The National Indigenous Fire Network (n.d.) initiated its knowledge-
sharing in 2016 focused on restoring Aboriginal fire, cultural knowledge, and
practice in Australia, where this network emphasized Indigenous peoples
representing and controlling their knowledge for all Australians. The
Firesticks Alliance Indigenous Corporation in Australia is another network,
founded in 2018. It supports cultural burning for healthy communities and
healthy landscapes with key considerations for respect, responsibility, and
“embedding cultural connection within contemporary natural resource man-
agement practices” (Firesticks Alliance Indigenous Corporation 2019).

What Can Non-Indigenous Partners Do to Help?
Non-Indigenous fire researchers, land managers, resource specialists, and

policy-makers can support Indigenous peoples’ efforts toward fire stewardship
and sovereignty. If you are not a member of an Indigenous community, you
can still make a commitment in your own work and take action to advance
Indigenous fire stewardship. Approaches include learning about the history of
the Indigenous peoples in the place where you are working, contacting tradi-
tional cultural practitioners whose ancestral lands you are studying or manag-
ing, even if they currently live far away (see the interactive map at https://
native-land.ca/), and walking part of that ancestral territory together with
associated Indigenous peoples to learn their fire-related concerns and aspira-
tions. You can invite cultural practitioners to guide the development or
revision of management plans and practices you and your organization are

(continued)
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Case Study 13.7 (continued)
using. Connect with other groups, agencies, and organizations that are
supporting equitable partnerships with Indigenous peoples. Integrate Indige-
nous peoples and traditional knowledge into fire research to support diversity
and inclusivity of thought and practices (Lake et al. 2017). Finally, advocate
for including Indigenous peoples through community participatory frame-
works in forestry, fuels and wildland fire planning, research/monitoring, new
science to advance understandings around Indigenous fire and identifying
research needs, and adaptive management.

13.2.5 Burning in Highly Urbanized Landscapes

Across Florida, there is a strong fire culture that expects and supports prescribed
burning along with the smoke produced (Case Study 13.8). Despite many people and
many cities, fire is used to manage vegetation and wildlife habitat in many different
ecosystems throughout Florida and the surrounding southern region of the USA.
Both law and practice support the right to burn and state certification of people that
supports training and effective practice. Just as the idea of Prescribed Fire Councils
has spread from Florida to other locations in the USA, many of the laws, policies and
practices have been and could be more widely adopted to support integrated fire
management that combines fire suppression, education, and prescribed burning.

Case Study 13.8 Pioneering, Progressive, and Persistent: Florida’s Fire
Management Is Fire Use
Leda Kobziar, email: lkobziar@uidaho.edu

University of Idaho, Moscow, Idaho, USA
J. Morgan Varner, email: mvarner@talltimbers.org

Tall Timbers Research Station, Tallahassee, FL, USA
“What are we going to burn today?” is the question Steve Miller, former

Chief of the St. John’s River Water Management District in central Florida,
would ask his team every morning. Not “if” or “whether”, but “what”. If they
didn’t answer, his team would have to defend the decision not to burn—a turn
of the tables compared to what most public lands managers experience in the
USA. The sentiment reflects a uniquely committed, progressive approach to
prescribed burning for public lands management in a state with more than
20 million residents live and where over 19% of the landscape is considered
wildland-urban interface (Fig. 13.36). Over 909,000 ha on average are burned
annually in Florida, equivalent to 7% of the state’s total land area, or nearly
21% of the land managed by local, state, and federal agencies (Nowell et al.
2018; Florida Natural Areas Inventory ND). That Florida’s prescribed fire

(continued)
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Case Study 13.8 (continued)
accomplishments have been sustained in light of 26% population growth since
2000, a large percentage of its lands in private ownership, and continuing
natural-to-urban land cover conversions, is remarkable.

Fire use is successful in Florida because its many values have withstood the
tests of time. Prescribed fire use is generally aimed at one of two often
overlapping goals: fuels reduction and ecological benefits. Burn objectives
also differ by ecosystem and landowner type. Most state and federal fire use
practitioners identify fuels reduction and promotion of wildlife habitat as
primary objectives, while private landowners employ fire for both fuels reduc-
tion and for silvicultural purposes of reducing competition for target timber
species (Kobziar et al. 2015). Across the southeastern USA, fire managers
report a significant but relatively short-term wildfire risk reduction benefit
from prescribed burning and therefore apply frequent fire return intervals
whenever appropriate. Although limited budgets, staffing, and challenges
associated with the wildland-urban interface have been identified as impedi-
ments to increased prescribed fire use, Florida implements prescribed burns on

(continued)

Fig. 13.36 Prescribed fire is used in the WUI in central Florida to reduce fuel loads, maintain
ecosystems, and promote ecosystem functions. (Photograph by Peter Henn)

13.2 Global Success Stories 577



Case Study 13.8 (continued)
nearly twelve times the land area burned in wildfires state-wide on average
(Nowell et al. 2018). How Florida became a global leader in prescribed fire use
is a multifaceted story that is the product of intersecting ecological, political,
and social forces under the influence of pioneering scientists, managers, and
legislators.

How Policy Requires and Protects the Use of Prescribed Fire in Florida
European Settlers adopted Native American fire use practices, in addition to

bringing with them traditions of fire use from western Europe (Pyne 2017).
Although fire suppression gained some ground in the South in the 1930s,
pioneering defenders of fire’s natural role in Florida’s ecosystems made
scientific as well as cultural arguments for its continued use. Herbert Stoddard,
a self-trained naturalist and co-founder of the Tall Timbers Research Station in
Tallahassee, Florida, proved unequivocally that prescribed burning the under-
story of pine forests promoted northern bobwhite quail (Colinus virginianus)
habitat in his 1931 publication, “The Bobwhite Quail: Its Habits, Preservation,
and Increase”. Importantly, prescribed burning was shown not only to promote
wildlife and reduce hazardous fuels but to be the foundation for a lucrative and
influential hunting industry. Such complementarity of benefits would continue
to be an influential driver of Florida’s fire management culture.

Fifty years later, as Florida initiated its long-standing trajectory of popula-
tion and development growth, prescribed fire use declined. With increasing
wildfires, fire professionals convinced the state legislature that vegetation
management was needed near overgrown, absentee homeowner properties.
In response, Florida passed the Hawkins Act of 1977 (FS 590.125(4)) which
gave the state forestry agency permission to reduce wildfire hazards on private
lands, since it was in the public interest. As the least expensive and most
effective tool for doing so, the agency used prescribed fire to achieve wildfire
hazard mitigation objectives, with complementary benefits to conserving and
restoring fire-dependent ecosystems.

Yet the increasing population of retired people, coupled with a widely
publicized Florida Supreme Court decision to assign liability for a prescribed
fire-related smoke fatality to a landowner, exacerbated fear of personal, eco-
nomic losses if prescribed fires did not go as planned. In response, a blue-
ribbon panel was formed to identify solutions to fire use declines, resulting in
yet another pioneering act of legislation. The Florida Prescribed Burning Act
of 1990 (now FL State Statute 590.125 (3)) was the first of its kind in the USA
and has since inspired similar legislation across numerous southern states. The
legislation defines and prescribes how burns are authorized, planned, and
conducted, and for properly trained landowners and managers reduces the
risk of liability in the unlikely event that fire escapes or smoke cause injuries.
The Act included special protection for individuals who earned a Prescribed

(continued)
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Burn Manager Certification and set standards for the training and continuing
education of certified fire use practitioners. Twenty-three states now have
prescribed burn certification programs modeled after the Florida program.
The Florida Prescribed Burning Act is based on these and other declarations:

(a) The application of prescribed burning is a land management tool that
benefits the safety of the public, the environment, and the economy of the
state. The Legislature finds that:

1. Prescribed burning reduces vegetative fuels within wildland areas.
Reduction of the fuel load reduces the risk and severity of wildfire,
thereby reducing the threat of loss of life and property, particularly in
urban areas.

2. Most of Florida’s natural communities require periodic fire for main-
tenance of their ecological integrity. Prescribed burning is essential to
the perpetuation, restoration, and management of many plant and
animal communities. Significant loss of the state’s biological diversity
will occur if fire is excluded from fire-dependent systems.

The state forestry agency was urged to “maximize the opportunities for
prescribed burning” through its burn authorization (“permit”) program. Impor-
tantly, the habitat conservation and economic benefits of fire in Florida’s
ecosystems was formally recognized by the State. This helps public land
managers comply with federal laws (e.g., Endangered Species Act) while
incorporating prescribed fire into their management plans. It also allows
these managers to argue that funding for training, personnel, and equipment
should be allocated to prescribed fire programs for maintaining biological
diversity; this is a value to all of Florida’s citizens.

The Ecological Imperative
The Florida Natural Areas Inventory lists 23 terrestrial and 19 wetland

communities in Florida: 16 of these are considered fire-maintained. The
drivers of prescribed fire use in Florida and across the region are reduction
in fire hazard, for restoration or maintenance of ecosystems and their numer-
ous imperiled species, or for manipulation of game habitat. Arguably, all three
are ecological, for fuels recover rapidly in the climate and setting in Florida
(Fig. 13.37), the high plant and animal diversity is a function of the setting and
frequent fires, as are the primary game species.

To some degree, all of Florida’s fire-prone ecosystems illustrate rapid post-
fire vegetation recovery. Resprouting is a prevailing trait in widespread and
dominant grasslands (e.g., in wetlands) and shrublands that drive wildfire
hazards across the state. The palms, most notably the shrub Serenoa repens
(Fig. 13.37), resprout from above-ground fire-resistant rhizomes. Heaths and

(continued)
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other woody shrubs (Ilex glabra and I. coriacea among others) resprout
basally in rapid sequence.

From a fire hazard perspective, rapid recovery translates into the need to
apply fire or other complementary treatments at high frequencies (2–5 or more
fires per decade in many Florida ecosystems) in order to diminish hazard and
maintain ecosystem assemblages. The fire-prone flora reflects a wide suite of
traits to facilitate the spread of fire in an otherwise humid subtropical climate.
Frequent fires are ignited in upland pine ecosystems, in the north dominated by
Pinus palustris, P. elliottii, P. taeda, P. echinata, and P. serotina, and in the
southern Florida peninsula forests dominated by P. densa. These pines cast
flammable litter that sustains frequent fires that burn with an intensity suffi-
cient to injure or kill competitors and maintain characteristic open woodlands
favored by many co-occurring rare plants and animals. Less frequent, though
of much greater in intensity are the fires ignited in P. clausa stands in the
central and southern peninsula “scrub”. These ecosystems similarly harbor an
abundance of imperiled species, particularly herbaceous endemics. Highly

(continued)

Fig. 13.37 In Florida flatwoods pine ecosystems, a high rate of vegetation recovery coupled with
high flammability even when the fuel moisture content is high makes frequent fire use imperative
for reducing wildfire hazards. (Photographs by Jesse Kreye)
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flammable humid grasslands and shrublands are interspersed with these
upland dominants and also burn frequently. Even wetland systems burn
frequently, such as the famous Everglades “river of grass”, where wildfires
are predominantly ignited by late-summer lightning storms and often burn
during rainfall (Fig. 13.38).

Prescribed fire’s use for upland animals, primarily two native bird species,
is a major impetus across land ownerships. In addition to the northern bob-
white quail mentioned above, the red-cockaded woodpecker (“RCW”;
Leuconotopicus borealis) is an imperiled native bird across the broader south-
eastern USA which depends on frequently burned pine forest habitat. Espe-
cially on federal lands, RCW habitat restoration and maintenance using
prescribed fire is a major objective of overall forest management and results
in hundreds of thousands of acres burned each year. Both public land man-
agers and private landowners benefit from the complementarity of habitat
conservation, wildfire risk reduction, and even timber proceeds associated
with habitat-benefitting thinning operations (Stephens et al. 2019).

The availability of prescription windows, with weather conditions suitable
for applying fires that are neither too intense nor too marginal to meet

(continued)

Fig. 13.38 Continuum of fire across three of Florida’s fire-maintained ecosystems. Although fire
return intervals (FRI) vary from one to 50 years, each of these ecosystems is fire-dependent.
(Photographs by Leda Kobziar and Steve Miller)
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objectives, is critical to Florida’s fire use success. In Florida as in many
landscapes, smoke management is a major impediment to the application of
fire. The focus of smoke management efforts is to evacuate smoke into the
atmospheric mixing layers and allow transport winds to disperse smoke away
from developed areas and roadways. Chiodi et al. analyzed 30 years of weather
data for daily optimal mixing and transport conditions that overlapped with
conditions both conducive to safe burning as well as meeting ecological and
fuels reduction objectives. Florida’s winter-spring seasons (January to April
across most of the state) have frequent and somewhat consistent (year-to-year)
availability for burning. Nowell et al. (2018) showed that private and public
land managers occupied these windows with between 900 and 1900 prescribed
burns per month conducted during the months of January–March, compared
with fewer than 500 on average during other months.

Sustaining Success: Training, Collaborations, and Continuing
Education

The backbone of the Florida Prescribed Burning Act’s success is its
science-based, continually updated definition of “accepted forestry practices”,
coupled with the training and education required for Florida prescribed burn
managers. As accepted forestry practices have changed, so too has the Act,
with updates in 1999 and 2013 to broaden allowances for smoldering com-
bustion and to increase the length of the burn day for certified individuals. In
the most recent version of the Act, aspiring Florida certified prescribed burn
managers must complete classroom and experiential training with currently
certified burn managers, have their plans and management of an actual pre-
scribed burn evaluated by the state forestry District Manager, and maintain
their credentials through successful certified burns and continuing education.
Rules designate procedures by which certification can be revoked by the state
at any time. The program is designed to ensure that the public understands that
although prescribed burning is a landowner’s right, the state must authorize all
burns, and provides the greatest liability protection by ensuring substantial
training and mastery of the latest fire science and tools.

One critical mechanism for knowledge exchange and continuing fire sci-
ence education in Florida are the state’s three Prescribed Fire Councils (PFCs).
Membership in councils has no barriers. Public and private land managers,
members of the public, land management agency personnel, and regulators are
brought together biannually to engage in knowledge exchange and network-
ing. Scientists and managers from across the region present findings with clear
implications for prescribed fire use, including fuels management results,
modeling tools, meteorological analyses, fire’s ecological effects, social and
political topics, and guidance for complying with state and federal regulations.

(continued)
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The three PFCs in Florida were the first-ever established and have served as a
model for the growth of an international coalition now comprised of PFCs in
31 states (Melvin 2018).

Continuing education through the PFCs and other knowledge exchange
networks (e.g., the Southern Fire Exchange) must then be applied to the
landscape, and Florida’s fire professionals have developed unique, lasting
partnerships for sustained use of prescribed fire. Private-public partnerships
such as the Collaborative Forest Restoration Landscape Cooperative Program,
the Tall Timbers Research Station, the USDA Forest Service, the US Fish and
Wildlife Service, the Southeast Fire Ecology Partnership, the Longleaf Alli-
ance, The Nature Conservancy, the Prescribed Fire Training Center, and others
increase prescribed fire application through shared knowledge, planning, and
resources. Private-public partnerships have been identified as critical not only
for prescribed fire use but also for wildfire suppression as shared planning can
promote both and thereby enhance public safety. For example, during
Florida’s largest wildfire on record, the Bugaboo Scrub Fire of 2007, com-
bined public-private acres treated with prescribed fire near and in the Osceola
National Forest were credited with preventing the wildfire from reaching the
town of Lake City (pers. comm., Jim Karels, Director, Florida Forest Service).
Prescribed fire numbers are closely aligned with wildfire numbers on a state
level, where higher numbers of prescribed fires burned prior to wildfires lead
to fewer wildfires.

Keeping Fire on our Side: Sharing the Benefits of Prescribed Burning
Florida and neighboring states have been intentional in presenting a con-

sistent and unified approach to public outreach regarding the use and effec-
tiveness of prescribed fire. For example, in 2011 State Fire Chiefs from
Florida, Georgia, and South Carolina partnered with the US Forest Service
and the Tall Timbers Research Station to analyze and respond to public
sentiments regarding prescribed fires. The not-surprising finding that the
public didn’t enjoy seeing images of flames prompted a new approach to fire
management media and outreach. The public information campaigns that
resulted, VisitMyForest.org and GoodFires.org, provide concise and definitive
descriptions of the benefits and use of prescribed fire for maintaining healthy
ecosystems and reducing wildfire risk, and has been adopted by 13 additional
state agencies in the South (Fig. 13.39).

Part of Florida’s success is that its prescribed fire program is fully acces-
sible to and integrated with the public, with demonstrations and other com-
munity events dedicated to fire use education throughout the year and
highlighted during Florida’s legislated Prescribed Fire Awareness Week.
Public school teachers in the state learn about fire ecology and fire use in
forestry tours sponsored by the Florida Forest Service. These tours highlight

(continued)
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the use of prescribed fire for ecosystem maintenance and reduction of wildfire
hazards, as well as provide educational resources for lessons about prescribed
burning (Fig. 13.40).

The state’s public information officers are engaged with local communities
and regularly provide updates on prescribed burning activities through social
and traditional media. As a result, from these and other public outreach
campaigns, even in the case of a rare escaped prescribed burn, most Florida
citizens express support for the continued use of prescribed fire.

The Florida model for prescribed fire holds tremendous promise in the USA
and perhaps more broadly. Within the USA, regional adoption of prescribed

(continued)

Fig. 13.40 Images from a coloring book included in K-12 teacher materials for Fire in Florida’s
Forests educational program. (Florida Forest Service)

Fig. 13.39 The Good Fires message spread to neighboring states throughout the USA, including
this media outreach from the Ashland Forest Resiliency Stewardship Project
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fire councils, legislation protecting fire managers, and public education cam-
paigns have supported prescribed fire application in spite of population growth
and increased scrutiny regarding regional air quality (Melvin 2018). The
export of the Florida model to fire-prone western states and more broadly
across the USA has so far resulted in some successes and identification of
other hurdles. California and the Pacific West have rapidly developed pre-
scribed fire councils, undergone recent changes to state laws, and have
observed subtle increases in prescribed burn extent. Many western states are
dominated by federal land ownership that contrasts with the Florida private-
public mixture and represents different impediments to implementation. Other
areas of the USA have seen increased interest in prescribed fire. Major gains
could be realized if western states followed the Florida model (Stephens et al.
2019). To date, the southern states represent nearly 80% of all prescribed burn
extent annually across the USA (Melvin 2018). Following the Florida model
that incorporates policy changes and implementation, a greater understanding
of the ecological role of fire in native ecosystems, how the use of fire
minimizes economic challenges, and reuniting humans with fire offers tre-
mendous promise for other fire-prone regions of the USA and perhaps
globally.

13.3 Applying Integrated Fire Management Effectively

Clearly, effective integrated fire management requires the innovative, widespread
use of fire to complement fire suppression and vegetation management objectives.
Integrated fire management includes practices informed by both science and local
knowledge, all while adapting and learning from monitoring for effectiveness. The
best fire practitioners work with partners to engage them in strategic, integrated fire
management. The best fire practitioners integrate the “big picture” while taking the
time to manage fire to fit people and place, and thus address local needs while
furthering healthy ecosystems for people and nature.

As we described in the introduction to this chapter, integrated fire management
includes the perspective of individual wildfires as damaging events. Thus, integrated
fire management includes the prevention, preparation, response, recovery, and
mitigation steps that are focused on managing individual fires as disasters
(Fig. 13.41). However, integrated fire management also encompasses planning for
and responding to many fires over time and space, with a particular focus on
increasing both the benefits and lessening the negative impacts of fires. Fire use,
including prescribed burning, along with mechanical treatments, are part of inte-
grated fire management. Many prescribed fire programs have been justified because
of the way fires can be used to manage fuels and ecological benefits. Managers must
use many different tools to accomplish integrated fire management, despite the
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challenges of prescribed burning, including smoke management, risk management,
and costs. Strategically managing wildfires, mechanical fuel treatments, and other
approaches will all be part of effective integrated fire management. Sustainable
management depends on finding approaches that are socially acceptable, ecologi-
cally appropriate, and economically feasible.

Ideally, integrated fire management incorporates the many different dimensions
of fire. Thus, fires are not necessarily always a disaster or a damaging event with
negative social and ecological consequences. Instead, fires can also have positive
consequences if kept in a spatial and temporal balance with the landscape. In this
perspective, fire use is central to integrated fire Management from the traditional use
by shepherds and farmers to the modern use of fire in fuels and habitat management
or in wildfire suppression by trained professionals (Fig. 13.42). Ecosystem services
can be delivered through the use of fire, often informed by traditional knowledge and
practice. Often, traditional knowledge and local practices can be adapted to address
the implications of novel challenges, including but not limited to climate change
(Fernandes et al. 2020; Fernandes 2020). Changing from a focus on limiting area
burned and controlling fire is needed if we are to overcome what some have called
the “fire fighting trap” (Collins et al. 2013) or the “fire paradox” (Arno and Brown
1991, Silva et al. 2010). The paradoxical trap occurs where very efficient and
effective suppression of all fires, especially those burning under mild environmental
conditions, have decreased the patchiness of vegetation at the landscape scale, and
accumulated fuels have contributed to increased fire hazard so that the few fires that

Fig. 13.41 Integrated Fire Management includes and goes beyond the multiple aspects of preven-
tion of fires, preparation for fires, and both early detection and rapid response to fires, as well as
recovery from and mitigation of fire effects when those fires are considered wildfire disasters. The
same aspects are sometimes termed reduction, readiness, response, and recovery (Kyle Schwartz,
https://commons.wikimedia.org/w/index.php?search¼disaster+management+cycle&title¼Special
%3ASearch&go¼Go&ns0¼1&ns6¼1&ns12¼1&ns14¼1&ns100¼1&ns106¼1#/media/File:
Disaster_Cycle.png)
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escape fire suppression burn with high intensity, and a high proportion of the total
area burned burns under extreme environmental conditions (Fernandes et al. 2020;
Moreira et al. 2020). One indication of the fire paradox is an increase in variability in
annual area burned where fires are actively suppressed (Fernandes et al. 2020). The
variability results because fire suppression is more effective in years of mild condi-
tions, and then in years of more extreme conditions, many areas burn even with
aggressive prevention, preparedness, and suppression. In a changing world, one with
many warmer droughts and more extreme weather in many areas as global climate
changes, paradoxical results are likely without a paradigm shift (Moreira et al. 2020).
It is often more popular with the public and politicians to respond in years of many
large fires and extensive areas burned by building up suppression capacity. Such
years can result in high costs of suppression and high societal impacts, yet such years
could also trigger changes in fire policies and strategies, just as they have in the past
(Fernandes et al. 2020, Moreira et al. 2020). Minimizing the area burned is much
easier to communicate and understand as a goal. However, in recent decades we
have learned that a sole focus on reduced area burned as the metric of success will
inevitably fail because extreme fire events are inevitable if suppression is not

Fig. 13.42 Planning for and using fire is central to integrated fire management. Key is making fire
management socially and ecologically appropriate to people and place while also being fiscally
responsible and providing the well-being of people and ecosystems (Silva et al. 2010)
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combined with strategic and proactive fuels management (Moreira et al. 2020).
Integrated fire management is complex, but crucial, especially if we are to coexist
with fires over the long-term as the world changes. See Chaps. 10–12 for managing
fire effects, fuels, and landscape dynamics.

Effective fire management requires collaboration with others, as fires often burn
across diverse landscapes. Working across boundaries, whether those boundaries are
between lands managed by different people, or those boundaries are within society,
will be needed. Schultz et al. (2018) highlighted how such coordination can address
the barriers to prescribed burning and turn them into opportunities. Similarly,
effective collaboration can build capacities to transform fire management (Schultz
and Moseley 2019).

All over the world, local people are working together to accomplish integrated
fire management that fits their place and their people. Often, the most effective
approaches are the ones that come from local people. For example, Indigenous
people and local communities in Brazil consider themselves the guardians of the
forest (If Not Us Then Who? 2018). They use and manage fires in ways that are
culturally meaningful and useful to them. In the Republic of Santa Cruz in Bolivia, a
trusted older woman observes the weather and assesses fire danger to inform
prescribed burning by village farmers (FAN 2013). Thus integrated fire management
is not just done by professionals. Indeed, if fire management is solely directed by and
done by professionals, it may fail, as local engagement is necessary.

Thompson et al. (2018) argued for changing fire management to emphasize being
proactive, focused on long-term effectiveness in meeting strategic objectives. They
and others urge managers to take a proactive response to unplanned wildfire igni-
tions. Responses can be pre-planned based on topography, management goals, and
where fires are likely to spread and where that spread could be redirected, encour-
aged, or stopped. Fire practitioners may herd, delay, encourage, or suppress fires.
The strategic management goal is for net positive effects in both the short- and the
long-term while thinking strategically (beyond tactics) using risk-based decision
making. Proactive assessment and planning drive decisions during fires. Post-fire
assessments of decisions focus on their quality and intent (Thompson et al. 2018)
while people and organizations constantly learn to be highly effective.

Altering fuels through using fire and managing fire can reduce the burn severity
and therefore alter the ecological effects so that we can reap the benefits and manage
the impacts for ecosystems and society as large areas burn. Integrated fire manage-
ment for the future will include adapting existing tools, including mechanical fuel
treatments, prescribed fires, and prevention, and suppression of some but not all fires
(often this will mean different strategies at different times and on different parts of a
single fire), and managing wildfires. No single tool is enough. Managers can
potentially choose from their whole “toolbox” to achieve the most sustainable,
long-term fire and natural resource management. No single solution, such as logging
or limiting all logging, will accomplish desired objectives in all forests. Both less-
aggressive fire suppression and expanded use of managed wildfire under relatively
moderate weather conditions will often be useful to reduce costs, ensure fire fighter
safety, and foster social and ecological resilience. People will adopt new
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technologies and ways of working together strategically to adapt and mitigate
climate and other global changes. People must be clear about both uncertainties,
and about goals. Identifying appropriate goals and measures of successful progress is
key; the metrics need to be measurable, meaningful, and useful. Based on the case
studies of successful application of integrated management in this chapter, those
metrics could include social and ecological indicators such as carbon or other
greenhouse gas emissions, biodiversity, economic losses and gains, soil erosion
potential, human lives affected by fire and smoke, etc.

Even if it is already proactive and strategic, fire management must become more
so in light of changing climate, policies, and human goals. Managers may find that
both less-aggressive fire suppression and expanded use of managed wildfire under
relatively moderate weather conditions can aid them when and where reducing the
vulnerability of people and natural resources to fires is the objective. Managing
wildfires may be one important way to achieve relatively widespread fuels and
vegetation change at the spatial scales and in the short timeframe needed. Monitoring
is crucial. All management, including doing nothing, has consequences. Monitoring
is not just about whether what was planned was accomplished; it must also be about
whether we had the desired effect, and about learning when we try new fire
management strategies over large areas and long times. Often, monitoring by
multiple people with the mix of backgrounds is needed to measure diverse project
effects. Especially if the findings are timely and transparent to all, collective learning
can build common understanding and trust (National Forest Foundation n.d.).

There are barriers to integrated fire management. New paradigms can be difficult
to accept and implement. Fire suppression is highly visible in the media while the
longer-term effects of fuels management and proactive strategies are less simple
stories to tell well. When societal costs are high, money and personnel that were
budgeted for proactive work often get reassigned to suppression. For many people,
the media focus on fires as disasters with images of peoples’ homes threatened and
burned wildlife can increase fear of fire and then support for suppression. Focusing
on whole landscapes, not just the area immediately adjacent to peoples’ homes in the
wildland-urban interface, can be controversial, while it is also more costly as fire
management near homes takes more time and care.

Managers may find that both less-aggressive fire suppression and expanded use of
managed wildfire under relatively moderate weather conditions can aid them where
reducing the vulnerability of people and natural resources to fires is the objective.
Managing wildfires may be one important way to achieve relatively widespread
vegetation change at the spatial scales and in the short timeframe needed. Likely this
means nimble adjustment of both strategies and tactics. For instance, not all parts of a
given fire will necessarily be managed under the same strategy and the strategy can
change through time on the same fire. The perspective needs to infuse the full fire
cycle, for actions during fire influence fire effects, and post-fire management is also
preparation for the next fire.

Landscapes are particularly important, for it is at the landscape scale that the
broader regional and national policies meet the local, site-specific needs and oppor-
tunities. It is at the landscape scale that management and planning for diverse
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objectives and vegetation and sites are often possible so that more people meet their
management goals more of the time. Thinking and managing across landscapes may
result in different prescriptions than what might be considered optimal for individual
stands of vegetation if each stand had been managed in isolation. Cooperation on
road networks, communication, and shared equipment often result, as does the
effectiveness in addressing cross-boundary issues such as wildlife populations and
yield of high-quality water. It is not easy to manage fire across all lands, engaging all
the different agencies and other land managers with their variety of objectives, yet
fire doesn’t respect boundaries. At the landscape scale, we can begin to address fire
for “All hands, All lands” as called for in the National Cohesive Wildland Fire
Management Strategy for the USA and similar national policies elsewhere. At the
landscape scale, community-based fire management can empower local communi-
ties to promote human well-being and conservation.

The pathway to resilience takes recognizing risk, then adapting to and mitigating
risks (Calkin et al. 2011, 2015; Smith et al. 2016; Thompson et al. 2018; Fernandes
et al. 2020). Often this requires embracing diverse perspectives. No single “one-size-
fits-all” approach will work.

Successful Integrated Fire Management requires finding local solutions to broad
challenges. This is clearly illustrated in the case studies. Fire and the social-
ecological environment are too complex to represent easily, and so it takes creativity,
conversation, trying and learning. Shared stewardship is essential, and that means
sharing leadership, innovation, and success.
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Chapter 14
Futuring: Trends in Fire Science
and Management

Learning Outcomes
After reading and thinking about the material in this chapter, you will be able
to:

1. Discuss and give examples of the implications of ongoing and future trends
in fire science and management,

2. Synthesize the ideas of integrated fire science with those from the previous
chapter on integrated fire management, and

3. Identify trends and challenges for fire science and management that apply
in specific cases, and suggest some proactive solutions.

14.1 Introduction

Fires have shaped the evolution of plants and animals over millennia and humans
have shaped fire regimes for a long time in the different regions of the world. Even if
there is not a general appreciation of the many ecosystem services that fires influ-
ence, humans have relied and continue to rely upon many ecosystem services from
fires. The social perspectives we have about fire have shaped ecological effects and
will shape future fires greatly.

Fires can provision, regulate ecosystem processes, or otherwise provide culturally
important ecosystem services. By creating open spaces, fires were an evolutionary
force for many of the plants and animals upon which people depend (Pausas and
Keeley 2019, Fig. 14.1). But fires can also decrease provisioning and regulation of
ecosystem services such as wood production and erosion control, and produce
ecosystem disservices, namely material and health disservices like infrastructure
damage and air pollution (Sil et al. 2019).
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Humans will likely continue to change the land uses and climate and both
extreme and other fires will continue to bring smoke, policy issues, costs, and
societal discussions. Fires will continue to be important to society with their social
and economic impacts, for fires shape ecosystems, affect and respond to climate, and
fires are essential to ecosystem health, ecosystem services, and water and carbon
cycles. Globally, nearly 450 Mha have burned annually (Andela et al. 2017).
Although the global area burned has declined by almost 25% in recent decades
(Andela et al. 2017), many scientists predict that the area burned by extreme fires
will increase. In this chapter, we highlight ongoing trends that will shape the future
of fire science and management.

Changing social-ecological systems and climate are two aspects of global change
that are occurring widely but with uncertain consequences for fires, ecosystems, and
people. Providing the range of ecosystem services people value while protecting
people, property, and economies from the adverse effects of fire and smoke given

Fig. 14.1 Fires have shaped the evolution of plants and animals over millennia, and humans have
shaped fire regimes. (From Pausas and Keeley 2019)
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global change has greatly increased the complexity of fire science and management
(Fig. 14.1) as described in Chap. 13 on Integrated Fire Management. To address
these challenges, fire science is increasingly interdisciplinary as scientists address
ecological and social aspects of fires while recognizing the complexities of integrat-
ing across local to global spatial scales, and from immediate to long-term temporal
scales (McLaughlan et al. 2020).

Access to new technology, big data, and data analytics are transforming fire
science and management. In addition, there is increasing emphasis on collaborations
among disciplines, and between scientists and managers. As a result, there is also an
increasing trend of more education and training. Ideally, these trends will make our
communities more fire-adapted, our ecosystems and landscapes more resilient to
future fires, and help guide safe and effective fire response. These trends are already
apparent in some national fire management strategies such as the USA’s National
Cohesive Wildland Fire Management Strategy (Fig. 14.2).

Fig. 14.2 The National Cohesive Wildland Fire Management Strategy was developed for the USA
through collaboration among many people from federal, state and local government agencies,
multiple non-governmental organizations at these levels, and the public. The strategy integrates
people and places for resilience to fires. It is centered on what we know and what we will continue to
learn from science and experience
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Fire is part of human history, present, and future. Comprehending why is
fundamental to understanding the processes, changes, and consequences at local,
regional, and national scales. The development of regional fire scenarios for Spain
(Montiel et al. 2019) or the comparison of different areas in Spain and Portugal
(Sequeira et al. 2019) based on historical fire research are examples of the impor-
tance of such studies. However, these analyses focus on particular areas or regions.
For global analyses, we need to focus on global changes, including the drivers that
operate globally that include climate change and social trends.

14.2 Global Changes Already Influence Fires
and Fire Effects

Global changes, including climate change and human population change, are already
influencing the occurrence, size, and ecological and social effects of fires. Climate
change has already contributed to an increase in the occurrence of extreme and
catastrophic fires, longer fire seasons (>18.5% longer worldwide, Jolly et al. 2015,
Fig. 14.3) and an increase in the annual area burned in many areas (Williams and
Abatzoglou 2016, and others) even as the area burned globally has decreased
(Andela et al. 2017). Many large fires around the world have been costly to suppress
and have resulted in considerable losses of human life and property (Bowman et al.
2011; Lannom et al. 2014; Doerr and Santín 2016). These trends, driven by global
warming and a history of land management practices will be part of the
Anthropocene, this epoch when people strongly influence Earth processes. See
Chap. 8 for discussion of extreme fires.

As with climate change, demographic changes are occurring worldwide. Glob-
ally, human populations are changing their geographic distribution and their social,
political, and economic relationships to natural resources and to fire. While many
rural areas, especially in areas of low productivity, are depopulating, the global
population is increasing with more people living in urban areas. In some regions,
many wildland-urban areas are extensive and growing rapidly. As a result, more fires
are damaging and judged as being extreme. All of these trends and others mean that
people and the ecosystem services we value are increasingly vulnerable to fire and
smoke in many places around the globe. Society must find ways to live with fire and
to foster the good work fires can do in landscapes while reducing ecosystem
vulnerability and negative consequences for people. See Chap. 10 for our discussion
of vulnerability and resilience. See Chap. 12 for how climate, fuels, and prior fires
are affecting how fires burn.

Landscapes reflect and influence changes. Social changes have altered the fuels
that burn when fires ignite, and therefore the size and intensity and severity of fires.
We might expect more extreme fires in the future, particularly if most of the smaller
fires that are burning under relatively mild wind and fuel dryness continue to be
suppressed in the future. Landscapes have changed greatly through land use, so

602 14 Futuring: Trends in Fire Science and Management



much so that the vegetation trajectories are often novel, especially under the influ-
ence of changing climate. For some ecosystems, future trajectories may be quite
different from the historical range of variability (HRV, See Chap. 12), especially
with invasive species.

Future conditions will be increasingly novel. Uncertainty is certain. Current
trends for the relationship between fires and people can be determined, and their
legacy will shape future ecosystem responses to fires. We know that fire regimes and
vegetation response to fires will change with climate and social trends. In the future,
fires will likely occur in places and burn in ways that are unknown to the plants and
animals that often depend on fires to maintain their habitat and unfamiliar to those
who study and manage them. This uncertainty also arises from many other unex-
pected sources. Fire management organizations have been involved in the responses
to floods, earthquakes, and other hazards. Fire managers are effective leaders, but
these assignments compound the stress of longer fire seasons, financial oversight on
decisions in managing large fires, and the complexities for managing fires burning
across boundaries with multiple different objectives. Currently, the viral COVID-19
disease poses great challenges for society. The leaders in fire organizations wrestle

Fig. 14.3 (a) Extensive area burned in recent decades (1997–2013) and more is expected in the
future (Giglio et al. 2013). (b) Globally, long fire weather seasons were more frequent in most
places but not everywhere. On average, global fire seasons are 18.5% longer globally in the time
period considered (1979–2013), and this trend is likely to continue into the future (Jolly et al. 2015)
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with the novel requirements of maintaining physical distance when fighting fires as
they worry about how smoke exposure will interact with COVID-19 exposure for
fire personnel and the public (Rover 2020). Increasingly, fire scientists and managers
are learning to expect the unexpected.

14.2.1 Climate Change: More Extreme Wildfires with More
Severe Impacts

Changing climate is already influencing fires worldwide, and it will become increas-
ingly important as climate change trends continue. The impacts vary regionally. In
general, more extreme wildfires are occurring as a combination of the weather and
drought conditions, the fire proneness of the landscapes, and more people and
property in the path of large fires. The example of the “Black Summer” fires in
Australia in 2019–2020 illustrates these changes (See Sect. 14.2.3).

In southern Europe, aggressive fire suppression since the 1990s has been gener-
ally successful in decreasing the area burned in many countries despite increasing
trends in fire danger and landscape flammability (Turco et al. 2016; Curt and
Frejaville 2018). Some of the most tragic wildfire events occurred in Spain (1994,
2006 and 2017), Portugal (2003, 2005 and 2017) and Greece (2000, 2007, and 2018)
suggesting a new wildfire context in Europe defined by extreme surges in fire growth
and heat release (Rego et al. 2018).

The effect of global warming on the area burned is clear. In California, Williams
et al. (2019) attributed much of the five-fold increase in areas burned in recent
decades to anthropogenic climate warming. Increased temperature of 1.4 �C since
1970 has contributed to more summer and fall fires by increasing evaporation from
soils and vegetation and drying fuels. Williams and Abatzoglou (2016) similarly
attributed more than half of the increase in area burned in recent decades across the
conterminous United States to anthropogenic climate change. Williams et al. (2019)
also highlighted the challenges of continuing warming for increased area burned in
the future with impacts varying from place to place as they are altered by fire and
land management, ignitions by people and lightning, vegetation types, and their
interactions.

The effect of changing precipitation with global warming is also clear. Warmer
droughts foster vegetation stress and mortality and favor fires, though these effects
vary from place to place and it is more difficult to predict changes in precipitation
than changes in temperature. Holden et al. (2018) found that the annual area of forest
burned was greater when low precipitation occurred during the fire season (summer
and fall) in the western USA. They found that the influence of the number of rainy
days on area burned was more than 2.5 times greater than the net effect of short-term
drought as indicated by vapor pressure deficit, and both were substantially more
important than winter snowpack. If these relationships hold into the future, the
combination of warmer temperatures and more frequent droughts, especially during
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the fire season, will have many and far-reaching ecological and socioeconomic
implications in addition to fires themselves. If there is less water in streams in late
summer because streamflow peaked earlier, and less moisture in the soils to support
plant growth and establishment, this could result in tree and shrub crowns dry
enough to fuel intensely burning fires and alter ecosystem recovery from fires.
Already, Davis et al. (2019), Stevens-Rumann and Morgan (2019) and Stevens-
Rumann et al. (2018) found that many warm, dry sites now forested may have
crossed a threshold for successful tree establishment following large forest fires in
the western USA. If so, then some forests could be replaced by shrublands or other
vegetation, especially at lower timberline. Similarly, trees are failing to regenerate on
many sites in the Mediterranean basin following more severe or more frequent fires,
namely in evergreen oak woodland (Acácio et al. 2009; Guiomar et al. 2015) and
mountain pine forests (Martín-Alcón and Coll 2016). See Chap. 9 and Case Study
12.3 for more discussion on post-fire vegetation recovery changing with changing
climate.

Changing climate has influenced the area burned directly and indirectly through
interaction with fuels. In the western USA, less snowpack in the spring due to
warmer springs, warmer summer temperatures leading to lower fuel moisture, and
decreased summer precipitation are all implicated, yet few analyses include all three
or their interactions. Further, ongoing changes in vegetation interact with climate
changes to influence future fires, yet few studies have investigated the effects of
interactions among changing climate, fuel complexes, fires and other disturbances
on the future area burned. Hurteau et al. (2019) found that relative to considering
climate only, including fuels as affected by previous fires reduced estimates of future
area burned by 14% while emissions of carbon and particulates were reduced by
12% and 13%, respectively when fuels and climate were simulated together for
forests of the Sierra Nevada mountains of California. Most importantly, the
vegetation-fuels-fire feedbacks were more pronounced for the largest fires. The
effect of altered fuels is short-lived and depends on repeated fires, including pre-
scribed burns that could be used to help manage forests at low and middle elevations
(Hurteau et al. 2019). Wet periods that promote grass followed by dry periods
resulting in low fuel moisture can be especially important in open “fuel-limited”
systems where fine fuels that accumulate with moisture and then dry are important
for fueling fire spread (Williams et al. 2019). Climate influences vegetation directly
and indirectly through fires, while burn severity and consequent vegetation recovery
are also influenced by other factors such as topography that also interact in multiple
ways to complicate the interplay between climate, fuels, and fire.

On a global scale, fires influence the carbon cycle. Carbon, both terrestrial and
atmospheric, is affected by fire regimes, but the process is not simple. Even when
fires burn severely, much carbon remains in burned trees and logs, as well as in many
unburned areas, and this is not reflected in many of the simulation models used to
forecast the implications of fires for carbon emissions from burned forests (Stenzel
et al. 2019). Forests stored less carbon and had lower carbon uptake where fires
burned with high severity (Hurteau et al. 2019; Stenzel et al. 2019).

14.2 Global Changes Already Influence Fires and Fire Effects 605



In summary, fires burn large areas annually across Earth’s land area (Fig. 14.3),
and fire seasons are getting longer all around the globe (Jolly et al. 2015). Likely this
reflects earlier springs, later falls and warmer droughts, all of which will influence
fires directly and also indirectly through effects on vegetation and people, and these
will, in turn, affect the carbon sequestered (or not) in ecosystems. See our discussion
of burn severity in Sect. 9.6 and 12.2, carbon in Sect. 9.5, and changing fire regimes
in Sect. 12.5.

14.2.2 Social Changes: New Challenges and Opportunities

Fire is increasingly recognized as a social-ecological system. Though fire is a
biophysical process, fire science, management, and policy are social, political, and
economic, and these all reflect peoples’ perceptions about fire and fire risk. Fires
have always and will increasingly reflect social, political, and economic forces.
Worldwide, humans ignite many more fires than lightning does (e.g., Balch et al.
2017 for the western USA). Human values shape land use, fire response, and the
policies that shape both fire response and land use. Perceptions of fire will ultimately
shape the size, intensity, and effects of future fires. This will be increasingly true as
human influence expands around the globe. Fires made us human, and people are
reshaping the role of fire on Earth (Bowman et al. 2011; Pyne 2015).

Fire science and management are increasingly welcoming and learning from
diverse perspectives and social science is fundamental. In many traditional commu-
nities, shamans and wise women and wise men taught others based on what they
observed and tried. They shared traditional knowledge through stories and examples
(Huffman 2014). This is the earliest fire knowledge, yet these diverse perspectives
have seldom been welcomed by western science until quite recently.

The role of women in fire science and management has been often overlooked. It
is true that much of the initial work on western fire science has been associated with
men, as pictured in the first chapters of this book. This was caused by the historical
societal biases for funding, social norms, and related opportunities. However, these
historical biases have fortunately changed to a much more balanced situation in the
past decades. Smith and Strand (2018) highlighted 146 women leaders in fire
science. This and a similar earlier article (Smith et al. 2018a, b) have fostered
many conversations about how we can all work to promote diversity in our disci-
pline. Increasingly, women and others are contributing diverse perspectives to enrich
fire science and management.

In spite of progress, discrimination is still occurring globally. McDonald (2012)
highlighted how prevalent sexual harassment is. Gender discrimination and sexual
harassment are widely experienced by women in wildland fire management
(Fig. 14.4, AFE 2016a). This issue must be addressed if fire science and management
are to benefit from the many different perspectives a diverse workforce brings. We
expect that more women will work in fire science and management as the breadth of
opportunities and needs become clear, and we hope that they will be increasingly
represented in fire leadership roles. We believe that the groups who are generally
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under-represented, including women, have unique talents and perspectives, and that
they can play a critical role in advancing problem-solving in both fire science and fire
management. We need more opportunities “where women and men can discuss and
understand current issues and work together to build a more inclusive, supportive
culture in fire” such as the Women Training Exchange (Lenya Quinn-Davidson,
personal communication; Stamper 2017). We believe that the fresh approaches and
insights that come with gender, racial, and disciplinary diversity will help address the
increasing complexity of the fire challenges for society.

A major trend in global social changes is that human populations are increasing in
many wildland-urban areas where fires are likely to threaten people and their
property when surrounding vegetation burns. Many rural areas are declining in
population as urban areas grow. These trends influence peoples’ familiarity with
fire as well as the social and political acceptance (or more often fear) of fires and
smoke. While human well-being is closely linked to fires and their consequences
(Huffman 2014), the often strong emotional reaction to fires reflects both fascination
and fear. Social beliefs about fire vary with traditional and local knowledge, gender,
social classes, and ethnicities. These beliefs influence fire management strategies
around the world. Some strategies will build from embracing anecdotal, qualitative,
and experience-based learning more typical of traditional knowledge and integrating
that with the ideas from western science. Other strategies come with a mindful focus
on social justice, including valuing ecosystems and their services. Community-based
fire management strategies that focus on the challenges and knowledge of local
ecosystems and people while responding to regional and national priorities will
become increasingly common.

Globally, fire management is increasingly complex and challenging. There is
widespread public attention, in part because fire is compelling enough that many
people have an opinion. Further, global change will force attention to linkages
between fire ignition, behavior, and effects, forcing us to explore where and how
we can sequester carbon in fire-prone environments. See Chap. 9 for our discussion
of fire and carbon in ecosystems. See Case Study 13.6 to learn how carbon seques-
tration can increase and cultural values increase through altering the fire and
changing the season of fire use.

Fig. 14.4 Many of the 342 male and female respondents to an international survey of fire scientists
and managers said they had experienced gender discrimination or sexual harassment. (From AFE
2016b)
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We expect community-based fire management to become more common glob-
ally, as billions of people worldwide depend on forests, woodlands, shrublands, and
grasslands for food, grazing, watershed protection, or other social, economic, cul-
tural, and spiritual values important to rural livelihoods (FAO 2011). Community-
based fire management is useful, for it fits fire to places and people while
empowering people (FAO 2011). Such approaches have developed through
“grass-roots” efforts often assisted by non-governmental organizations such as the
Nature Conservancy (TNC) or the World Wildlife Fund for Nature (WWF). TNC
(2017) provided a framework for such efforts (Fig. 14.5). This is especially impor-
tant in fire-adapted ecosystems where conservation of biodiversity and ecosystem
services are objectives. As Indigenous people manage or have tenure rights to over
25% of the world’s land, and their territories include much of the global biodiversity
and forest carbon, their fire and vegetation management actions matter globally.
Local people can foster local jobs and a sense of control over their future when they
can manage surrounding landscapes themselves or in shared stewardship with other
land managers (TNC 2017). Despite development pressures, giving voice to locals
that informs their choices and fosters action is critical to sustaining efforts for
conservation and thriving communities (Fig. 14.5).

Fires are increasingly managed across boundaries (Schultz and Moseley 2019).
Those boundaries are often geographical, as fires spread from land managed by one
entity to adjacent land managed by another entity. Fires also move across social
boundaries as different groups of people affected by a single fire may have very
different perceptions and experiences with fire. It is not easy to manage fire across all
lands, engaging all the different agencies and other land managers with their variety
of objectives, yet fires do not respect boundaries, and effective response depends on

Fig. 14.5 Fire can be part of the community-based management that is part of thriving commu-
nities filled with people whose voices are heard in making collaborative choices about actions that
further community goals. This encompasses fire and broader social-ecological system goals.
(Adapted from TNC 2017)

608 14 Futuring: Trends in Fire Science and Management



changing policies and practices at multiple scales (Schultz and Moseley 2019). At
the landscape scale, we can begin to address fire for “all lands, all hands” as called
for in the National Cohesive Wildland Fire Management Strategy in the USA and
similar policies in other countries. At the landscape scale, the different expectations
and objectives can often be met in different, complementary locations to accomplish
effective fire management across boundaries.

If we are to live with and benefit from fires, we need fire-adapted homes and
communities in fire-resilient landscapes. Policies and programs are responding to
fires, but we hope and expect that fire response will be increasingly proactive and
based on understanding. To engage effectively with fire, people will have to accept
and manage risk and communicate that effectively, collaborate with partners who
may have different values, objectives, and experiences than their own, and build trust
and credibility around local solutions to regional and global challenges (Enquist
et al. 2017) including fire.

14.2.3 Global Change and the Australian
“Black Summer” Fires

Vegetation fires are an intrinsic element of terrestrial ecosystems under seasonally
dry climates. Fires affect an annual average of about 4.5 million km2 of the Earth’s
surface. However, until recently the global relevance of fire was hardly acknowl-
edged because most of the burned area coincided with sparsely populated regions,
such as tropical and temperate savannas, grasslands, and boreal forests. Wildfires
have become more prominent in recent years, a consequence of their heightened
impacts as measured by the loss of human life and assets. The tragic fires of 2017,
2018, 2019, and 2020 in Portugal, Chile, Greece, the USA, and Australia are vivid in
the collective memory. Tragic fires have spurred policy review and changes in the
past, just as they are doing now in Australia (Morgan et al. 2020).

Wildfires in the Brazilian Amazon and in southeastern Australia were the high-
lights of 2019 and early 2020. The fires in the Amazon were mainly a collateral
consequence of the loss or degradation of natural forest cover, rather than its cause.
They reflect slash and agricultural burning in recently deforested areas, as the moist
environment of evergreen tropical forests typically inhibits fire spread. In contrast,
the Australian fires have been influenced by climate change, which induces more
severe and lengthy fire seasons, social change that has more people and cities in the
path of the fires and smoke, and changing fuel conditions as a result of fewer
low-intensity fires in the recent compared to the historical past. What then are the
implications? What are the lessons to be learned from the Australian “Black Sum-
mer” fires? Climate change, fuels, and social change have all contributed. Are the
very large fires that burned in Australia in 2019–2020 harbingers of the future?

Southeastern Australia is no stranger to devastating fires, well documented in the
region since the nineteenth century. Nonetheless, the recent wildfires are a new
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phenomenon, given their overall extent. In 2019–2020, many individual fires burned
more than 100,000 hectares (Boer et al. 2020), and the fires and their smoke were
readily visible from space (Fig. 14.6). Boer et al. (2020) analyzed satellite data
worldwide for the past 20 years and found that the 2019–2020 Australian fires
burned an unprecedented 21% of the area of Australian temperate broadleaf forest,
a far higher proportion than other biomes with <5% burned for most and 8–9% for
Asian and African tropical and subtropical dry broadleaf forest biomes. As contrib-
uting factors, Boer et al. (2020) and others cited deep, extended drought and extreme
heat associated with sea surface temperature anomalies in the Indian Ocean, as well
as wind and many ignitions. Worldwide, this is the first time that fires of this extent
have burned in forest-dominated landscapes adjoined by areas densely populated by
people. In Australia, the recent fires burned in many forests, including some without
prior historical records of fire, and some adapted to very infrequent fires (Gill 1975);
this could signal a tipping point that will result in changed vegetation types. Between
June 2019 and March 2020, the fires burned 18.6 million ha, likely killed more than
one billion animals, burned almost 5900 buildings, and killed 34 people while
displacing and inconveniencing thousands of people. Smoke from fires exposed
people to harmful air quality in many Australian cities even when those were far
from the flames, resulting in 417 estimated excess deaths, 3151 hospitalizations, and
1305 asthma-related emergency presentations (Borchers Arriagada et al. 2020). In
just 2 months, the fires released more than 350 million tonnes of CO2 into the
atmosphere (Sanderson and Fisher 2020). The cost of A$4.4 billion will likely
exceed the cost of the Black Saturday fires that burned in 2009, with additional
financial impacts on businesses and local communities.

What contributed to these fires, and what are the long-term implications? Euca-
lypt forests in the region form very large and continuous patches, and the patches

Fig. 14.6 Wildfires burning on 31 Dec 2019 near Bateman’s Bay in southeastern Australia. Flames
are readily apparent as are the clouds of smoke and the top of the dense pyrocumulus cloud evident
in the lower right (Contains modified Copernicus Sentinel data [2019]/Sentinel Hub/Processed by
Pierre Markuse)
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have become more continuous as many of the historically frequent fires were
suppressed or limited by land use. Human activities such as prescribed fires and
vegetation management have been constrained in many of the parks and public
forests, and fire hazard reduction has been mostly limited to the immediate vicinity
of urban areas. This is a combined outcome of increasingly passive forest manage-
ment and a focus on emergency response to wildfire rather than on mitigation.
Vegetation moisture was at critically low levels following extended drought with
multiple years with below-normal precipitation. Maximum daily temperatures in
excess of 40 �C combined with very dry and strong winds and unstable atmosphere
favored fast and intense fire spread. Finally, the region was swept by successive
waves of dry lightning that ignited most of the fires. The relationship between fire
and climate is complex, however, and vegetation conditions have contributed as well
in Australia and globally (Forkel et al. 2019).

Fighting fires will be increasingly unsuccessful in preventing large fires and their
threats to people and property unless we also address the social and political
conditions (Morgan et al. 2020), including public attitudes that abdicate responsi-
bility for learning to live with and protect homes from fires. Fires here and elsewhere
around the globe may well be the agent of climate change, but they are also partially
the result of policy and land use. Whether the likelihood of extreme fire weather
conditions will increase in the future will depend on the long-term and uncertain
results of the individual and societal policies addressing climate change. Society will
have to learn to live with and adapt to this new fire environment, by enabling both
long-known and new fire risk reduction strategies conducive to fire-resilient com-
munities and ecosystems. Thus, although fires are a biophysical force, fires also
reflect social and political attitudes.

Currently, Australian authorities are again discussing ways to increase prescribed
burning, including cultural burning (Morgan et al. 2020), for reducing fire hazard
and for biodiversity conservation in Australian landscapes. Likely the burned areas
and fuel treatments will need to extend well beyond the areas immediately adjacent
to or within the wildland-urban interface. Another potentially useful strategy is
managing the burned areas as the vegetation recovers, for burning, thinning, or
other treatments could to help foster the desired vegetation conditions into the future.
Perhaps Australia will change their fire staffing and equipment which currently relies
very heavily upon local volunteer fire fighters. Some have suggested that such
“firies” be paid or have other financial incentives for the extensive time they spent
on fires this year and may spend on fires in the future.

Worldwide, with attention heightened by the fires, people are demanding
Australia and other nations to address climate change. Some scientists, citizens,
and policymakers have viewed these fires as a sign of changing climate. That the
large fires and smoke have affected most Australian citizens directly or indirectly
could foster conversations about changing climate and societal response. The social
impacts that are highly visible on social media, the millions of wild and domestic
animals injured or killed, and the immense cost of fire fighting even when many of
the fire fighters are volunteers, have all led to public and private anger that could fuel
societal efforts to address climate change. Cultural burning and other uses of fires
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offer viable alternative fire management. Certainly, time will tell if the fires of
2019–2020 are recognized as agents of climate change. We encourage people to
adapt and mitigate future climate change effects.

Turning the complex challenges of fire into opportunities in Australia and
elsewhere will require innovative and integrated fire management (Chap. 13,
Morgan et al. 2020). In Australia and across the globe, people must rethink our
approaches to fire. We can recognize and fear fire as a destructive force even as we
use and celebrate fires as forces of renewal and tools for managing healthy social-
ecological systems. Using fire, including prescribed burning for cultural values and
for managing fire hazard, and in sustainable vegetation management, is part of
embracing fire as a means for caring for our planet.

For more on extreme fires see Chap. 8. For more on the relative influence of
climate, fuels, and people on fires see Sect. 12.5. See Case Study 13.1 for the success
of strategically burning at the landscape scale and treating more than the area
immediately adjacent to the wildland-urban interface in southwestern Australia.
See Case Study 13.6 where prescribed burning in during the early dry season in
northern Australia has reduced carbon emissions, provided cultural values, and
increased biodiversity.

14.3 Developing Technology and Bigger Data

Although technology has long been useful in advancing fire science and manage-
ment, recent advances in computing and communication technologies have led to the
emergence of next-generation data collection techniques, data analytics, and
advanced modeling and simulation capabilities. These technologies are currently
capable of generating terabytes, even petabytes, of data, challenging the way we
think about data management and analysis. However, these tools are allowing us to
address increasingly complex questions at finer spatial and temporal resolutions and
across increasingly broad areas.

Although there are a number of emerging technologies that have the potential to
impact the future of fire science and management we focus on five major advance-
ments in data collection, data analysis, and simulation including:

1. Increasing resolution of spatial, spectral, and temporal data from satellite imagery
2. Light Detection and Ranging (LiDAR)
3. Digital aerial photogrammetry and Unmanned Aircraft Systems (UAVs)
4. Wireless sensor networks
5. “Big data” and simulation

612 14 Futuring: Trends in Fire Science and Management



14.3.1 Increasing Resolution of Spatial, Spectral,
and Temporal Data from Satellite Imagery

Satellite-based remote sensing has become an important cost-effective data source
for mapping fuels, detecting fires, assessing fire behavior and effects, and for
planning fuel treatments and post-fire vegetation response. Current satellite- and
airborne-based platforms include a variety of sensor types (e.g., optical, thermal,
hyperspectral, LiDAR, active and passive microwave) and cover a wide range of
spatial, spectral, and temporal resolutions and extents. Although the spatial coverage
provided by satellite-based remote sensing is an important tool for assessing vege-
tation, fuels, and fires across large areas, satellite systems with global coverage often
do not contain sufficient spatial or temporal resolution to provide the detailed
characterization of fuels complexes and fire behavior often required for local man-
agement decisions. Continued developments in sensor design and improved afford-
ability of sensor platforms are providing new opportunities for satellite-based remote
sensing to provide data at increasingly fine spatial, temporal, and spectral resolu-
tions. For example, DigitalGlobe’s WorldView-3 and 4 satellites are capable of
providing panchromatic imagery at a resolution of 31 cm, 8-band multispectral
imagery with a resolution of 1.24 m, and shortwave infrared imagery at a resolution
of 3.7 m and clouds, aerosols, vapors, ice and snow data at a resolution of 30 m at a
specific location every 24 h. Next-generation satellite sensors are currently being
evaluated as tools to produce high-resolution maps of wildland fuels for planning,
including fuel treatments, restoration, assessing burn severity and monitoring long-
term effects of fire on vegetation (Warner et al. 2017). In addition to increased spatial
resolution, future investments in the development of multi- and hyperspectral sen-
sors are likely to play an important role in advancing satellite-based remote sensing
capabilities (NAS 2018). In addition to advancements in sensor capabilities, there is
an increase in the use of data collected by microsatellites. Microsatellites are
relatively low cost, small satellites that can be deployed in relatively large numbers
relative to traditional satellites (Butler 2014). The use of a relatively large number of
satellites increases their overall temporal resolution and ground coverage of the data
(Butler 2014). Ultimately, large networks of microsatellites could provide nearly
real-time capabilities to fire scientists and managers to detect and monitor fires even
in remote areas.

14.3.2 Light Detection and Ranging (LiDAR)

Light Detection and Ranging (LiDAR) technology is another increasingly important
data collection tool in fire science and management. LiDAR works by rapidly
emitting light from a laser and measuring the time it takes for each emitted light
particle to travel to an object and back, enabling users to precisely calculate the
location and spatial configuration of objects. LiDAR data can be collected from a
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number of platforms including airborne, terrestrial, and satellite-based systems.
While airborne-based LiDAR data are commonly used to quantify forest structure
for several decades (Lefsky et al. 1999; Lim et al. 2003; Hall et al. 2005; Roberts
et al. 2005; González-Olabarria et al. 2012), recent developments in LiDAR sensor
design have reduced acquisition costs. For example, several countries (e.g., Finland,
Poland, England, Sweden, USA, and Spain) currently have or are pursuing national
airborne based LiDAR datasets to assist in forest and fuels inventories.

In addition to advancements in airborne LiDAR, there have also been a number of
technological breakthroughs in the development and use of satellite-based LiDAR
platforms. One example of such technology is NASA’s Global Ecosystem Dynamics
Investigation LiDAR (GEDI) mission which deployed a high-resolution LIDAR on
the International Space Station. One advantage of satellite-based LiDAR sensors is
that they have the potential to provide global data.

While airborne and satellite-based platforms are allowing for LiDAR data to be
collected across greater extents and at lower costs (Wulder et al. 2008), there are still
challenges with using such technologies to quantify surface and ladder fuels that are
not directly visible to the sensor due to the foliage and branches above them (Lovell
et al. 2003, Andersen et al. 2005). As a complement to airborne-based lidar plat-
forms, a number of researchers are investigating the potential use of terrestrial-based
LiDAR platforms (Newnham et al. 2015; Loudermilk et al. 2009). Although terres-
trial LiDAR is not commonplace in fire science and management it has shown
considerable promise for characterizing surface and canopy fuels at fine scales and
in three dimensions (Rowell and Seielstad 2012; Rowell et al. 2016) and in a
supporting role along with airborne based LIDAR in broad-scale fuels inventory
that can aid in planning for fire and vegetation management.

14.3.3 Digital Aerial Photogrammetry and Unmanned
Aircraft Systems (UAVs)

Low weight, low-cost unmanned aircraft (UAV) are another tool that is revolution-
izing data collection in fire science and management. UAVs can come in a range of
sizes, have various flight times that can be scheduled to accomplish desired tasks,
and be equipped with a variety of sensors that allow them to quantify the fuel
complex, locate and map fire perimeters, estimate the rate of spread and fireline
intensity, identify spot fires, quantify current meteorological conditions across a fire
area, provide data on air quality, and other data before, during, and after fires
(Casbeer et al. 2005, Merino et al. 2006, 2012; Chisholm et al. 2013, Shin et al.
2018, Lin et al. 2018, Moran et al. 2019). While it is possible for UAV platforms to
provide 3D characterizations of the fuels complex using LiDAR, recent develop-
ments in Structure for Motion (SfM) and multi-view stereo algorithms allow for
three-dimensional (3D) information to be characterized using sequences of
overlapping two-dimensional (2D) images. The combination of relatively low-cost
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UAV platforms, cameras, and SfM approaches to produce 3D characterizations of
vegetation structure similar to airborne LiDAR systems has led to a rapid increase in
UAV-based SfM approaches in fire science and management (Leberi et al. 2010;
Iglhaut et al. 2019). UAVs can also be equipped with communications technology
allowing them to improve communications among the many different people
involved during fire incidents (Merwaday and Guvenc 2015). Because of the
relatively low-cost, high resolution and flexibility of UAVs to attach various types
of sensors (e.g., multi- and hyperspectral, LiDAR), UAV platforms may be useful in
assessing burn severity with an accuracy on par with or above those of the satellite-
based sensors that are currently used (Fernández-Guisuraga et al. 2018, Samiappan
et al. 2019, McKenna et al. 2017). Ultimately UAVs provide a major step forward in
ensuring that fire scientists and managers can collect appropriate data at spatial and
temporal scales in a cost-effective manner.

14.3.4 Wireless Sensor Networks

Wireless sensor networks are another emerging technology being used in fire science
and management. Wireless sensor networks expand the current sampling capabilities
by enabling data collection across large areas with high temporal frequency. Wire-
less sensors can collect a variety of physical parameters (e.g., temperature, humidity,
wind speed), chemical data (e.g., carbon dioxide, volatile organic compounds and
particulate matter) or images (e.g., infrared detectors). The data collected by the
sensor network is then transmitted via cyberinfrastructure to the end-user for analysis
and interpretation. Data processing can be embedded within wireless networks so
that information can be used to assess data quality and update sampling protocols in
real-time (e.g., increasing sampling rates in response to a perturbation detected in the
data). Wireless network sensors are currently being used to improve fire detection
(Hefeeda and Bagheri 2009; Lloret et al. 2009; Aslan et al. 2012; Bouabdellah et al.
2013), conduct real-time monitoring of fire weather and behavior (Hartung and Han
2006; Gao et al. 2014), and to predict fire behavior and assess risk (Son 2006; García
et al. 2008). Although current technologies can only support relatively small sensor
networks, further advancements in power generation technology such as solar power
and bio-batteries along with low power sensors along with advancements in com-
puting technologies, cyberinfrastructure, and software (Porter et al. 2005; Allen et al.
2018) will continue to increase the size, coverage and sampling frequency of
wireless sensor networks in fire science and management.

14.3.5 “Big Data” and Simulation

The advancements in data collection capabilities along with the availability and
access to open data (i.e., data that anyone is free to use, reuse and redistribute, Culina
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et al. 2018) have resulted in the rapid ability to collect and access large volumes of
data. The volume of data worldwide increased by over 800% over the last 5 years
and is expected to continue to double every 2 years (Gantz and Reinsel 2011; Chen
et al. 2014). While the volume of data collected is a key aspect of “big data”, the
variety of data (e.g., tabular, image, and text) and the velocity or speed at which data
are collected, and the reliability (often referred to as veracity) are also important
aspects of working with and using “big data” (LaDeau et al. 2017; Farley et al.
2018). We expect that “big data” will support major breakthroughs in science,
enough so that some scientists suggest that this represents a distinct fourth scientific
paradigm complementing empirical descriptions of natural phenomena, theoretical
modeling, and generalization, and simulation approaches (Hey 2009). In addition to
paving the way to new scientific discovery, “big data” is expected to transform the
way we prepare for, respond to, manage, and recover from fires. However, for fire
scientists and managers to take advantage of “big data”, they need continued
development of:

1. Cyberinfrastructure that allows for a wide variety of data to be integrated and
made available,

2. Statistical approaches that can integrate a wide variety of data types across spatial
and temporal scales,

3. Computing infrastructure that can effectively deal with the volume and velocity
of data being collected,

4. Training and education that includes data science skills

Evolving cyberinfrastructure will support the storage, management, integration,
and sharing of various sources of data, and allow data visualization and analysis. The
continued development of these technologies will be particularly important as
big-data solutions become increasingly used in real-time decision making during
fires. For example, next-generation cyberinfrastructures will need to access and
process a variety of data sources (e.g., satellite, UAV, and networks of sensors) to
make real-time predictions that then allow managers to make predictions of fire
spread and intensity that can inform fire management actions. Future advances in
cyberinfrastructure will continue to increase data transfer speeds, improve data
storage and management efficiencies, and connect and link data sets from around
the world.

The large sample sizes and high dimensionality of “big data” presents a number
of statistical challenges, including spurious correlations among explanatory vari-
ables, increased risk of type-two error, nonnormality, and spatial/temporal autocor-
relation. All of these limit the usefulness of many classical statistical approaches
(Dray et al. 2012; Fan et al. 2014; Durden et al. 2017). Two approaches that are
being increasingly used to overcome this challenge are Bayesian statistics and
machine learning. Bayesian statistics are highly flexible. They can deal with multiple
data types that span a range of spatial scales, and they represent the uncertainty
present in the data (McCarthy 2007; Cressie et al. 2009). However, there are
challenges with scaling Bayesian approaches to “big data”, leading to increasing
computational needs. Machine learning techniques are another increasingly common
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and flexible approach for working with “big data”. Similar to Bayesian methods,
machine learning techniques are highly flexible in that they can deal with multiple
types of data that are highly correlated and nonlinear. Machine learning methods are
a relatively broad class of approaches that are classified depending upon the desired
outcome (Olden et al. 2008). Supervised learning approaches, including classifica-
tion and regression trees and artificial neural networks, build mathematical models
from data that contain both the dependent and independent data similar to many of
the traditional statistical methods. On the other hand, unsupervised machine learning
methods use only input data and are thus useful for identifying clusters or other
patterns similar to classical clustering methods. Although the results of machine
learning approaches can often be difficult to interpret, they are powerful tools for
making use of “big data” in science and management.

Analyses of “big data” have already allowed significant advances in characteriz-
ing fire activity and understanding of fire regimes and their drivers and the role of fire
in the Earth system at regional to continental and global scales. For these purposes,
worldwide databases of climate variables, lightning activity, fire weather, plant
productivity, land use and land cover, and human population density and footprint
come together with remotely-sensed fire detections, burned areas, and fire charac-
teristics. Global examples include the modeling of fire incidence metrics, e.g.,
burned area fraction, from environmental and human-related variables (Krawchuk
et al. 2009; Bistinas et al. 2014; Knorr et al. 2014; Kelley et al. 2019), quantification
and modeling of fire emissions (Van der Werf et al. 2010; Andela et al. 2016),
identification of global “pyromes” (i.e., multi-faceted fire regime classes, Archibald
et al. 2013), analysis of fire size variation (Hantson et al. 2015), and establishment of
fire-climate relationships (Abatzoglou et al. 2018).

Process-based simulation modeling, sometimes called physics-based or mecha-
nistic modeling, has also emerged as a powerful tool in fire science and management
(Hoffman et al. 2018; Loehman et al. 2020; McLaughlan et al. 2020). Process-based
models attempt to explicitly represent the relevant components, processes, and
interactions that drive system behavior. These models can be viewed as a virtual
world that acts as a new kind of experimental system (Winsberg 2001; Winsberg
2003; Peck 2004) that allow researchers and managers to conduct experiments that
would be impossible, too risky, or costly in the real world, or to investigate novel
ecosystems for which there is no historical analog (Cuddington et al. 2013;
Gustafson 2013). For example, experiments which would potentially result in the
ignition and spread of crown fires, such as studying the effect of bark beetles or of
various fuels treatments on fire behavior, are often considered too risky, costly and
difficult to conduct safely, and have therefore been studied using process-based
models instead (Hoffman et al. 2012; Ziegler et al. 2017; Parsons et al. 2017; Sieg
et al. 2017). Process-based models are also increasingly being used to understand the
impacts of management decisions under global change (He et al. 2002; Borys et al.
2016; Keane et al. 2019). Not only can simulations foster numerical experimentation
they can also complement traditional experimentation by suggesting new hypotheses
that can be tested, informing sampling strategies and assisting in the interpretation of
empirical data (Lenhard 2007; Hoffman et al. 2018). Such approaches will likely be
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used to explore alternative scenarios that could then be implemented on the ground.
Nevertheless, it is important to remember that models inherently oversimplify their
representation of some phenomena and necessarily ignore others, and therefore are
not a complete representation of the true system being modeled. Given the inevitable
limitations and uncertainties associated with models, it is critical that they are
continuously evaluated through verification, validation, and uncertainty quantifica-
tion. As suggested by Box (1979) “all models are wrong, but some are useful.”

14.4 Integrating Fire Science and Management

One thing that seems clear is that the scale and complexity of challenges faced by
wildland fire scientists and managers are increasing. While future fire scientists and
managers will have a vast array of methods and tools to help them measure, monitor
and make predictions about wildland fires, they will also increasingly engage in
interdisciplinary, transdisciplinary and translational collaborative research to address
these challenges (Gibbons et al. 1994, Brandt et al. 2013, Enquist et al. 2017, Smith
et al. 2018, Knapp et al. 2019). As such, wildland fire science in the future will
bridge the disciplinary silos that have been historically characteristic. This approach
will not only include collaboration among various disciplines involved in wildland
fire science (e.g., natural sciences, social sciences, and engineering) but also engage
the end-users of research including land managers, policymakers, the public, and
private institutions in the co-production of knowledge. We believe that this trend will
mean that wildland fire sciences are directly motivated by the problems and chal-
lenges it addresses rather than the disciplinary concepts, methods, and approaches
used. By engaging participants with different backgrounds, perspectives, and cul-
tures, our fundamental understanding and applicability of wildland fire science will
be enhanced. This requires shared language and strategies to integrate methods from
different disciplines (Lawrence and Despres 2004; Brandt et al. 2013). Increasingly
integrated fire science relies on the use of the internet and new communication tools
to bring together collaborators who are geographically, temporally, and culturally
separated. Integrated wildland fire science not only integrates scientists, stake-
holders, and decision-makers but develops trust and a shared understanding and
frequent and ongoing engagement among the participants, thus ultimately allowing
for the translation of science into management strategies and tools that are applied
(Kemp et al. 2015; Scholz and Steiner 2015; Blades et al. 2016).

Collaborative efforts to integrate fire science and management have also been
developing worldwide. One such effort was made in the framework of the project
Fire Paradox (2006–2010), funded by the European Commission, that brought
together 36 partners from 16 countries, from Argentina to South Africa and Mon-
golia, including experts from the USA, Canada and Australia (Fig. 14.7). The project
objective was to create a scientific and technical basis for new practices and
integrated fire management policies. Proposals for policy change in Europe through
a Fire Framework Directive towards Integrated Fire Management were suggested
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(Rego et al. 2010) and a collection of best practices of fire use, including prescribed
burning and suppression fire was produced (Montiel and Kraus 2010). This included
the innovative development of fire professional groups for fire use and analysis
(GAUF) in Portugal, which were very active in using suppression fire (Salgueiro
2010). Fire Paradox was a good example of the integration between fire science and
management that has advanced both.

14.5 Advancing Education and Training

Education and Training are two main ways to integrate fire science in practice. Over
the last several decades, wildland fire has increasingly become a critical aspect of
land management, through fuels management, ecosystem restoration, and continued
protection of human life and property. Although natural resource education and
training programs have often included classes on wildland fire science as an elective,
there is a trend to require all students in disciplines which support land and fire
management (e.g., forestry, natural resources, ecology, civil service) to learn about
both fire management and ecology. In addition to increased recognition of wildland
fire as an essential topic in natural resources, there is also a trend for developing
specialized educational programs including minors, concentrations, and even entire
majors about fires at universities. Such programs often recognize the need for fire
fighters, fire scientists, and fire managers to have knowledge in multiple disciplines,
including physical sciences, ecology, and social sciences, while also being adept at
communicating clearly, anticipating and resolving conflicts, and facilitating discus-
sions (Schwartz et al. 2017). The curricula integrate perspectives from multiple
disciplines. In Europe, the PyroLife project (Pyrolife 2019) is training 15 doctoral

Fig. 14.7 Field discussions between fire scientists and managers during the plenary meeting of the
Fire Paradox project in 2006 in Las Palmas in the Canary Islands. (Photograph by Paulo Fernandes,
co-author)
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students on integrated fire management, targeting fire risk (quantification, reduction,
and communication) under the sign of diversity (interdisciplinarity, intersectionality,
geography, and gender).

Furthermore, we applaud the increased recognition that fire professionals of the
future will gain knowledge throughout their careers through a combination of
experience, education, and training (Fig. 14.8) (Kobziar et al. 2009, Wells 2011,
Spencer et al. 2015). This recognition is leading to the development of new models
of wildfire training and education which integrate each of the three aspects. Recently
the Association for Fire Ecology has developed both an individual and academic
certification program which emphasizes the importance of linking education, train-
ing, and experiences for the development of fire professionals (AFE 2020). Training
programs such as the Prescribed Fire Training Exchanges (TREX) established by
The Nature Conservancy (TNC 2018) in the USA, or FlameWork in Portugal
(Seamon 2019, Fig. 14.9), seek to increase local fire management capacity by
creating collaborative learning opportunities which integrate experience, education,
and training. Such integrated training programs also foster opportunities for fire
professionals across a range of experiences, backgrounds, locations, and cultures to
learn from one another while meeting land management objectives. Often, those
objectives are increasingly ecological in addition to reducing fire hazard. Soft skills
are included, such as communicating with the public directly and through media. See
Case Study 13.5 for more on TREX.

Although prescribed fire has long been accepted as an important tool in fire
management, there is a trend to increase prescribed fire science (Hiers et al. 2020)
and to develop a dedicated prescribed fire workforce. While it has historically been
assumed that the knowledge gained from studying wildfires and tools used to
suppress wildfires are appropriate for planning and conducting prescribed fire,
there are a number of unique properties of prescribed fires (e.g., the ability to

Fig. 14.8 Fire professionals
learn through experience,
education, and training.
Effective preparation for the
future will require more
education, and the ability to
effectively use technology
while making decisions
under uncertainty. (From
Wells 2011)
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manipulate fire behavior and effects through time and space through altering ignition
patterns) that differentiate them from wildfires (Hiers et al. 2020). We urge empha-
sizing the ongoing trend to increase prescribed fire research that spans all aspects of
wildland fire science (e.g., fuels, fire behavior, fire effects, and ecological impacts,
and social sciences) and use of the advancements in technology mentioned in Sect.
14.3. At the same time that prescribed fire science is increasing, there is also a trend
to develop new prescribed fire training programs within a number of countries,
states, and provinces. While the standards for such training programs can vary
widely, they typically include a combination of practical experiences and training
and education that covers a diverse set of topics including the law, public relations,
fire behavior and meteorology, fire ecology, and smoke management. Thus, they
support both planning for and implementing prescribed fires in comprehensive
programs.

Fig. 14.9 FlameWork international prescribed burning exchanges held in Portugal in 2019 were
very successful (Photograph by Carlos Trindade)
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14.6 The Future of Fire

The trends identified in this chapter will be critical in addressing ongoing and future
challenges. To prepare for future opportunities we need to address these questions
and others we have not even thought to ask. What comes after people recognize fire
as both an effect of and an agent of global change and especially of climate change?
What is next once people accept fires as an essential and pervasive influence in
forests, woodlands, shrublands, and grasslands? How might we envision managing
to enable fires to move through landscapes, and where and when is that possible?
What if we understand that fire can be transformed from a threat to medicine for land
and a culturally important component? If we as a society are able to respond to these
challenges, we can then more often celebrate some fires, use more fires in some
locations, and be less threatened by wildfires. This is a fire paradox. We can respect
and use the power of fire to change landscapes. Then we will use the positive
feedback cycle between changing fire regimes and the landscapes that can result in
more balanced landscapes with adequate fire regimes. This has substantial implica-
tions for people and nature.

The current global changes and the expected future trends call for focusing less
exclusively on fire suppression and more on fire use and preparedness. What if many
people become simultaneously fire fighters and fire lighters, or what if we have as
many fire lighters as we have fire fighters? What if a proportion of funds now used to
fight fires were instead targeted toward planning and using fires to accomplish
landscape management goals, both social and biophysical? What if we had a
cohesive strategy that fosters fire-adapted communities in resilient landscapes with
effective use of fires and response to fires? Once we have a more nuanced and
realistic view of fires, how will our perceptions and language support for innovative
fire management change?

Science can inform societal reaction to the challenging complexities of fire-
related issues today, including costs, threats to people and property, ecological
values, and impacts of fires. Collaboration and effective multi-way communication
can build trust. Proactive and strategic fire management is needed, as are innovative
technologies and ways of working together strategically to adapt and mitigate
climate changes and other global changes to local ecosystems and local people
while responding to regional and national priorities. We must focus on clear,
strategic goals. We must be clear about uncertainties but we must not let uncertainty
keep us from moving forward and learning as we go.

We authors dream that people will use fires as part of effective efforts to adapt and
shape future fires and smoke. Time will tell if we achieve fire-adapted homes and
communities in fire-resilient landscapes in ways that are socially just and sustain-
able. We hope and work to shape proactive approaches to fires that are good for our
planet and people. Such efforts will be place-based, and filled with people learning
from each other. We need innovative approaches that provide for the essential role of
fire while reducing societal and ecosystem vulnerability to fire. Then, preparing for,
enduring, and recovering from fires could include celebrating and using fire.
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Ultimately, people must learn to balance realities. Wildfires and smoke will
occur, some of those fires will be large and smoke will affect many people. Yet
fires are part of the personality of forests, woodlands, shrublands, and grasslands,
and without fires, these systems change. Those fires provide many of the ecosystem
services people value, so let’s learn from the many successful cases how to protect
people, property, and economies from the adverse effects of fire and smoke. Both
can be accomplished in landscapes where fires burn with an ecologically appropriate
mix of low, moderate, and high severity, and with patch sizes and spatial patterns
(Moritz et al. 2018). This requires engaging with fire and with people to find ways to
sustainably use landscapes in ways that are ecologically appropriate, financially
feasible, and socially acceptable.

As we move forward in what some have called the “Era of Megafires” (Hessburg
2017) or the “Pyrocene” (Pyne 2018), wildfires will continue to influence vegetation
change, and therefore the goods and services people receive from ecosystems. We
will keep learning from fires through rapidly changing science. We can choose how
to manage fires to help shape how those wildfires affect future fires, land, and people
for both the short- and long-term. Indeed, managing vegetation and communities so
that they are resilient to fires is a worthy goal, and wildfires can help us achieve that
resilience. If we do not engage with fires, using them to help us adapt and accomplish
our land and resource management goals, then there will likely be widespread
vegetation change at multiple spatial scales. Increasingly, society’s environmental
goals will include carbon sequestration, resilience, and adaptation to global change,
all while effectively managing fires and their attendant smoke to increase positive
impacts and lessen negative impacts on people and ecosystem services.

We must. We can. We will. We hope that our book is a contribution in that
direction.
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