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for Predicting the Control or Enhancement of Plants
Using Fire
David A. Pyke,1,2 Matthew L. Brooks,3 and Carla D’Antonio4,5

Abstract

Wildfires change plant communities by reducing domi-
nance of some species while enhancing the abundance of
others. Detailed habitat-specific models have been devel-
oped to predict plant responses to fire, but these models
generally ignore the breadth of fire regime characteris-
tics that can influence plant survival such as the degree
and duration of exposure to lethal temperatures. We pro-
vide a decision framework that integrates fire regime com-
ponents, plant growth form, and survival attributes to
predict how plants will respond to fires and how fires
can be prescribed to enhance the likelihood of obtaining
desired plant responses. Fires are driven by biotic and abi-
otic factors that dictate their temporal (seasonality and
frequency), spatial (size and patchiness), and magnitude

(intensity, severity, and type) components. Plant resistance
and resilience to fire can be categorized by a combina-
tion of life form, size, and ability to disperse or protect
seeds. We use a combination of life form and vital plant
attributes along with an understanding of fire regime com-
ponents to suggest a straightforward way to approach the
use of fire to either reduce or enhance particular species.
A framework for aiding decisions is organized by life form
and plant size. Questions regarding perennating bud and
seed characteristics direct restoration practitioners to fire
regimes that may achieve their management objectives of
either increasing or decreasing plants with specific life form
characteristics.

Key words: fire prescriptions, fire regime, life form, plant
reproduction, resilience, vital attributes.

Introduction

Humans have a long history of using fire to manage vegetation.
Aboriginal people used fire to maximize food production and
hunting success and to improve pathways of travel (Nelson &
England 1971; Nicholson 1981; Hall 1984; Lewis 1985; Pyne
1991). More recently, fire has become a common management
tool to control undesirable plants and pathogens (Vallentine
1989; Storeheier 1994; Fujisaka et al. 1996; Young et al. 1999;
Zimdahl 1999; Stolle et al. 2003; DiTomaso et al. 2006),
create desired plant communities for livestock or wildlife
(Wright & Bailey 1982; Bunting et al. 1987), reduce fuel
loads (Williams et al. 1999; Fernandes & Botelho 2003), and
restore historical disturbance regimes (Bonnicksen & Stone
1985; Baker 1994).
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Effects of fire on wildlands are often difficult to predict
because of the large numbers of coexisting species, high eco-
logical complexity, heterogeneous fuel structure, and unpre-
dictable weather after fire when species are regenerating or
recruiting into burned sites. The complex assemblage of plant
species in wildlands requires managers to conduct fires when
their effects may be beneficial or neutral for desirable species,
and detrimental for undesirable species.

Our knowledge of how plants respond to wildland fires
is based on observations made after fires have burned and
subsequent plant communities have developed. Managers have
integrated years of experience into general guidelines that they
follow. The greatest amount of information comes from fire-
prone grasslands (Clarke & Knox 2001; Briggs et al. 2002),
shrublands (Van Wilgen & Forsyth 1992; Bell et al. 1996;
Keeley 2002), and forests (Schimmel & Granström 1996;
Fule et al. 1997). A century or more of fire suppression
in many ecosystems, in addition to an abundance of non-
native species in some landscapes, now makes it difficult to
predict successional trajectories of communities after fires.
Citing controversy over the best approaches for restoring fire-
suppressed ponderosa pine ecosystems, Allen et al. (2002)
advocated a series of science-based studies to aid the process
of determining appropriate uses of fire to accomplish specific
objectives.
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Concerns about potential threats of fire to lives and liveli-
hoods (e.g. urban or residential concerns), air quality, or other
ecosystem processes (e.g. water quality) limit the use of fire as
a management tool. However, when fire is deemed appropriate,
managers need guidelines to help determine its effectiveness
in achieving their objectives. We believe there are basic prin-
ciples that determine effects of fire among differing plant life
forms and that a reductionist approach focused on immediate
effects of fire on individual plants (often referred to as first-
order fire effects) would aid in predicting vegetation responses
to fire. We recognize that plant community development after
fire results from an intricate set of ecological processes that
depend on complex timing of biotic and abiotic factors to form
plant trajectories during years following fire (often referred to
as second-order fire effects, or post-fire succession). However,
first-order fire effects can set the stage of subsequent post-
fire succession and as such are important to consider when
predicting plant community response to fire. Specifically, we
believe restoration science and management could benefit from
a merging of two major topics: fire regimes and drivers that
influence them, and plant morphology and survival mecha-
nisms. This information is the foundation for most approaches
used by experienced fire managers, but the majority of land
managers who have little experience using fire may not rec-
ognize how plant species may respond individualistically to
fire and its complexities. We therefore briefly discuss these
two topics separately, but then combine them into a simple
decision framework for use in predicting plant responses to
fires in a restoration context. Although this framework sim-
plifies a series of highly complex relationships, we believe it
provides the necessary decision structure and ease of use and

understanding to allow restoration practitioners to communi-
cate with fire managers in designing effective use of fire as a
restoration tool.

Fire Regimes

Fire is a natural disturbance that can occur in any ecosystem
(Sousa 1984). It is characterized by variability in space,
time, and magnitude, the combinations of which can have
differing effects on plant communities (Sugihara et al. 2006).
Collectively, these components comprise the fire regime of
a particular ecosystem. Each component is regulated by a
combination of abiotic and biotic drivers (Fig. 1) of which only
biotic drivers can be influenced easily by land managers. For
example, various fuel bed and human ignition characteristics
can be manipulated to promote particular fire behavior and
fire regime characteristics. Variability among these drivers can
produce a wide range of fire effects. Hence, it is not sufficient
to ask whether fire affects a particular species, rather it is more
useful to ask what combination of drivers produces the desired
fire behavior and fire regime characteristics designed to illicit
a specific response by a particular plant species.

Temporal Fire Regime Components

Fire regimes can vary among seasons and frequencies of
recurrence (Fig. 1). Generally, fire seasons are defined by
ignition sources and fuel moisture, the latter of which is driven
by increases in temperatures and decreases in precipitation and
humidity. In addition, continuity of fuels and their packing
ratios (fuel-to-air ratio relative to fuel bed volume; Van
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Figure 1. Fire regimes are the complexity of temporal and spatial effects of fires on ecosystems. These fire regimes are composed of a combination of
fire regime components that are driven by a series of abiotic and biotic factors. Lines display those abiotic and biotic drivers that are associated with each
fire regime component (after Sugihara et al. 2006).
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Wagtendonk 2006) also influence seasonality of burning by
influencing fuel production and distribution. Managers select
the season of prescribed fires based on fuel moistures to create
safe, yet effective fires with adequate heat to provide the
desired fireline intensity and spread rate to meet management
objectives of removing or favoring certain plant species.

Fire frequency is affected mostly by patterns of ignition
from both lightning and human sources and by fuel type
(Fig. 1); herbaceous fuels that regenerate, senesce, and dry
quickly allow for a greater frequency of fire than woody fuels
that regenerate, senesce, and dry slowly. Thus, fire frequency
is driven by speed at which continuous fuel beds and fuel loads
can reestablish after previous fires, speed at which fuel dries
during periods of low moisture availability, and the frequency
of ignitions during weather conducive for burning (Moritz
2003; Moritz et al. 2004).

Spatial Fire Regime Components

Fire size and spatial complexity (patchiness) (Sugihara et al.
2006) are driven primarily by combinations of weather and cli-
mate, landscape position, and distribution of fuels. Continuous
fuels generally only need suitable weather conditions for igni-
tion, after which a fire will consume fuels until it reaches an
adequate break in fuels to halt further ignition. For example,
managers can choose to ignite fires so they burn up or down
slopes and thus modify the fire spread rate through the use
of landscape positions. They do not actually manipulate the
driver, so much as they select and use the driver to manipulate
other fire regime components.

Magnitude Fire Regime Components

Fireline intensity, fire severity, and fire type contribute to
fire magnitude and are affected more by biotic drivers than
are either temporal or spatial components. Fireline intensity
is the physical energy released by a fire, often measured
as heat per unit area (J/m2) combined with speed of fire
spread (m/s) (Rothermel & Deeming 1980). Fireline intensity
is regulated by all seven of the fire regime drivers associated
with magnitude (Fig. 1). Weather and climate along with
landscape position are abiotic drivers that are less controllable
by managers. Specific components include wind speed and
direction, humidity, air temperature, slope, and aspect. They
contribute to fire spread rates, whereas moisture level of fuels
controls fire heat. Fast-moving fires transfer less heat than
slow-moving fires. Even though managers cannot control these
abiotic components in a wildfire they may be able to use them
for predicting where a fire might transfer more heat and thus
have a greater likelihood of killing plants.

When managers reduce fuels as a fire prevention measure
they are reducing biotic drivers that will reduce fire magni-
tude. Fuel load is mass of available fuel in a given locale.
It includes distribution of materials into size classes with dif-
fering timelags to reach a standard moisture equilibrium with
the environment. Larger size classes generally transfer more
heat than smaller classes (e.g. heat from 100-hour fuel > heat

from 1-hour fuels) during total fuel consumption. Within size
classes, species with higher specific stem density (Cornelis-
sen et al. 2003) will have greater mass per volume of stem
and will provide greater heat than species with lower specific
stem density at the same fuel moisture. Fuel chemistry relates
to the amount and type of combustible hydrocarbons that are
available to burn and increase intensity. Fuel distribution is
the spatial arrangement of vegetation that includes horizontal
and vertical continuity of fuels.

Fuel type, fuel layer position, fuel distribution, and packing
ratio of each layer in addition to drivers of fire magnitude
via fireline intensity, also dictate fire types. Fire types range
from surface fires to mixed fires and crown fires. Type of fuel
indicates type of flammable material, such as peat, grassland,
shrubland, woodland, or forest with subtypes available within
each fuel type (e.g. Scott & Burgan 2005). Fuel types with
greater woody fuels tend to produce greater fuel loads and
more intense fires. Fuel layer position describes vertical
structure of fuels and is typically divided into ground, surface,
and crown categories. Packing ratio of fuel relates to small-
scale bulk density of fuels, of which there is an ideal value
for combustion that can vary among specific situations.

Fire severity is the remaining fire magnitude component
and is related to the effects of fire on ecosystem properties
(Keeley 2009). Ecosystem effects of fires are a combination
of conditions during burning (especially fireline intensity,
residency time, and biomass consumption) and resiliency of
ecosystem components (typically soils and vegetation) to these
conditions. Generally, fire severity is regulated by fireline
intensity and fire type and its ramifications are expressed both
immediately after a fire through losses of plants and animals
in the communities and through longer term second-order fire
effects.

Fire Regime Summary

Managers rarely regulate temporal or spatial regime compo-
nents of wildfires because these components are mainly driven
by abiotic factors that largely fall outside of the manager’s
control. In contrast, restoration projects can change fuel distri-
butions by reducing fuel packing-ratios and disrupting fuel
continuity. For example, within Mediterranean-like ecosys-
tems dominated by invasive annual grasses, a goal in many
locations (e.g. Great Basin, United States) is establishment of
perennial tussock grasses to break the continuous fuel of Bro-
mus tectorum (Brooks & Pyke 2001). In addition, managerial
decisions regarding timing and placement of prescribed fires
are made regularly in the fire planning process. Fires dur-
ing the plant’s growing season can produce differences in fire
severity relative to dormant-season fires. In short-grass steppe
ecosystems, dormant-season fires had little impact on perennial
grasses while reducing some forms of biological soil crusts, but
the reverse occurred if fires burned during the growing-season
(Ford & Johnson 2006).

When prescribed fires are being considered for control or
enhancement of a particular plant species, specific manipula-
tions of appropriate drivers to achieve the necessary fire regime
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to meet the management goal need to be understood. In many
cases, these fire regime characteristics may not be possible
or safe to achieve, in which case alternative tools must be
selected.

In the remainder of this paper, we discuss options avail-
able for manipulating biotic drivers of fire regimes to achieve
vegetation management goals with special emphasis on condi-
tions where fire can be used to control or enhance species. We
incorporate characteristics of individual species and plant com-
munities into a management framework for projecting changes
in plant populations (e.g. mortality, reproduction, dispersal,
recruitment, or survival) and community composition.

Plant Responses to Fire

Responses of plants within a species to fire are determined at
the individual level with individual responses translating into
populations and with responses of populations of species trans-
lating into community responses. The Fire Effects Information
System database provides literature on how plant species,
particularly in the United States, typically respond to fires
(USDA Forest Service 2007). Several recent reviews evaluate
specifically how non-native plants respond to fire treatments
designed to control them (D’Antonio 2000; DiTomaso et al.
2006). Other reviews have used plant traits, also known as
vital attributes (as defined by Noble & Slatyer 1980), to pre-
dict plant responses to fire, but most lack a tractable framework
for applying fire and predicting plant responses across ecosys-
tems (Lavorel & Garnier 2002; Bradstock & Kenny 2003;
Pausas et al. 2004). Noble and Gitay (1996) compared a num-
ber of plant classification systems and recommended a func-
tional classification system based on the Noble and Slatyer
(1980) system for predicting community responses with recur-
ring disturbances. The system recommended by Noble and
Gitay (1996) is thorough, but its use is limited by its com-
plexity (e.g. the timing of disturbances relative to vital attribute
timing; competitiveness of species in the form of tolerances to
resource conditions as seedlings or adults). These complexities
have also led to the development of a computer model to aid in
predicting plant community responses (Moore & Noble 1990).
Fire ecologists and restoration practitioners are in need of a
simple and useable framework for making decisions regard-
ing plant responses to fire. The framework proposed here uses
elements of Noble and Slatyers’ (1980) vital attributes and
Raunkiaer’s (1934) life forms classification to describe how
plants will respond to fire. It relates these elements to the fate
of individuals (survival or death) relative to fire characteristics
that largely relate to the heat to which a plant individual is
exposed. We discuss how restoration practitioners can manip-
ulate fire regime drivers to attain management goals relative
to a plant’s likelihood to survive fire and how this response
may translate into compositional changes in the community.

Plants can survive or resist fire through avoidance or
tolerance (Levitt 1980; Lavorel & Garnier 2002) depending
on the location of a plant’s perennating buds relative to
the soil surface (Raunkiaer 1934), extremes in temperature

caused by fire, and on a plant’s vital attributes (Noble &
Slatyer 1980). The latter explain a species’ ability to persist
through a fire or immigrate, establish, and mature between
fires. Lethal temperature for a plant is related to exposure of
vital tissues to elevated temperatures and duration of heating
of vital tissues (Miller & Findley 2001). Heating durations
that cause mortality tend to be shorter at higher temperatures.
Lower lethal temperatures may occur when seeds or plant
tissues are hydrated because water conducts heat better than
air. Soil depth necessary to protect plant tissues from lethal
temperatures depends on type of fuel (fine vs. coarse), its
packing ratio and soil moisture. Coarse fuels or slow fire
spread rates result in higher temperatures that transfer heat
for longer periods of time deeper into soils (Clark 2001).
Masticated woody vegetation can transmit lethal temperatures
to at least 10 cm deep (Busse et al. 2005), whereas grasslands
rarely transmit lethal temperatures below 2 cm (Wright &
Clarke 2008). Moist soils conduct heat better than dry soils, but
they also dissipate heat through evaporation; therefore, moist
soils often do not heat as deeply as dry soils (DeBano et al.
2005). Although plants may vary in their lethal temperatures
(Levitt 1980), most plants are thought to fall within a fairly
narrow range of lethal temperatures close to 60◦C (Wright &
Bailey 1982; Whelan 1995). Plants avoid lethal temperatures
more than they tolerate them. They avoid fire mortality by
having perennating buds or seeds located adequate distances
from lethal heat. Thus, parts of plants may experience lethal
temperatures or even combust, but as long as some of
the perennating tissue and critical vascular connections are
protected from these temperatures the plant may survive.

There are three general mechanisms that plants may use to
avoid lethal heat. First, buried buds are protected from lethal
temperatures by soil insulation. Burial from 2 to 10 cm may
be necessary depending on type of fuels. For example, grazed
grasslands have little fuel that burns quickly yielding relatively
little heat in comparison with forests with more fuel, especially
in the form of woody debris that transfers more heat (Busse
et al. 2005; Wright & Clarke 2008). Species that have buried
buds include cryptophytes (Raunkiaer 1934) or species with
vegetative persistence (V persistence; Noble & Slatyer 1980)
(Table 1). Noble and Slatyer (1980) define plants without this
persistence as unaffected (U persistence). A second mechanism
is size-dependent and requires fire intervals to be sufficiently
long for mature plants to grow tall enough for perennating
buds to escape lethal temperatures of surface fires and for
anatomical structures such as bark to become thick enough to
insulate cambial tissues (Gill & Ashton 1968; Vines 1968; Gill
1981). Species utilizing this mechanism include phanerophytes
or woody species with thick bark (W persistence; Nobel
& Slatyer 1980; Table 1). The third mechanism relies on
long-distant seed dispersal (Disperser) or on adequate seed
persistence in a long- (Storage) or short-lived (Germinating)
seed bank to bring new recruits to recolonize or to reestablish
species on sites (D, S, and G persistence class; Noble & Slatyer
1980). Species possessing these seed-dependent mechanisms
are found in all life forms.
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Table 1. Vascular plant life forms with Raunkiaer’s (1934) life form names, Noble and Slatyers’ (1980) vegetation persistence classes, descriptions of
the locations of perennating buds and characteristics that describe the life form and the susceptibility of the life form to fire mortality.

Raunkiaer Life Form Name

Noble and Slatyer
Vegetative Persistence

Names
Life Form or Vital Attribute

Characteristics Susceptibility to Fire Mortality

Annuals
Therophytes

Seeds perpetuate populations
from one generation to the
next and their lifecycles are
complete in 1 year or less

Depends on thickness of seed coat and
location (above, below, or at the soil
surface) when fire occurs. Those in
the soil are more insulated from the
lethal temperatures

Perennials
Cryptophytes

V: Vegetative
U: Unaffected

Perennating buds are located
below soil or water surface;
these include aquatic and
perennial wetland plants and
terrestrial plants with
rhizomes, bulbs, corms, and
tubers

These plants are generally the most
protected from fires because their
buds are below the soil and
insulated from lethal temperatures.
Those with perennating buds or
organs near the surface (<3 cm in
grassland to <10 cm under thick
woody debris) may be susceptible to
high intensity fires with slow rates
of spread

Hemicryptophytes V: Vegetative
U: Unaffected

Perennating buds are located at
the soil surface and may form
rosettes, partial rosettes, or
tussocks

Survival of these plants often depends
on the moisture content of the
leaves and the concentration of
leaves around the buds. Densely
packed buds that create a thatch of
residual plant material may extend
the fire residence time and increase
susceptibility to fire mortality

Chamaephytes None Perennating buds are above the
soil surface, but generally
remain below a height of
30 cm; these include
subshrubs cushion plants, and
trailing vegetation that may
have buds near or above the
soil surface

This group is often susceptible fire
mortality because all buds are
located in the flame path of surface
fires and would likely experience
lethal temperatures

Phanerophytes W: Woody with
thick bark

Perennating buds are above the
soil surface by at least 30 cm;
these include shrubs and trees

Susceptibility to fire mortality depends
on the combination of the fire type
and the plant’s ability to insulate the
vascular tissues from lethal
temperatures of surface fires if buds
are safely located above the fire

Fire and Plant Decision Framework

Because locations of perennating buds or mechanisms for rapid
seedling establishment are important for determining repre-
sentation of a plant species in a community after a fire, then
life forms and vital attributes in combination with fire regime
components provide a structure on which to build a decision
framework to evaluate a plant’s susceptibility to fire (Fig. 2).
For perennating buds, their position relative to the soil surface
and their degree of protection from outer layers of insulating
tissue, largely dictates survival. For seeds, their spatial orien-
tation relative to the parent plant and soil can change during a
growing season, most notably between predispersal and disper-
sal stages of growth. Fire prescriptions often regulate intensity
by regulating ignition dates (seasonality of fires). Frequency of
fire, another temporal fire regime component, may also aid in
evaluating susceptibility or in proposing management options

to assist in using fire as a restoration tool to either increase
or decrease plant species within a community. Use of fre-
quent fire to control a particular species can be hampered by
slow regrowth of fuel between fires. This situation could be
improved by planting a dense sterile cover crop of annual
plants between planned fire events or by adding dry fine fuels
such as straw to increase fuel loads (Hodgkinson 1991). How-
ever, both these treatments might be cost prohibitive when
compared with spot herbicide treatments, so managers should
evaluate their cost-benefit ratio relative to their options avail-
able for achieving management goals.

Although fires may directly kill most individuals of a
species, the species may be capable of quickly reestablishing
from seeds. Seed coat thickness and insulation qualities,
embryo longevity, and density and location of seeds relative to
lethal temperatures influence fire survival. For example, seeds
of Pinus contorta are long-lived and housed in thick, woody
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serotinous cones that require heat, such as that produced
by fast-moving fires, to open cone bracts allowing seeds
to disperse, germinate, and establish (Wheeler & Critchfield
1985).

Populations of species with short seed longevity (≤2 years)
may be more susceptible to fire-induced population crashes
than those with long-lived seeds. Populations with short-lived
seeds may be reduced using fire alone (singly or repeated)
or in combination with other control techniques (e.g. spot
treatments of herbicide or physical removal) if adults are killed
before reproduction can occur (e.g. Centaurea solstistialis,
DiTomaso et al. 1999; Melinis minutiflora D’Antonio et al.
2001). The location of seeds in seed banks will also influence
their susceptibility to surface fire. Those seeds in litter that
contribute to fine surface fuels are more likely to be consumed
than those below soil surface where soil can act as an insulator
from lethal temperatures. Unfortunately, seed bank research
often does not distinguish between seeds in the litter versus
mineral soil and for most species it is not known what
proportion of the seeds is in each horizon. This is important
information that, if known, could improve predictability of
plant responses to fires.

A combination of information on life form, seed longevity,
perennating bud location and vulnerability provides ample
information to predict how plants may respond to fires of
varying types. Sometimes plants avoid fire mortality because
they are dormant during normal fire seasons and perennating
buds are positioned where they are protected from lethal
temperatures. Alternatively, seeds may have already dispersed
and found safe sites from lethal temperatures. For example,
wildfires fueled by annual grasses generally burn after seeds
disperse and these fires typically spread fast without heating
soils to lethal temperatures for these seeds. Thus, these annuals
are generally resilient to wildfires, but fires prescribed when
seeds are still maturing on plants, which is often 1–2 months
before typical wildfires seasons, can make them vulnerable
to being consumed (DiTomaso et al. 2006). In these cases,
prescribed fires could be conducted out of season using
artificial accelerants (Ascard 1995).

Those plants that are capable of surviving fires or recruiting
quickly into a burned site often reap benefits of post-fire
environments. Depending on fireline intensity and whether the
ecosystem has burned recently, soil nutrients may increase,
decrease, or remain the same. High fireline intensity can result
in nutrient volatilization or nutrient losses via runoff and soil
erosion, but lower intensity fires can provide increases in plant
available nutrients (Neary et al. 1999). Immediately after fires,
there is a flush of soil nitrate and ammonium available for
plant uptake (Wan et al. 2001; Stubbs & Pyke 2005). Surviving
plants, especially those that were dormant and had protected
buds, experience reduced competition at least initially because
of death of fire sensitive species and reductions in size of
many surviving species that were growing during the fire.
Thus, fewer plants exist after the fire than before and these
surviving plants are poised to capture resources and grow with
less competitive interference from other plants.

The decision framework consists of three major divisions:
annual plants; herbaceous and subshrub perennial plants; and
shrubs and trees (Fig. 2). The susceptibility of annual plants
(therophytes) to fires generally depends on fire season and
intensity. Natural fires occur during dormant seasons for
most herbaceous perennials, deciduous woody plants, and
well beyond the lifecycle completion of annual plants. If
prescribed fire is used to manipulate annual plant-dominated
communities, then successful population reduction will rely
on using fire before seed is dispersed or on achieving high
intensity fires at the soil surface to obliterate the seed bed.
The former situation might require using fire outside of
the “normal” fire season or supplementing fuel within the
prescribed fire area. Burning outside of the normal season
could be accomplished through either using accelerants or
treating the community with an herbicide that results in early
senescence and therefore production of dead fine fuels. Fuel
supplementation can be achieved for small scale burns by
adding cut shrubs or branches throughout the proposed area.
Thus, fires may reduce annual plant populations if they are
used before seed dispersal and are intense enough to kill seeds
on plants, in litter and soil seed banks. If seeds live less than
2 years in seed banks, then combinations of fires and normal
seed mortality may significantly reduce population size. In
California, DiTomaso et al. (2001) showed how 2 years of
fire could control Aegilops triuncialis and enhance desirable
species if fires occurred at A. triuncialis seed maturation.
If the goal is to reduce an undesirable species, such as an
invasive plant, a follow-up spot treatment with herbicide may
be necessary to kill remaining plants.

The response of perennial herbaceous plants (cryptophytes
and hemicryptophytes) and subshrubs (chamaephytes; Table 2;
Fig. 2) to fire depends strongly on fire type and locations of
perennating buds relative to soil surface. Because of their
stature, these species are most susceptible to slow-moving
surface fires, but may escape being burned if fires are elevated
into strict crown fires in tall trees. For surface fires, life
forms provide a convenient means of predicting a plant’s
tolerance to fire. Cryptophytes with buds protected by the
soil and hemicryptophytes with leaves or plant structures
that insolate perennating buds are likely to survive fires and
may be able to take advantage of post-fire nutrient flushes
in growing seasons following fires through rapid growth and
reproduction. Hemicryptophytes with less-protected buds will
be vulnerable to fires, especially backing fires with slow
spread rates increasing the time buds are exposed to lethal
temperatures. For all perennials, if population reduction is the
goal, then follow-up treatments may be necessary to remove
any residual surviving plants.

Plants that are capable of resprouting from basal or root
buds after aboveground buds are burned will be favored by
fires and will likely respond quickly to post-fire nutrient flushes
by growth or coppicing. Seed production by resprouters may
be limited initially after a fire, especially for species that
require a year of growth to develop flowers and may only
be important for population recovery if sprouting fails. If
resprouters are undesirable, then use of fire for their control
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is likely to be unsuccessful unless there is a threshold above
which fire can be lethal. For example, many managers have
attempted to use fire to reduce cover of Tamarix species;
yet, they generally resprout vigorously after fire making fire
a generally inappropriate tool without follow-up treatments
(Ellis 2001). However, supplementing fuel at the base of
Tamarix plants can cause greater mortality during fire, but
that fire is effective only when Tamarix are highly stressed and
have low nonstructural carbohydrates (G. Drus, T. Dudley &
C. D’Antonio 2009, Ecology, Evolution and Marine Biology,
University of California, Santa Barbara, CA, U.S.A. personal
communication).

Survival of phanerophytes (woody plants) depends on type
and intensity of fire in combination with total height of the
plant, insulating capacity of bark, and resprouting or coppicing
ability of the plant (Fig 2). This life form is too broad to
provide adequate predictability of plant survival in response
to fires of various types just based on its life form alone. It
requires information on height and bark thickness. Attempts
to gather bark thickness information are being encouraged as
an important plant functional trait (Cornelissen et al. 2003).
Woody plants taller than 2 m with thick bark are better able
to insulate cambial tissue and survive surface fires while
placing apical buds above lethal temperatures from surface
fires. However, if these plants are nonsprouters, they are
susceptible to crown fires. Those woody plants shorter than
2 m or with thin bark will be susceptible to any fire type except
the rare crown fire without an accompanying surface fire.

As with other life forms, woody plants can sprout from
protected meristems (usually basal or buried buds) thus
avoiding mortality and reestablishing individuals quickly. If
a management goal is to reduce the density of resprouting
woody species, then follow-up control treatments, such as
herbicides, may be required. If the goal is to temporarily
modify aboveground dominance hierarchy or simply to reduce
standing fuel, then fire alone may be useful. Resprouting
shrubs and trees are generally favored by fires because they
are capable of activating root buds once aboveground buds
are removed. High intensity fires may be capable of reaching
lethal temperatures for shallow-rooted species, but fire will not
likely affect those plants with deeper roots where soils insulate
roots from heat.

Perennial plants that are killed by fire must rely on seeds
to sustain populations. If seeds do not maintain protective
structures, such as a fruit wall that insulates the seed, then
seed longevity or dispersal ability, similar to annual plants,
will dictate the ultimate effect of fires on populations. If
the management goal is to reduce a species population, then
high intensity, slow-spreading fires will likely kill seeds and
depending on seed longevity, follow-up treatments may be
necessary to reduce or eliminate germinants.

Conclusions

This decision framework provides a simplified mechanism for
predicting plant population responses to fires and should be
applicable to both wildfires and prescriptive fires, although it

is designed primarily for the latter. When fire is used as a man-
agement tool it is important for managers to adjust temporal
(seasonality), spatial (choose appropriate landscapes, such as
upslope for fast spread rates or downslopes for slow spread
rates to create necessary fire types), and magnitude (fireline
intensity) fire regime components. Knowledge of the location
of plant perennating buds relative to the soil surface and to
fire types and knowledge of the species’ seed longevity and
dispersal potential of the desirable and undesirable species
in the community are important a priori considerations. In
some cases, it may be possible to anticipate that fire will
have undesirable impacts on plants, warranting consideration
of techniques other than fire. In particular, when fire favors
a highly undesirable species, managers might consider using
other techniques (e.g. herbicides or mechanical removal) to
achieve management goals. Mechanical techniques may pro-
duce similar results to those of fire, especially in resprouting
species because sprouts are normally activated hormonally
through the removal of apical buds and reduction of auxin.
Currently, land managers in the United States are using com-
binations of fire and fire surrogate techniques to manipulate
fuel loads in communities where fires have been suppressed
in hopes of restoring natural fire intervals and restoring native
plant communities (Youngblood et al. 2005). Databases such
as the Fire Effects Information System (USDA Forest Ser-
vice 2007; http://www.fs.fed.us/database/feis/) (last accessed
4 December 2009) are extremely helpful in providing neces-
sary information on plant survival and establishment as well
as life form information for each species. Additional informa-
tion on seed longevity and seed bank retention of both soil
and litter-based seed banks will assist practitioners in making
better-informed decisions using this framework, although this
information is more difficult to attain. A restoration practi-
tioner can use this simplified framework to decide when and
where to use fire to sustain or favor desired species while
reducing undesirable ones.

Implications for Practice

• Wildfires often cause restoration practitioners to con-
sider implementing plant rehabilitation projects. Revege-
tation decision-makers might consider the fire’s potential
effects on the pre-existing vegetation before implement-
ing revegetation. This framework can provide guidance
in predicting post-fire communities and in deciding if a
rehabilitation treatment is necessary.

• Predictions of how plants will resist, avoid, or succumb
to fire depend on a combination of factors associated
with the fire regime and on the plant’s life form and vital
attributes for establishment and survival. This framework
will assist practitioners in considering potential outcomes
to plant communities after fire.

• A decision framework with four steps leads practition-
ers through a process to determine whether fire will be
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a useful tool to either reduce or enhance plant species.
First, the plant’s life form is determined. Second, deter-
minations of whether the plant’s perennating buds are
protected from the fire are made. Third, seed persis-
tence or ease of seed dispersal is determined. Finally, fire
regimes are described that can either enhance or reduce
the plant species’ abundance based upon its life form and
plant establishment or survival characteristics.

• Using this decision framework may aid in prescrib-
ing appropriate fire conditions for desired results and
may aid in determining whether rehabilitation after
wildfires might be necessary to maintain desired plant
communities.

• The decision framework suggests situations where fire
alone may not achieve desired restoration results, and
alternative or follow-up procedures may be required.

Acknowledgments

We thank S. Sullivan, J. DiTomaso for discussions and encour-
agement regarding this framework; two anonymous USGS
reviewers, two Restoration Ecology reviewers, and C. Grant
for helpful improvements to the article. This is contribution
number 30 of the Sagebrush Steppe Treatment Evaluation
Project (SageSTEP Proj #05-S-08), funded by the U.S. Joint
Fire Science Program. Additional financial support came from
U.S. Geological Survey, Forest and Rangeland Ecosystem Sci-
ence Center, Coordinated Intermountain Restoration Project
(9354-AKFC1).

LITERATURE CITED

Allen, C. D., M. Savage, D. A. Falk, K. F. Suckling, T. W. Swetnam,
T. Schulke, P. B. Stacey, P. Morgan, M. Hoffman, and J. T. Klingel.
2002. Ecological restoration of southwestern ponderosa pine ecosystems:
a broad perspective. Ecological Applications 12:1418–1433.

Ascard, J. 1995. Effects of flame weeding on weed species at different
developmental stages. Weed Research 35:397–411.

Baker, W. L. 1994. Restoration of landscape structure altered by fire suppres-
sion. Conservation Biology 8:763–769.

Bell, T. L., J. S. Pate, and K. W. Dixon. 1996. Relationships between fire
response, morphology, root anatomy and starch distribution in south-west
Australian Epacridaceae. Annals of Botany 77:357–364.

Bonnicksen, T. M., and E. C. Stone. 1985. Restoring naturalness to national
parks. Environmental Management 9:479–486.

Bradstock, R. A., and B. J. Kenny. 2003. An application of plant functional
types to fire management in a conservation reserve in southeastern
Australia. Journal of Vegetation Science 14:345–354.

Briggs, J. M., A. K. Knapp, and B. L. Brock. 2002. Expansion of woody
plants in tallgrass prairie: a fifteen-year study of fire and fire-grazing
interactions. American Midland Naturalist 147:287–294.

Brooks, M. L., and D. A. Pyke. 2001. Invasive plants and fire in the deserts
of North America. Pages 1–14 in K. E. M. Galley, and T. P. Wilson,
editors. Proceedings of the invasive species workshop: the role of
fire in the spread and control of invasive species. Fire Conference
2000: The First National Congress on Fire Ecology, Prevention, and
Management. Miscellaneous Publication No. 11. Tall Timbers Research
Station, Tallahassee, Florida.

Bunting, S. C., B. M. Kilgore, and C. L. Bushey. 1987. Guidelines for pre-
scribed burning sagebrush-grass rangelands in the northern Great Basin.
General Technical Report INT-231. USDA Forest Service, Intermountain
Research Station, Ogden, Utah.

Busse, M. D., K. R. Hubbert, G. O. Fiddler, C. J. Shestak, and R. F. Powers.
2005. Lethal soil temperatures during burning of masticated forest
residues. International Journal of Wildland Fire 14:267–276.

Clark, B. 2001. Soils, water and watersheds. Pages 93–109 in M. Miller,
editor. Fire effects guide. NFES 2394, National Interagency Fire Center,
Boise, Idaho (available from http://www.nwcg.gov/pms/RxFire/FEG.pdf)
(accessed on 4 December 2009).

Clarke, P. J., and K. J. E. Knox. 2001. Post-fire response of shrubs in the
tablelands of eastern Australia: do existing models explain habitat
differences? Australian Journal of Botany 50:53–62.

Cornelissen, J. H. C., S. Lavorel, E. Garnier, S. Diaz, N. Buchmann, D. E.
Gurvich, P. B. Reich, H. ter Steege, H. D. Morgan, M. G. A. van der
Heijden, J. G. Pausas, and H. Poorter. 2003. A handbook of protocols for
standardized and easy measurement of plant functional traits worldwide.
Australian Journal of Botany 51:335–380.

D’Antonio, C. M. 2000. Fire, plant invasions and global changes. Pages 65–94
in H. Mooney, and R. Hobbs, editors. Invasive species in a changing
world. Island Press, Washington, DC.

D’Antonio, C. M., R. F. Hughes, and P. M. Vitousek. 2001. Factors influenc-
ing dynamics of invasive C4 grasses in a Hawaiian woodland: role of
resource competition and priority effects. Ecology 82:89–104.

DeBano, L. F., D. G. Neary, and P. F. Ffolliott. 2005. Chapter 2: Soil physical
properties. Pages 29–51 in D. G. Neary, K. C. Ryan, and L. F. DeBano,
editors, Wildland fire in ecosystems—effects of fire on soil and water.
General Technical Report RMRS-GTR-42-vol.4. USDA Forest Service,
Rocky Mountain Research Station, Ogden, Utah.

DiTomaso, J. M., G. B. Kyser, and M. S. Hastings. 1999. Prescribed burning
for control of yellow starthistle (Centaurea solstitialis) and enhanced
native plant diversity. Weed Science 47:233–242.

DiTomaso, J. M., K. L. Heise, G. B. Kyser, A. M. Merenlender, and R. J.
Keiffer. 2001. Carefully timed burning can control barb goatgrass.
California Agriculture 55:47–53.

DiTomaso, J. M., M. L. Brooks, E. B. Allen, R. Minnich, P. M. Rice, and
G. B. Kyser. 2006. Control of invasive weeds with prescribed burning.
Weed Technology 20:535–548.

Ellis, L. M. 2001. Short-term response of woody plants to fire in a Rio Grande
riparian forest, central New Mexico, USA. Biological Conservation
97:159–170.

Fernandes, P. M., and H. S. Botelho. 2003. A review of prescribed burning
effectiveness in fire hazard reduction. International Journal of Wildland
Fire 12:117–128.

Ford, P. L., and G. V. Johnson. 2006. Effects of dormant- vs. growing-
season fire in shortgrass steppe: biological soil crust and perennial grass
responses. Journal of Arid Environments 67:1–14.

Fujisaka, S., W. Bell, N. Thomas, L. Hurtado, and E. Crawford. 1996.
Slash-and-burn agriculture, conversion to pasture and deforestation
in two Brazilian colonies. Agriculture Ecosystems and Environment
59:115–130.

Fule, P. Z., W. W. Covington, and M. M. Moore. 1997. Determining reference
conditions for ecosystem management of southwestern ponderosa pine
forests. Ecological Applications 7:895–908.

Gill, A. M. 1981. Adaptive responses of Australian vascular plant species
to fires. Pages 243–271 in A. M. Gill, R. H. Groves, and I. R. Noble,
editors. Fire and the Australian biota. Australian Academy of Science,
Canberra.

Gill, A. M., and Ashton, D. H. 1968. The role of bark type in relative tolerance
to fire of three central Victorian eucalypts. Australian Journal of Botany
16:491–498.

Hall, M. 1984. Man’s historical and traditional use of fire in southern
Africa. Pages 40–52 in P. de V. Booysen, and N. M. Tainton, editors.
Ecological effects of fire in South African Ecosystems. Springer-Verlag,
Berlin, Germany.

MAY 2010 Restoration Ecology 283



Fire for Plant Restoration

Hodgkinson, K. C. 1991. Shrub recruitment response to intensity and season
of fire in a semi-arid woodland. Journal of Applied Ecology 28:60–70.

Keeley, J. E. 2002. Fire management of California shrubland landscapes.
Environmental Management 29:395–408.

Keeley, J. E. 2009. Fire intensity, fire severity and burn severity: a brief
review and suggested useage. International Journal of Wildland Fire 15:
116–126.

Lavorel, S., and E. Garnier. 2002. Predicting changes in community composi-
tion and ecosystem functioning from plant traits: revisting the holy grail.
Functional Ecology 16:545–556.

Levitt, J. 1980. Responses of plants to environmental stresses, 2nd edition.
Academic Press, New York.

Lewis, H. T. 1985. Burning the top end: kangaroos and cattle. Pages 21–31 in
J. R. Ford, editor. Fire ecology and management of Western Australian
ecosystems. Western Australian Institute of Technology, Perth.

Miller, M., and J. Findley. 2001. Plants. Pages 110–140 in M. Miller, editor.
Fire effects guide. NFES 2394, National Interagency Fire Center,
Boise, Idaho (available from http://www.nwcg.gov/pms/RxFire/FEG.pdf)
(accessed on 4 December 2009).

Moore, A. D., and I. R. Noble. 1990. An individualistic model of vegetation
stand dynamics. Journal of Environmental Management 31:61–81.

Moritz, M. 2003. Spatiotemporal analysis of controls on shrubland fire regime:
age dependency and fire hazard. Ecology 84:351–361

Moritz, M., J. E. Keeley, E. A. Johnson, and A. A. Schaffner. 2004. Testing
a basic assumption of shrubland fire management:how important is fuel
age? Frontiers in Ecology and the Environment 2:67–72.

Neary, D. G., C. C. Klopatek, L. F. DeBano, and P. F. Ffolliott. 1999. Fire
effects on belowground sustainability: a review and synthesis. Forest
Ecology and Management 122:51–71.

Nelson, J. G., and R. E. England. 1971. Some comments on the causes and
effects of fire in the northern grasslands area of Canada and the
nearby United States, ca. AD 1750–1900. Canadian Geographer 15:
295–306.

Nicholson, P. H. 1981. Fire and the Australian aborigine: an enigma. Pages
55–76 in A. M. Gill, R. H. Groves, and I. R. Noble, editors. Fire and
the Australian biota. Australian Academy of Science, Canberra.

Noble, I. R., and H. Gitay. 1996. A functional classification for predicting the
dynamics of landscapes. Journal of Vegetation Science 7:329–336.

Noble, I. R., and R. O. Slatyer. 1980. The use of vital attributes to predict suc-
cessional changes in plant communities subject to recurrent disturbances.
Vegetatio 43:5–21.

Pausas, J. G., R. A. Bradstock, D. A. Keith, J. E. Keeley, and the GCTE Fire
Network. 2004. Plant functional traits in relation to fire in crown-fire
ecosystems. Ecology 85:1085–1100.

Pyne, S. J. 1991. Burning bush: a fire history of Australia. Holt, New York.
Raunkiaer, C. 1934. The life forms of plants and statistical plant geography;

being the collected papers of C. Raunkiaer. Translated by Gilbert-Carter,
H., A. I. Fausbøll and A. G. Tansley. The Clarendon Press, Oxford,
United Kingdom.

Rothermel, R. C., and J. E. Deeming. 1980. Measuring and interpreting fire
behavior for correlation with fire effects. General Technical Report
INT-93. USDA Forest Service, Intermountain Research Station, Ogden,
Utah.

Schimmel, J., and A. Granström. 1996. Fire severity and vegetation response
in the boreal Swedish forest. Ecology 77:1436–1450.

Scott, J. H., and R. E. Burgan. 2005. Standard fire behavior fuel models: a
comprehensive set for use with Rothermel’s surface fire spread model.
General Technical Report RMRS-GTR-153. USDA Forest Service,
Rocky Mountain Research Station, Fort Collins, Colorado.

Sousa, W. P. 1984. The role of disturbance in natural communities. Annual
Review of Ecology and Systematics 15:353–391.

Stolle, F., K. M. Chomitz, E. F. Lambin, and T. P. Tomich. 2003. Land use
and vegetation fires in Jambi Province, Sumatra, Indonesia. Forest
Ecology and Management 179:277–292.

Storeheier, K. J. 1994. Basic investigations into flaming for weed control. Acta
Horticulturae 372:195–204.

Stubbs, M. M., and D. A. Pyke. 2005. Available nitrogen: a time-based study
of manipulated resource islands. Plant and Soil 270:123–133.

Sugihara, N. G., J. W. Van Wagtendonk, and J. Fites-Kaufman. 2006. Fire
as an ecological process. Pages 58–74 in N. G. Sugihara, J. W. van
Wagtendonk, K. E. Shaffer, J. Fites-Kaufman, and A. E. Thode, editors.
Fire in California’s ecosystems. University of California Press, Berkeley.

U.S. Department of Agriculture (USDA) Forest Service. 2007. Fire effects
information system. USDA Forest Service, Rocky Mountain Research
Station, Fire Sciences Laboratory, Missoula, Montana (available from
http://www.fs.fed.us/database/feis) (accessed on 4 December 2009).

Vallentine, J. F. 1989. Range development and improvements. Academic Press,
New York.

Van Wagtendonk, J. W. 2006. Fire as a physical process. Pages 38–57 in
N. G. Sugihara, J. W. van Wagtendonk, K. E. Shaffer, J. Fites-Kaufman,
and A. E. Thode, editors. Fire in California’s ecosystems. University of
California Press, Berkeley.

Van Wilgen, B. W., and G. G. Forsyth. 1992. Regeneration strategies in fynbos
plants and their influence on the stability of community boundaries after
fire. Pages 54–80 in B. W. Van Wilgen, D. M. Richardson, F. J. Kruger,
and J. J. Van Hensbergen, editors. Fire in South African mountain fynbos.
Ecological Studies 93. Springer-Verlag, Berlin, Germany.

Vines, R. G. 1968. Heat transfer through bark, and the resistance of trees to
fire. Australian Journal of Botany 16:499–514.

Wan, S., D. Hui, and Y. Luo. 2001. Fire effects on nitrogen pools and dynam-
ics in terrestrial ecosystems: a meta-analysis. Ecological Applications
11:1349–1365.

Wheeler, N. C., and W. B. Critchfield. 1985. The distribution and botanical
characteristics of lodgepole pine: biogeographical and management impli-
cations. Pages 1–13 in D. M. Baumgartner, R. G. Krebill, J. T. Arnott,
and G. F. Weetman, compilers and editors. Lodgepole pine: the species
and its management: symposium proceedings. Washington State Univer-
sity, Cooperative Extension, Pullman, Washington.

Whelan, R. J. 1995. The ecology of fire. Cambridge University Press, New
York.

Williams, R. J., G. D. Cook, A. M. Gill, and P. H. R. Moore. 1999. Fire
regime, fire intensity and tree survival in a tropical savanna in northern
Australia. Australian Journal of Ecology 24:50–59.

Wright, B. R., and P. J. Clarke. 2008. Relationships between soil temperatures
and properties of fire in feathertop spinifex (Triodia schinzii (Henrard)
Lazarides) sandridge desert in central Australia. Rangeland Journal
30:317–325.

Wright, H. A., and A. W. Bailey. 1982. Fire ecology: United States and
southern Canada. Wiley-Interscience, New York.

Young III, W. C., M. E. Mellbye, and T. B. Silberstein. 1999. Residue man-
agement of perennial ryegrass and tall fescue seed crops. Agronomy
Journal 91:671–675.

Youngblood, A., K. L. Metlan, E. E. Knapp, K. W. Outcalt, S. L. Stephens,
T. A. Thomas, and D. Yaussy. 2005. Implementation of the fire and
fire surrogate study—a national research effort to evaluate the conse-
quences of fuel reduction treatments. Pages 315–321 in C. E. Peterson,
D. A. Maguire, editors. Balancing ecosystem values: innovative exper-
iments for sustainable forestry: proceedings of a conference. General
Technical Report PNW-635. USDA Forest Service, Pacific Northwest
Research Station, Portland, Oregon.

Zimdahl, R. L. 1999. Fundamentals of weed science. Academic Press, San
Diego, California.

284 Restoration Ecology MAY 2010


