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Conserving biodiversity in fire-prone forest ecosystems is challenging for several reasons including differ-
ing and incomplete conceptual models of fire-related ecological processes, major gaps in ecological and
management knowledge, high variability in fire behavior and ecological responses to fires, altered fire
regimes as a result of land-use history and climate change, and the increasing encroachment into forest
landscapes by humans. We briefly compare two ecologically distinct fire-prone forest regions, the Pacific
Northwest, USA and southeastern Australia with the goal of finding ecological conservation generalities

ggtwulr)tr)‘;ice that transcend regional differences as well as differences in scientific concepts and management. We
Fire effects identify the major conceptual scientific and conservation challenges and then present a checklist of ques-
Fire regimes tions that need to be answered to implement place-based approaches to conserving biodiversity in fire-

prone forest ecosystems. The two regions exhibit both similarities and differences in how biodiversity
conservation is conceptualized and applied. Important research and management challenges include:
understanding fire-prone systems as coupled natural-human systems, using the disturbance regime con-
cept in multiple ways, dealing with large fire events, using language about the effects of fire with more
precision, and researching and monitoring fire and biodiversity at multiple spatial scales. Despite the
weaknesses of present conceptual models, it is possible to develop a checklist of principles or questions
that can be used to guide management and conservation at local scales across systems. Our list includes:
establishing the socio-economic context of fire management, identifying disturbance regimes that will
meet conservation goals, moving beyond fuel treatments as a goal, basing management goals on vital
attributes of species, and planning for large events including post-fire responses.

© 2011 Published by Elsevier Ltd.
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1. Introduction

Conserving biodiversity in fire-prone forest ecosystems is a ma-
jor challenge to scientists and managers across the globe (Driscoll
et al., 2011). The task is complicated by several factors including
differing and incomplete conceptual models of key fire-related
ecological processes, major gaps in ecological and management
knowledge (especially at large spatial scales), high variability in
fire behavior and ecological responses to fires, altered fire regimes
as a result of land-use history and climate change, and the increas-
ing encroachment into forest landscapes by humans. Given this
complexity, it is difficult to develop and then apply general princi-
ples to guide and prioritize efforts and resources for conservation.
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Noss et al. (2006) state: “Because forests are highly variable over
space and time, few universal principles exist for integrating insights
from ecology and conservation biology into fire management policies”.
This problem is not unique to fire ecology. The search for general-
ities in ecology is often thwarted by contingency and ecological
complexity that limit the development of predictive rules and cre-
ate a pluralistic science (Mayr, 1997; Simberloff, 2004). Further-
more, application of simple rules in management can sometimes
do more harm than good (Hobbs and Yates, 2003).

Despite problems of complexity and risks of perverse outcomes
from simple but misleading rules, we believe that progress towards
more effective approaches to biodiversity conservation in fire-
prone environments can be made. The disciplines of fire ecology
and conservation biology contain several useful conceptual models
(e.g. fire regime, vital attributes) that can serve as the building
blocks for a more general model. In addition, improvement in
our scientific models and management practices will require more
effort to integrate ecological and social aspects of fire (Pyne, 2007;
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Bowman et al., 2009; Conedera et al.,, 2009). However, until re-
cently, much current fire research, fire management and fire policy
in places such as the US and Australia has been dominated by a fo-
cus on the physical phenomena of fire with an emphasis on fuel
management and the mechanics of wildfire suppression (Noss
et al., 2006). Fire ecology research is now increasing rapidly (e.g.
Schwilk et al., 2009) and as our knowledge advances we will need
updated conceptual frameworks to improve the effectiveness of
conservation in fire-prone ecosystems.

Such approaches also must account for uncertainties associated
with fire and climate change effects (Millar et al., 2007). Thus, the
principles of risk management are important (Burgman, 2005), but
understanding of risk management is often poor (Hummel et al.,
2008). Development of robust and comprehensive conceptual
frameworks that are also sensitive to complexity involves integra-
tion of ecological science with other domains, particularly the so-
cial sciences (e.g. McCaffrey, 2004). This is because, increasingly,
progress in the science and application of conservation biology is
dependent on a social and economic context (Redman et al,
2004) and better integration with management (Gill et al., 2002).

Given the lack of detailed empirical information, as opposed to
conceptual predictive models about ecological effects of fire, it is dif-
ficult to provide planners and managers with decision support tools
that are needed to deal with fire and biodiversity across a range of
vegetation and landscape types. However, one way to make progress
is through comparative studies of different ecosystems and manage-
ment/policy environments to determine how well concepts, rules
and approaches from one system apply to another (Knapp et al.,
2004). This also can help: (1) generate new perspectives on existing
theoretical frameworks, (2) unveil different or inconsistent applica-
tions of concepts and terminology which suggest alternative models
or weakness in models and approaches, and (3) create new insights
into how to restructure current conceptual frameworks to guide the
management of fire-prone systems for ecological goals.

Our objectives in this paper were two-fold. The first was to
identify major conceptual scientific and conservation challenges
for conserving biodiversity in fire-prone forest ecosystems. The
second was to outline a conceptual framework or checklist of ques-
tions and topics that need to be addressed in conserving biodiver-
sity in these ecosystems. Given the complexity of fire regimes and
biodiversity responses to fire, we assumed that rules that are sim-
plistic and one-size-fits-all will be of limited value for making con-
servation decisions for particular places. Conversely, local efforts
that deal with the ecological particulars of a place may become
too narrowly focused and miss larger-scale phenomenon or con-
cepts that could improve the broader or longer-term effectiveness
of those efforts. We emphasize examples from fire ecology and
conservation in the Pacific Northwest of the USA—where forests
are dominated by conifer species and southeastern Australia—
where forests are dominated by angiosperms, mostly species of
Eucalyptus. We briefly characterize the ecological settings and bio-
diversity conservation issues in these two regions at the outset of
this paper. We have chosen these areas because: (1) we have had
many decades of collective experience in working in them, (2) they
have been important areas for the development of forest conserva-
tion science, (3) they span a wide range of fire regimes, degrees of
adaptation of the biota to fire regimes, and (4) are characterized by
a suite of policy and management approaches to fire. Such varia-
tion should mean that our recommendations should be relevant
to other regions and forest ecosystems. We acknowledge that our
findings may not apply well in other regions with different forest
types, (e.g. boreal or tropical), and land use patterns, (e.g. southern
Europe), but we see no reason, why they should not apply to many
situations. We then highlight some major conceptual challenges
for developing general principles for biodiversity conservation in
fire-prone forests which we discuss in the second section of this

paper. Our review of challenges segues into our final section where
we present a checklist of questions to guide more effective and ro-
bust integration of fire management and biodiversity conservation
practices in forest landscapes.

2. Methods

Our paper is a combination of comparative review, synthesis,
and expert opinion about management applications. We used sev-
eral approaches to develop the paper. First, we developed a set of
questions about fire and biodiversity concepts that apply to the
two regions and then assembled and reviewed relevant literature
from each of the regions. The literature was selected based on per-
sonal knowledge of existing literature (all of the authors have at
least 20 years of experience in research and management problems
in their respective regions and disciplines) and supplemented with
Google-Scholar searches to fill in gaps and find recent papers. This
initial search resulted in several hundred papers that were re-
viewed for relevance and significance before a final smaller set
was selected for inclusion in the paper. We made a special effort
to include papers that contradicted general paradigms or pre-
sented findings that were unique and illustrative of complex
behaviors and relationships. We compared relative use of different
combinations of the terms “fire regime”, “fire history”, “historical
range of variability” and “severity” and “intensity” by conducting
a Google Scholar keyword and phrase search that was limited to
states in southeastern Australia and in the western US for the per-
iod 2002-2010. Percents of different combinations of term use in
published papers were then calculated for each of the two regions.
Finally, based on our literature review and expertise in application
of fire ecology and biodiversity concepts in management we devel-
oped a checklist that we hypothesize will be useful in improving
the scientific basis of management approaches to conserving forest
biodiversity in fire-prone ecosystems.

3. Ecological settings

The Pacific Northwest of the USA and south-eastern Australia
are characterized by a diversity of vegetation types and fire re-
gimes that range from frequent surface fires (<10 years) to infre-
quent high-severity fires (intervals if >200 years) (Agee, 1993;
Gill and Catling, 2002). Conifers in the family Pinaceae dominate
forests in the Pacific Northwest while trees of the genus Eucalyptus
dominate the forests of southeastern Australia. Post-fire succession
is also variable in both regions with successional seres ranging
from a few years between short-interval fires to many centuries
in Douglas-fir (Pseudotsuga menziesii) and tall mountain ash (Euca-
lyptus regnans) forests (Agee, 1993; Gill and Catling, 2002).
Although there are many differences between the two regions,
some of the stand development processes and structures are sim-
ilar. For example, the dominant trees with Douglas-fir/western
hemlock (Tsuga heterophylla) and tall mountain ash forests are
characterized by: lack of a soil seed bank, tree canopy closure with-
in 10-40 years, and development of massive trees and multi-sto-
ried vegetation layers canopies that requires several centuries to
develop (Franklin et al., 2002; Lindenmayer and Franklin, 2002).
Vegetative reproduction (i.e. sprouting) after fire appears to be
much more common in Eucalyptus forests compared to forests in
the Pacific Northwest. Exceptions to regeneration from seed occur
in mixed evergreen forests of southwest Oregon and northern Cal-
ifornia, where evergreen hardwood trees, some shrubs, and coast
redwood (Sequoia sempervirens) sprout readily after damage to or
death of stems (Skinner et al., 2006).

Humans have had long and strong influences on fire regimes
and forest structure in both regions: about 10,000 years in the
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Pacific Northwest (Hessburg and Agee, 2003), and over
40,000 years in Australia (Bowman, 2003). Settlement of land-
scapes in the late 19th and early 20th centuries in both regions
by cultures of European origin has altered fire regimes with vari-
able effects including increasing density of forests as a result of fire
exclusion.

4. Biodiversity conservation threats

Forest and fire-related biodiversity concerns have been signifi-
cant and widespread in both regions. Logging of old-growth and
clearing of native forests have historically been the most promi-
nent drivers of biodiversity change and loss in both regions. How-
ever, as policies have been enacted to reduce logging and protect
habitat for threatened species, management and conservation ef-
forts have shifted to focus on other issues and threats including ef-
fects of altering fire regimes and occurrence of large high intensity
fires in reserves intended for species sensitive to particular fire re-
gimes (Noss et al., 2006; Healey et al., 2009). The impact and
uncertainties associated with increasing fire frequency driven by
climate change (Cary, 2002; Westerling et al., 2006) further adds
to the challenges faced by managers.

5. Major conceptual challenges

A wide range of studies in the Pacific Northwest and southeast-
ern Australia reveal major conceptual challenges to developing
general principles and guidelines for biodiversity conservation in
fire-prone environments, not only in these regions, but in many
places around the world. We outline some of these challenges in
the following section. This provides a prelude to the final section
of this paper, where we outline a checklist of topics to consider
in developing place-based management plans.

5.1. Fire and biodiversity are imbedded in a socio-ecological system

Fire management and the conservation of biodiversity are dee-
ply embedded socio-ecological or coupled natural and human sys-
tems (Liu et al., 2007) in which fire, biodiversity, and people
interact, often in complex ways. Efforts to plan or manage these
components in isolation will miss important drivers and con-
straints and ultimately fail. Such systems are characterized by
feedbacks and unintended consequences that can thwart plans
based on inadequate thinking or narrow objectives. The degree of
coupling between natural and human systems is increasing for
several reasons. First, humans are increasingly settling in fire-
prone environments where more and more homes and lives are
lost to fire (Stephens et al., 2009a). There are also significant biodi-
versity conservation issues at the interface of urban, rural and
wildlands (Gill and Stephens, 2009). For example, in Australia, a
significant minority of threatened species occurs at the fringes of
urban environments (Lindenmayer and Burgman, 2005), where
there are also substantial fire risks (Carey et al., 2003). Second,
the area of high intensity fire may be increasing as a result of
anthropogenic-driven climate change (Pittock, 2005; Miller et al.,
2009; Steffen et al., 2009). Third, biodiversity in many areas has
been already been degraded and is threatened by continuing
non-fire losses of habitat from land cover conversion, unsustain-
able logging and urbanization (Hansen et al., 2005).

The reality that biodiversity goals are typically secondary to
concerns about property and human safety set fundamental con-
straints on options to maintain or restore fire-related biodiversity.
Failure to acknowledge coupled human-fire-biodiversity systems
is further compounded by a lack of clear objectives for biodiversity
across many ownerships and in many resource management poli-

cies. Clearly articulated goals and quantifiable objectives are cru-
cial to managing landscapes for biodiversity (Spies et al., 2007;
Lindenmayer et al., 2008). These cannot be specified for a land-
scape or ecosystem a priori—they must be developed based on local
conditions and level of knowledge.

5.2. Fire regime is a foundational concept in conservation but we need
to understand how to use it

Fire regimes form the basis of planning and management in
fire-prone ecosystems. The concept of a disturbance regime is well
established in disturbance ecology (Gill, 1975; Pickett and White,
1985; Conedera et al., 2009). Characterizing sites within a region
or vegetation type in terms of the type, frequency, intensity and
timing of disturbances is the only way to understand biophysical
processes that vary across spatial and temporal scales. The ap-
proach is valuable not only for making sense out of highly variable
systems but for evaluating ecological effects on species, communi-
ties, and processes which maybe more influenced by the cumula-
tive effects of fires than by individual events.

The disturbance regime concept is applied in different ways,
which are illustrated by comparing applications in the Pacific North-
west and in southeastern Australia. First, fire regimes (in terms of
frequency and severity) have been mapped across the USA at na-
tional and regional scales (Morgan et al., 2001; Malamud et al.,
2005) and are used for various reasons including prioritizing fuel
treatment activities (Morgan et al., 2001) (Fig. 1). Published fire re-
gime maps are rare in Australia, although there is recognition of
the need for them (Gill and Bradstock, 2003). The limited number
of fire regime maps in Australia usually comprise spatial information
on between-fire intervals and seasonality (e.g. Russell-Smith et al.,
2007); agency maps based on time since fire are sometimes used
in management planning for parks and other government land.

A second way in which the disturbance regime concept is ap-
plied differently between the Pacific Northwest and in southeast-
ern Australia relates to perspectives about historical conditions.
For example, in a recent Google Scholar search, we found that
the phrase “historical range of variability” was associated with
the “fire regime” in about 6.6% out of 2050 papers that mentioned
the western states of the western US, while only one paper out of
318 associated the two phrases when the search was restricted to
states in eastern Australia. In addition, the term “fire history” is
more commonly associated with “fire regime” in the western US
studies than in Australia (46% versus 40% of papers). The use of his-
torical regimes as a guide for management assumes that the native
species of a region will be adapted to historical disturbance re-
gimes and thus efforts to retain or restore whole community
assemblages and ecosystem processes should be based on provid-
ing as many of the elements of the historical disturbance regime as
possible (Hunter, 2007). This approach is most suitable where the
historical disturbance regime is relatively well known and where a
systems (e.g. communities, ecosystems) strategy to conserving bio-
diversity is applied. However, this approach will not be very useful
if the disturbance regime is poorly known or has been altered as a
result of climate change or human influences on landscape struc-
ture and dynamics (Millar et al., 2007). Furthermore, biodiversity
plans and actions are often driven by concerns for the conservation
of a particular species or ecological process and therefore a com-
munity or systems approach will not be optimal for all components
of a system (Cushman et al., 2008).

A third difference in the application of the disturbance regime
concept focuses on what type of regime (regardless of a usually un-
known pre-settlement history) is needed to provide for a particular
species, ecological processes, or land management objective (Gill,
1981). This type of application appears to be more common in
Australia, where human culture has affected fire regimes for more
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Fig. 1. Fire regimes of the Pacific Northwest and Northern California. Fire Regime Groups: I - Fire Return Interval (FRI) <35 yrs, Low and Mixed Severity; II-FRI <35 yrs,
Replacement Severity; III - FRI 35-200 yrs, Low and Mixed Severity; IV —-FRI 35-200 Years Replacement Severity; V — FRI >200 Year Fire Return Interval, Any Severity; Other,
Water, Snow/Ice, Barren, Sparsely Vegetated, Indeterminate Fire Regime. Source: http://www.landfire.gov/NationalProductDescriptions12/php.

than 40,000 years (Bowman, 2003). In short, under this approach, as type, intensity, season and interval. This application has some
the persistence or extinction of a species is a function of the cumu- advantages over the first in that: (1) it does not need to assume
lative effects of managed fire events characterized by factors such a constant climate, detailed knowledge of disturbance history,
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and an unchanging human cultural influence on landscapes, spe-
cies and disturbances, and (2) it can be focused more on the partic-
ular elements of biodiversity that are of greatest concern to
managers. The disadvantages of this approach are that it requires
an intimate knowledge of the autecology of the most vulnerable
species and it assumes that a species-by-species approach is a fea-
sible approach to management. This assumption may not be valid
if there are multiple species of concern or the species and ecolog-
ical processes of an area are poorly known. The use of species func-
tional groups can make it more feasible to deal with the diversity
of ways that plant and animals respond to fire (e.g. Rowe, 1983;
Noble and Slatyer, 1980). However, grouping of species will reduce
effectiveness of the strategy for individual species in a group
(Pausas et al., 2004) and the relationships between fire regimes
and groups of species can be highly variable (Whelan, 2002),
including variation arising from different scales of observation.
Use of life history markers (Noble and Slatyer, 1980) assists in
the search for the most critical species in terms of fire regimes.
Nevertheless, the use of ecologically-based disturbance regimes
in biodiversity management appears more realistic than using his-
torically-based regimes given the reality of climate change.

5.3. Dealing with individual major fire events

Although the fire regime concept is the foundation of fire ecol-
ogy, it is also true that individual fire events, especially large, in-
tense fires can have a major impact on ecosystem function (Pyne,
2004; Foster et al., 1998; Williams and Bradstock, 2008) and exert
profound long-term effects on the biota (Ford, 1979; Gill, 1999;
Lindenmayer, 2009) and landscape structure (Weisberg and Swan-
son, 2003). From a conservation perspective, large events can be
viewed as an opportunity to restore ecological diversity and pro-
cesses and/or a threat to the viability of populations of rare or
endangered species whose distributions may be restricted to small
habitat patches as a result of the cumulative effects of habitat losses
or other factors (McCarthy and Lindenmayer, 2000). For example,
the 2002 Biscuit Fire in southwestern Oregon created a diversity
of open habitat types (Thompson and Spies, 2009) in what had be-
come relatively dense forest landscape during the 20th century.
But it also adversely affected 17% (28,000 ha) of the habitat of the
threatened northern spotted owl (Strix occidentalis caurina) on the
Rogue-Siskiyou National Forest (USDA-USDI, 2004). Similarly, the
February 2009 fires in southeastern Australia have had major im-
pacts on over 30% of the entire known distribution of the nationally
endangered Leadbeater’s Possum (Gymnobelideus leadbeateri). In
another example from southeastern Australia, wildfire (bushfire)
appears to have contributed to the loss of the last populations of
the Kangaroo Island Emu (Dromaius novaehollandiae) (Ford, 1979).
However, many species are adapted to and require periodic, intense
and large fires that create new habitats; this ecological reality poses
a challenge for conservation and management.

5.4. Ecological effects of fire are variable and we need more precise
language and better models of hierarchical ecological effects

Wildfires, especially large ones, are often portrayed as “cata-
strophic” events in the media and by some ecologists and manag-
ers (see Keane et al., 2008). However, this is usually not true from a
biodiversity conservation perspective (Franklin and Agee, 2003)
because the habitats of many species and many ecological pro-
cesses are dependent on wildfire (Stephens and Ruth, 2005), and
single events rarely eliminate species. Indeed, the effects of wild-
fires on biodiversity may only be understood from studies of multi-
ple organisms across a range of spatial and temporal scales and
over long temporal periods (Whelan, 1995; Parr and Andersen,
2006; Wittkuhn et al, 2011). One problem impeding the

development of a better understanding of fire effects at ecologi-
cally-relevant spatio-temporal scales is that terminology associ-
ated with the fire behavior and impacts are often used
inconsistently or incorrectly (Keeley, 2009). Disturbance regimes
are more likely to be characterized in terms of severity in the wes-
tern USA whereas intensity is the common lexicon in Australia. For
example, a key word search in Google Scholar for 2002-2010 found
that “severity” was used alone with “fire regime” more than seven
times as frequently (11.8%) in papers from the western states of the
US than the eastern states of Australia (1.6%). “Intensity” was used
alone with fire regime in 27% of the papers in the US and 55% of the
papers in Australia. These terms are different and this difference
matters for both ecological and management responses (Keeley,
2009) and complicates cross-system learning. Fire intensity is a
measure of the energy release rate of a fire edge (Agee, 2003). Fire
severity is a measure of damage to plants, or the loss or change of
organic matter (Keeley, 2009). A crown fire can be both high inten-
sity and high severity but in other cases a surface fire may have low
intensity but potentially a high severity (e.g. where it smolders in
organic soils and litters and kills plants rooted there).

The use of the term fire severity has been inconsistent and inef-
fective for characterizing the ecological effects of fire (Jain, 2004;
Keeley, 2009). This is because the term is too general for specific
applications and comparison across fires. While remote-sensing
based fire severity indices (e.g. dNBR, Collins et al., 2009) facilitate
comparison of aggregate ecological effects across fires, such indices
do not necessarily predict particular fire effects or ecosystem re-
sponses (Keeley, 2009). For example, fire severity differs between
the forest floor and the canopy (Jain and Graham, 2007) and fire ef-
fects will differ among species (e.g. impacts on resisting species
and enduring species; Rowe, 1983). If the immediate effects of fire
on vegetation, severity, are to be predicted, then fire intensity is a
suitable variable to use.

Like White and Jentsch (2001), we consider that progress to-
ward improved biodiversity conservation in fire-prone forests will
depend on relating fundamental variables of disturbance regimes
with ecological effects and responses. Consequently, knowledge
of the trajectories of post-fire ecological recovery is crucial, includ-
ing stand development and vegetation succession (Krebs, 2008). In
many forest ecosystems, species composition after forest fires is re-
lated to initial pre-fire conditions (i.e. the original composition)
(Egler, 1954) with perhaps some transitory composition change
(Franklin and Agee, 2003). Thus, while changes in forest structure
and ecosystem processes may occur, species composition often re-
mains broadly similar (Frelich and Reich, 1998; Gill, 1999; Brown
and Smith, 2000; Stephens et al., 2008; Wittkuhn et al., 2011).
Exceptions do occur, however, such as where alternative vegeta-
tion types can arise that persist for long periods.

Confusion about the effects of a fire on habitat development of-
ten arises when differences in vegetation dynamics are not taken
into account. Post-fire vegetation dynamics varies by life history
characteristics of the species, especially the dominants, site pro-
ductivity, and fire severity. For example, on dry, relatively unpro-
ductive sites in the Pacific Northwest region, a wildfire reduced
the severity of a subsequent wildfire for more than 20 years
(Mazza, 2007), while a wildfire on more productive sites lead to
dense young sclerophyll vegetation in southwestern Oregon and
northern California with increased probability of high severity fire
in the first 10-20 years (Thompson et al., 2007; Odion et al., 2010).
In central Sierra Nevada, upper-elevation mixed conifer forests,
multiple lightning -ignited fires without suppression resulted in
no change in fire severity over the period 1974-2005 (Collins
et al., 2009), and forests dominated by Jeffrey pine (Pinus jeffreyi)
and lodgepole pine (Pinus contorta) had smaller high severity patch
size (Collins and Stephens, 2010). Conversely, in other forest
regions, the prolonged absence of fire can allow accumulation of
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fuels in older forests which makes them more susceptible to the
next fire (Schoennagel et al., 2004), particularly in forests that once
experienced frequent (<30 years), low-moderate intensity fires.

Invasive plant species are major global threat to the existence of
native species and have altered evolutionary processes (Mooney
and Cleland, 2001) and they can add further variability to fire ef-
fects (Driscoll, 2007). Fire has been recommended as a way of man-
aging invasive species, and there are examples of successes
(DiTomaso et al., 1999), but fire often increases their abundance
and cover (Klinger et al., 2006; Driscoll, 2007) and can alter fire re-
gimes (Brooks et al., 2004). There is no a priori reason why alien
species should behave any differently to indigenous species. In
the forests of the western US, fire exclusion, while increasing the
risk of high-intensity, high-severity fire, has also excluded alien
plant species in some areas that typically require high light levels
and disturbed mineral soil (Keeley, 2005). Consequently, fuel
reduction activities to protect homes or late successional habitat
in some places pose a risk of increasing the occurrence of invasive
species especially if they are associated with mechanical treat-
ments (Rose and Fairweather, 1997; Schwilk et al., 2009). Invasive
species can also influence fire regimes either by increasing flam-
mability or reducing it (Driscoll, 2007).

5.5. We have many options for how to deal with fire

Given the complexities and uncertainties associated with the
human-fire-biodiversity complex, deciding which management
approach is best requires careful consideration. But, the choices
are not simply to manage or not, since a “no action” decision
regarding vegetation and fire will have consequences for humans,
wildlife, and ecosystem services, such as carbon sequestration.
The absence of information and knowledge should not be an ex-
cuse for doing nothing or a misapplication of the precautionary
principle (Cooney, 2004). In fact, in the absence of knowledge,
doing something using management or research experiments is
even more important (Walters, 1986). There are many options
for dealing with fire (Pyne, 2004; Stephens et al., 2009a) including:

1. managing wildfires (including allowing them to burn) to pro-
duce ecological benefits while protecting lives and structures,

2. full suppression of wildfires,

3. a combination of the two above; since 2009 in the USA, some
fires are simultaneously managed for suppression and ecologi-
cal objectives,

4. prescribed fire, and

5. other fuel manipulations.

Depending on the goals and the particulars of how these prac-
tices are implemented, the outcomes for biodiversity can be either
positive or negative or neutral. In many areas of the western US,
where the goal is to reduce the probability of large high intensity
fires, fuel reduction treatments can be a strategy to meet both hu-
man and biodiversity goals. These treatments attempt to achieve
the following objectives: reduce surface fuels, reduce ladder fuels,
and reduce canopy density (canopy density is a relatively small
component of fire hazards in forests that once burned frequently
(Stephens and Ruth, 2005)). The effectiveness and necessity of
these treatments will vary across forest types. In fire regimes that
are fuel limited (as opposed to climate or ignition limited), these
treatments can actually have the desired effect of reducing fire
intensity and subsequent severity. However, if treatments are not
fully carried out or not effective in reducing surface fuels, they
can actually increase the risk of high severity fire (Stephens,
1998; Agee and Skinner, 2005).

Itis possible to reintroduce a regime of frequent, low to moderate
severity fire. However, in some cases in the Pacific Northwest,

understory thinning and mechanical fuel reduction can be used to
reduce the risk of undesirable fire effects and the combination of
the two is most effective to produce forests more resistant to wildfire
(i.e.lowering the intensity of fire) and possible drought from climate
change (Schwilk et al., 2009; Stephens et al., 2009b; Agee and Skin-
ner, 2005). However, these efforts must be undertaken at landscape
levels to be truly effective (Finney et al., 2007; Moghaddas et al.,
2010; Collins et al., 2011). Restoration and fuel reduction efforts
can have divergent ecological effects and result in tradeoffs among
different types of biological diversity. For example, manipulations
of stand structure to reduce risk of loss of older forest to high severity
fire and restore large pines in dry forests of the Pacific Northwest can
also reduce habitat quality for the threatened Northern Spotted Owl
in the margins of its range where it uses dry mixed-conifer forests
that have become dense as a result of lack of fire (Spies et al.,
2006). This situation has lead to controversy about how to meet eco-
system and species objectives in these areas (Spies et al., 2009).

The emphasis in eastern Australia, by contrast, has been focused
more on using prescribed fire to not only reduce the risk of high-
severity wildfires, but also to maintain certain plant and animal spe-
cies that might be extirpated from sites if fires are either too frequent
or too infrequent. In addition, there are major discussions about both
the spatial extent of prescribed fire as well as the frequency and reg-
ularity of between-fire intervals for prescribed fire (Gill, 2008).
Varying prescribed fire intervals within a specified range is consid-
ered more likely to sustain species than using a constant interval
between fires. The challenge with this approach is to apply this
method with often limited knowledge of species life-
history attributes (Whelan, 2002). Associated with prescribed burn-
ing and suppression actions is the establishment of fuel breaks at
landscape-levels. Gill (2008) points out how road networks estab-
lished for fire suppression and prescribing burning could have ad-
verse affects on biodiversity because they can be sources of
unwanted human-caused fires. Roads are also major conduits for
the dispersal of invasive species (Wace, 1977). In both southeastern
Australia and the Pacific Northwest, a landscape approach is needed
because there are vegetation types and landscape settings where
fuel management through prescribed burning is not only ineffective
but inappropriate for biodiversity conservation. For example, in
southeastern Australia prescribed fire may not be possible in rainfor-
ests and mountain ash (E. regnans) forests and in PNW prescribed fire
is not appropriate in western hemlock/Douglas-fir forests or higher
elevation Pacific silver fir (Abies amabilis) forests.

The five fire management options we outlined above encom-
pass only a subset of the actions that can be taken within the hu-
man-fire-biodiversity system. From a biodiversity conservation
perspective, species can be added or removed through various ap-
proaches and substitutes for fire (e.g. mechanical or chemical man-
agement interventions). These can modify vegetation structure and
composition in ways that approximate some of the effects that fire
would have had on the biota. As an example, to promote the con-
servation of the highly endangered Eastern Bristlebird (Dasyornis
brachypterus) in eastern Australia (which has limited movement
ability and potentially sensitive to the effects of prescribed burn-
ing), Baker (1997) recommended strategic slashing of vegetation.

Reserves are a long-standing approach to protection of biodi-
versity from natural resource extraction and human activity. How-
ever, in fire-prone forest ecosystems, “hands-off” approaches, often
applied in reserves in wetter environments, may not be appropri-
ate (Spies et al., 2006; Gill, 2008). This is especially true if reserves
have had a history of fire exclusion or past management that has
eliminated key components of diversity (e.g. large old trees) or
leaves them vulnerable to undesirable high-severity wildfire. In
such cases, mechanical treatments and prescribed fire may be
needed to reach a more desired condition for biodiversity,
although, such actions in reserves can be controversial (Spies
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et al., 2009). However, given the ecological variability that is pres-
ent in most reserves (from microsite to landscape), especially large
ones, it may not be feasible or desirable to conduct prescribed
burning or other fuel manipulations across the entire reserve or
even the majority of it for either ecological or socio-economic rea-
sons. Increased use of managed wildfire in remote forests should
be considered (Collins and Stephens, 2007). Carefully designed,
landscape strategies that explicitly treat areas to reduce high
intensity crown fires also may be needed (Finney et al., 2007). In
most landscapes, fire refugia—places that typically do not burn or
burn with lower frequency and/or intensity—could be critical to
maintaining biodiversity (Mackey et al., 2002). Where fire refugia
are important, landscape-level fuel reduction strategies will be
needed to reduce the risk that fuel continuity will facilitate the
spread of high intensity fire into areas that support fire sensitive
populations and ecosystem functions. It is not easy to assess trade-
offs in risk to biodiversity from fuel management activities them-
selves against risk possessed by wildfires that could burn refugia.
Nevertheless, this conundrum suggests that managers should
avoid applying the same policies and practices everywhere.

5.6. Multi-scale monitoring and research is critical for dealing with
variability and uncertainty

Despite the extensive work completed to date, it is remarkable
how little is known about the impacts of fire and hence the lack of

Table 1
Major elements of a fire-biodiversity-management checklist and key questions.

predictive ability of biotic responses to fire (Whelan, 2002). Much
of our current focus concerns the physical behavior of fire and eco-
logical studies at the stand scale (Schwilk et al., 2009; Boerner
et al., 2009). Models and empirical studies of the ecological re-
sponses to fire are far less well developed, especially at landscape
scales (Whelan, 2002; Wittkuhn et al., 2011).

Lack of knowledge should be a strong motivator for taking ac-
tions that are accompanied by monitoring of management actions
and more focused experiments—both natural and planned. Federal
land management agencies in the Pacific Northwest have devel-
oped biodiversity monitoring programs and then implemented
them for over 10 years (Spies and Martin, 2006). The emphasis
has been on the Northern Spotted Owl, but other species and land-
scape indicators have also been used to evaluate the effectiveness
of the Northwest Forest Plan. This monitoring effort has proven
quite valuable in assessing environmental trends for species and
landscapes. For example, monitoring has revealed that populations
of the Northern Spotted Owl have declined, despite reduced timber
harvesting and an increasing area of older forest (Lint, 2005). Mon-
itoring also has indicated that losses of older forest habitat to wild-
fire across the region are in line with expectations, but in dry forest
provinces, some large fires have converted thousands of hectares of
older forest to early successional stages (Spies et al., 2006; Healey
et al,, 2009) in landscapes where old forest has been depleted by
past logging. Interactions of climate change, fire and insect and dis-
ease outbreaks pose a risk to the long-term viability of species

1. Socio-economic context—Overall management goals and constraints
a. What is the relative importance of property versus biodiversity goals?
b. What are the socio-economic limits of meeting biodiversity goals?

2. Disturbance regimes

a. To what level of spatial and temporal detail can historical and contemporary regimes be determined? How can regimes be best described in relation to biodiversity

conservation?

b. Is the historical, indigenous, regime still possible/desirable given landscape change, socio-economic constraints and climate change?

c. What regime (historical or novel) is needed to meet biodiversity goals which consider all animal and plant species?

d. What lessons from historical regimes can be used to guide development of new regimes?

e. How might regimes change in the future in response to atmospheric, climatic, demographic, and land-use changes and invasive species?

3. Biodiversity management plans and practices
a. What are landscape-level goals, objectives and measures for biodiversity?

b. What are landscape-level priorities for fire-management actions to maintain or restore biodiversity?
c. What site-level options exist for using mechanical and/or fire methods to reach goals described in terms of structure, composition and dynamics of vegetation?
d. What are the current risks to biodiversity associated with fire management (both action and lack of action)? How are they distributed - over multiple spatial and

temporal scales?

4. Responses to wildfire events

a. When and where are there key habitats/species’ populations that need to be protected from wildfire and management actions during suppression activities?

b. When and where, and of what type, is ecological restoration work needed where legacies of past management (e.g. roads, logging) affect the recovery potential of
post-fire vegetation (e.g. Monsanto and Agee, 2008; Stephens and Moghaddas, 2005)?

c. Where goals are primarily economic (e.g. recovery of wood) or safety (falling trees near roads or trails), where are key places in landscape where some dead trees
can be left to retain some habitat diversity? Where goals are primarily ecological there is typically little reason to salvage dead trees (Lindenmayer et al., 2009)

except as noted in 4b above.

d. Are public engagement strategies in place to communicate the risks and benefits of particular fire regimes, and different recovery strategies (including minimal

intervention that allows natural processes to drive recovery of the ecosystem)?

5. Ecological effects at multiple scales

a. Can the ecological effects of fires and regimes (both wild and prescribed) be articulated and tradeoffs identified?
b. What are the expected short-term versus long-term post-fire trends in species and ecosystems?

c. What terminology is most appropriate to characterize variable fire effects?

d. How can these effects be communicated to managers and the public in terms of different ecosystem goods and services systems (e.g. wildlife habitat, clean water,

carbon emissions?

6. Life history characteristics of desired species and range of variability of communities and ecosystems
a. What are the critical, most vulnerable, species with respect to particular fire-regimes (not just intervals between fires)? Are the autecologies of such key species

known well enough to use as a basis for management?

b. If the autecologies are not well known, can systems (regimes, landscape patterns and dynamics) be used as a substitute or in tandem?
c. Can tradeoffs among species or between species and ecosystem (e.g. community, landscape, processes) goals be articulated ? (see Section 5.5)

7. Monitoring and adaptive management
a. Can multi-scale management experiments help resolve uncertainties?

b. What monitoring programs are needed at site, landscape and regional scales?

c. What kind of social learning networks are most effective in fostering communication among scientists, managers, and various publics so as to minimize the chances

of species’ extinction or other undesirable changes in biological diversity?
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associated with older forests in some landscapes. Despite the suc-
cess of this monitoring effort, its short comings also have become
apparent. For example, such programs are unable to readily quan-
tify relationships between cause and effect (i.e. why have popula-
tions of the Northern Spotted Owl declined?). Nevertheless,
ongoing monitoring and adaptive management are critical for eco-
logical and monitoring learning, particularly in relation to under-
standing the effects of wildfires on biodiversity.

6. A checklist of considerations for conserving biodiversity in
fire-prone landscapes

The preceding section has emphasized that the conservation of
biodiversity in fire-prone forests is a major challenge to scientists,
managers and policy makers across the globe. Our brief review of
fire-related conservation issues in the Pacific Northwest and south-
eastern Australia further emphasizes the array of challenges to the
development of more robust and useful theories or conceptual
frameworks. For example, the concept of disturbance regimes,
which is central to both fire ecology and coarse filter approaches
to species conservation, is applied differently in the two regions
and each approach (historical regime versus new regime) has
advantages and disadvantages. With the increasing influence of cli-
mate change and the cumulative effects of land use change, “new”
regime approaches may be more tractable but this further adds to
the complexity challenge (see next section).

Despite the differences between the two regions, we believe it is
possible to develop a general, scientifically-defensible checklist of
topics or questions that should be addressed in developing and
stimulating thinking about fire management plans for particular
landscapes (Table 1). We argue that the checklist is valuable not
only for Pacific Northwest, USA and southeastern Australia, but
also many other fire-prone ecosystems around the world. In some
regions of the world, such as the southeastern US there is progress
on integrating socio-ecological concerns about biodiversity and fire
in management. For example, some agencies such as the US Park
Service have considerable experience in managing wildland fire
for multiple objectives (USDI-NPS, 2008). However, we are not
aware of other peer-reviewed publications that review scientific
concepts and provide guidance for management in the form of a
checklist.

We present this checklist below as questions for consideration
by fire and biodiversity researchers and managers. The checklist
identifies a combination of management perspectives (e.g. what
are management priorities) and scientific perspectives (e.g. ecolog-
ical effects at multiple scales). We present both perspectives be-
cause progress in conservation of fire-prone ecosystems can only
be made if managers better understand ecological processes and
researchers better understand management constraints.

Providing guidelines or checklists for ecosystems characterized
by fire, ecological interactions, and the demands of human society
is extremely challenging - no two fires are the same and there are a
myriad of possible ecological and socially-based approaches to fire.
Yet, we are not starting from scratch. Conservation biologists and
fire ecologists have a large body of theory and empirical knowledge
on which to base the development of new management frame-
works and scientifically-based learning. Our checklist provides a
framework for planning and decision making that could lessen
the risk that managers become overwhelmed by a blizzard of eco-
logical details (sensu Bowman, 2003) and make poor decisions or
miss important considerations. The list also mixes management
and scientific considerations because progress on conservation in
fire-prone systems requires that managers and researcher work to-
gether. Our checklist is not comprehensive nor is it the only way to
structure the issues, but we believe that it provides a foundation to

meeting the challenges of conserving biodiversity in fire-prone so-
cio-ecological systems.

7. Unresolved and emerging issues

While we do have a solid scientific basis for using the above list
to guide biodiversity conservation in fire-prone systems, there are
several especially large gaps in our knowledge that require special
emphasis:

7.1. Spatial heterogeneity

Managing to create fire mosaics and spatial heterogeneity is
increasingly a goal but there are many expressions of heterogene-
ity and it is difficult to generalize about the ecological effects of one
type of heterogeneity from another (Gill, 2008).

7.2. Early successional environments

After decades of focus on conserving late successional habitats,
we are now realizing the importance of early successional environ-
ments (Franklin and Agee, 2003; Hutto, 1995; Swanson et al.,
2011) - but they are currently very poorly studied.

7.3. Climate change adaptation strategies

Many strategies for enhanced biodiversity conservation in re-
sponse to rapid climate change are underpinned by efforts to pro-
mote adaptation and habitat connectivity (Opdam et al., 2006) but
we lack basic studies of the ecological effects of these actions
(Steffen et al., 2009).

7.4. Fire and carbon budgets

As mitigation strategies for climate change focus on increasing
carbon sequestration (Danielsen et al., 2009), we need better infor-
mation on how fire management strategies influence carbon
dynamics (Hurteau and North, 2009; Mitchell et al., 2009;
Stephens et al., 2009c; Bradstock and Williams, 2009).
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