Chapter 8
Fire and Invasive Plants on California
Landscapes

Jon E. Keeley, Janet Franklin, and Carla D’Antonio

8.1 Introduction

Throughout the world, the functioning of natural ecosystems is being altered by
invasions from nonnative plants and animals. Disturbances that alter ecosystem
processes often initiate species invasions. Increasingly it is evident that fire-prone
ecosystems can be highly vulnerable both to invasion during the immediate postfire
period and to alterations of fire regime by altered fuel bed properties after invasion.
Here we explore how temporal and spatial patterns of burning affect invasion and
the prevalence of nonnative species, and how fundamental variation in fire regime
characteristics pose challenges for articulating unifying principles of the relation-
ship between fire and the invasion process at the landscape scale.

Many landscapes in the western United States are dominated by ecosystems
where fire is a natural and necessary process for long-term sustainability of those
systems. However, despite the obvious resilience of many ecological communities
to periodic fire, it is misleading to think of species in these systems as being fire-
adapted. Rather, they are adapted to a particular temporal and spatial pattern of
burning. This is captured in the concept of a fire regime, which includes the fuel
types consumed, frequency and timing of burning, intensity of the fire, and the
spatial distribution of individual fire events (Keeley et al. 2009a). Fires are often
referred to as disturbances but in many communities fire has been a historic, routine
process, and the real “disturbances” to the system are perturbations to the fire
regime that lie outside the historic realm. Such disturbances include increased fire
frequency, as well as suppression and exclusion of fire, and these can create condi-
tions conducive to species invasions.
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We address the complex relationship between fire and nonnative species
invasions, by focusing on a complex landscape with diverse fire regimes and eco-
systems that pose different challenges with respect to alien invasions. Our goal is
to understand the features of the fire regime critical to thresholds that influence
system susceptibility to invasion and how these thresholds vary between different
ecosystems. In the context of future global changes in climate, human population
growth, and landscape use, we will attempt to define the potential trajectories for
these systems and how future fire regime characteristics may affect biological
invasions.

8.2 The Setting: California

Fire is a prominent ecosystem process over much of the California landscape,
including diverse plant communities of grasslands, shrublands and forests. These
communities broadly sort out along a moisture gradient, although other factors,
including substrate, land use history, and fire, can play important roles in determining
their distribution. The Mediterranean climate of this region has characteristics that
contribute to making it a fire-prone landscape. This includes a wet and cool winter
with growing conditions sufficient to generate moderate primary productivity fol-
lowed by a long, dry, and hot summer that converts much of this production into
available fuel for wildfires. Many plant communities in California are resilient to
fire, and species exhibit traits apparently selected for by fire. Thus, it is somewhat
surprising that fire can be an important driver behind alien plant invasions in this
landscape. Conversely, with the wide breadth of species introduced into California,
it is not surprising that some would be fire responsive.

Fire regimes are markedly different across California both within and across
vegetation types (Sugihara et al. 2006). Since settlement by Euro-Americans in the
late eighteenth and nineteenth centuries, fire regimes have been greatly altered and
fire regimes are outside the historical range of variability, although in very different
ways in forests, shrublands, and grasslands.

Fire suppression has proven effective at excluding fire from conifer forests in
mountainous regions of the state. As a result many of these forests have accumu-
lated fuels in excess of what occurred historically. Higher elevation conifer-dominated
forests have historically burned in high-frequency (scaled at approximately 10-year
intervals) lightning-ignited fires that consumed predominantly surface understory
fuels, or they have burned in a mixed pattern of low intensity surface and high
intensity crown fires. Frequent fires contributed to landscape fuel mosaics condu-
cive to small patchy burns.

Fuel loads in these forests include both surface fuels and increased density of
saplings or ladder fuels. Fire suppression is only one of the factors contributing to
these fuels. In ponderosa pine forests with herbaceous understory intense livestock
grazing has reduced surface fuels, which have worked to exclude fires and allow
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increased ladder fuels. Logging has contributed to both increased surface fuels as
well as increased density of even-aged trees (Odion et al. 2004; Stephens and
Collins 2004; van Wagtendonk and Fites-Kaufman 2006). This homogenization of
stand structure has affected fire regimes. Efforts to restore high-frequency low-
severity fire to these forested ecosystems (Keeley and Stephenson 2000) are greatly
complicated by restrictions related to increased human settlement in mountain
areas, the volume and homogeneity of the fuels, and nonnative plant species not
present prior to Euro-American settlement.

By contrast, lower elevation shrublands retain most fuels in the canopy and
historically had less frequent lightning ignitions resulting in longer intervals
(closer to 100-year intervals) between high-intensity crown fires. Although fire
sizes likely varied, these ecosystems would have burned periodically in massive
landscape scale fires, probably much larger than fires in forested ecosystems
(Moritz 2003; Keeley 2006a). Lower elevation ecosystems, particularly shru-
blands, have experienced increased fire frequency since the middle of the 20th
century (Keeley et al. 1999), which is quite unlike the recent history in conifer
forests (Fig. 8.1).

In contrast to both forests and shrublands in California, fire regimes in grass-
lands are poorly understood (Wills 2006). Since Euro-American settlement, grass-
lands have undergone profound changes in composition and today are dominated
by nonnative annual grasses. These species are presumed to have displaced native
bunchgrasses on some landscapes, native forbs on other landscapes, and shrublands
on still other landscapes (Keeley 1990; Hamilton 1997). Prior to Euro-American
settlement the distribution of native grasslands would have been most strongly
influenced by edaphic factors and Native American settlement and burning patterns
(Wells 1962; Huenneke and Mooney 1989; Keeley 2002). Due to the combination
of fuel characteristics (ready ignition, rapid spread rates) and anthropogenic burn-
ing (e.g. Anderson 2005a), fires were likely frequent and of low intensity.

Although California’s forests, woodlands, shrublands, and grasslands tend to
occupy different elevational zones, the topographically diverse landscape often
produces a fine-gain a mosaic of vegetation types. This mosaic is fine-scaled in the
coastal ranges and xeric southern California mountains (Franklin and Woodcock
1997). Plant formations with very different physiognomy, fuel structure, fire regime
types (crown fire, surface fire, mixed), and fire response of dominant woody spe-
cies (resistance versus resilience) often occur in close proximity. Fire regimes in
this landscape can also vary at fine spatial scales most likely as a function of fuel
characteristics (Stephens et al. 2009). However, such patterns are often obliterated
under extreme fire conditions as evident in some of the recent megafires that have
consumed all fuels in their wake (Keeley et al. 2004, 2009b).

Nonnative plant species have been present in California for several centuries,
primarily introduced during early Euro-American settlement (Klinger et al. 2006).
The following sections will consider the interactions of fire, climate change, and
invasive species on California’s landscapes for each of three major terrestrial veg-
etation types: forest, shrublands and grasslands.
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Fig. 8.1 Percentage departure of current mean fire return interval (1910-2006) from reference
mean fire return interval (pre-Euro American settlement). Areas with negative departures (e.g.,
lowland chaparral and sage scrub) are experiencing more frequent fire today than in the presettle-
ment period. Areas with positive departures (e.g., high elevation ponderosa pine) are experiencing
less frequent fire today than in the presettlement period (Data courtesy of Dr. Hugh Safford,
regional ecologist for U.S. Forest Service, Pacific Southwest Region)

8.3 Forests

Montane conifer forests in California generally have fewer alien plant species, a
lower abundance of aliens, and a different collection of alien species than lower
elevation foothill oak savanna or grassland (Keeley 2001; Keeley et al. 2003;
Klinger et al. 2006). This follows a general pattern of decreased alien presence with
increasing elevation in California (Mooney et al. 1986; Rejmanek and Randall
1994; Schwartz et al. 1996) and could involve numerous factors such as shorter
growing seasons, forests with lower surface light levels, different disturbance
regimes, fewer alien propagules, or fewer potential alien invaders adapted to condi-
tions at higher elevations.
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Present problems with invasive species are the result of repercussions from past
management practices as well as unintended side effects of present management
practices. The anomalously high woody fuel accumulation resulting from logging,
livestock grazing, and fire suppression has put many forests on a trajectory away
from low- or mixed-severity fire to larger, more intensive crown fires. California
has experienced several of these anomalously high-intensity fires in the past
decades. These have created crown gaps that appear to be outside the historical
range of variability.

One such example occurred recently in southern California mountains in 2003
and eliminated most all of the conifer forests in Cuyamaca State Park (Franklin
et al. 2006). Forest recovery has been slow, hindered by establishment of the early
seral stage shrub layer as well as high cover of native and nonnative herbs around
dry meadows (former homesteads and ranches) (Franklin et al. 2006). This is even
though the dominant conifer, Coulter pine (Pinus coulteri), is partially cone seroti-
nous (Borchert 1985), suggesting that it has potential for rapid reestablishment
following fire. The slow recovery suggests that pine establishment, which is depen-
dent on seed dispersal from burned cones or nearby adult trees, has been affected
by the extent and severity of the fire. Also, cheatgrass (Bromus tectorum) was found
in greater abundance in the second (wetter) postfire year than in the first (drier)
(Franklin et al. 2006), and had increased further in abundance by the fourth growing
season, even though it was a dry year (Franklin, submitted). However, we do not
know if this nonnative grass will persist or spread as the forest regenerates and
affect the future fire regime in this region.

To put this recent event into historical perspective, extensive stand replacing
fires driven by easterly winds were reported in these mountains in fall 1899, in the
Los Angeles Times (29 September, 1899) and the Julian Sentinel (4 October, 1899),
where it was lamented “...above all we mourn the loss of our forests.” It is not pos-
sible to glean details (size, severity, location) about a fire event from this kind of
historical description, but it suggests that the recent crown-fire events in these
forests may not have been entirely outside the historical range of variability.

Current fire management practices have the potential to influence alien plant
invasions at nearly all stages, including both prefire treatments as well as postfire
restoration responses (Keeley 2006b). Agencies are increasingly aware of this
and are taking steps to minimize these impacts even during fire events, e.g., by
checking firefighting equipment for alien propagules prior to entering wildland
areas during fires.

Prefire fuel treatments pose one of the biggest risks for alien plant invasion
largely because the treatments reduce surface fuels as well as open the forest can-
opy, both of which promote the growth of herbaceous species. Globally, forest
management in western North America is unique in its focus on restoring historical
conditions of forest structure and processes. The philosophy is that these forests
persisted under such conditions prior to intensive contemporary land management,
and thus returning forests to those conditions will bring us closer to ensuring sus-
tainability (Millar 1997). One of the primary impacts of reintroducing historical fire
frequencies is that it greatly reduces surface and ladder fuels to the point where
forests retain their historical fire regime of low- or mixed-severity fires and are less
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vulnerable to high-intensity crown fires. Alien species in western North America
are recent introductions, however, and historical landscapes were allowed to
recover after fire in an environment largely free from threat of invasion. Today the
alien presence interferes with expected responses to fuel management. For exam-
ple, following a series of prescription burns in ponderosa pine forests to reintroduce
historical fire frequencies to the lower elevations of Kings Canyon National Park
sites (Keeley and McGinnis 2007) were heavily invaded by cheatgrass (Bromus
tectorum). When historical fire frequencies were applied through prescription burn-
ing, they were too frequent to allow canopy closure and enough litter accumulation
to inhibit cheatgrass. They were also too frequent to generate sufficient fire inten-
sity to destroy cheatgrass seedbanks. The conclusion from that experience is that
future fire management may want to set its goals to some middle ground between
short historical fire frequencies, which favor cheatgrass, and very long fire free
periods, which lead to hazardous fuel loads.

Postfire management has also played a role in the spread of plant invaders. On
USFS lands in the Sierra Nevada it has long been common silvicultural practice to
utilize herbicides to eliminate the natural seral stage of ceanothus (Ceanothus)
(Fig. 8.2a) and other shrubs in order to grow “better” ponderosa pine plantations by
reducing competition between pine seedlings and shrubs. However, Ceanothus spe-
cies are nitrogen-fixing (Delwiche et al. 1965; Conard et al. 1985) and important to
ecosystem recovery following nitrogen volatilization by fires (Hellmers and
Kelleher 1959; Binkley et al. 1982). The result of shrub removal is to increase the
dominance of annual aliens, in particular various species of brome grass (Bromus)
(Fig. 8.2b). Not only does this alter the native to nonnative understory composition,
but it also affects habitat and seed sources for small mammals and greatly alters the
fuel structure of young forests. The greater proportion of fine fuels increases the
probability of fires spreading in these young stands. One example from the central
Sierra Nevada is the Cleveland Fire in El Dorado County (Fig. 8.3). The extensive
red brome (Bromus madritensis) and cheatgrass (B. tectorum) invasion after several

Fig. 8.2 The 2006 Star Fire in the northern Sierra Nevada burned across two national forests,
which applied different postfire treatments: (a) The Tahoe National Forest did not use herbicides
to eliminate early-seral stage shrubs such as Ceanothus, whereas (b) the Eldorado National Forest
used repeated herbicide treatments to eliminate the shrub layer and replace it with herbaceous
native and non-native species (Photos by (a) Tom McGinnis and (b) by Jon Keeley)



8 Fire and Invasive Plants on California Landscapes 199

Fig. 8.3 The 1992 Cleveland Fire area was sprayed with herbicides and replanted with pine
seedlings. Annual alien grass invasion fueled a repeat fire in 2001, the St. Pauli Fire, which
destroyed a significant portion of the 8-year-old plantation (Photo by Tom McGinnis)

herbicide treatments to destroy shrubs, produced grass fuels sufficient to carry a fire
at 8 years (St. Pauli Fire), which destroyed a substantial portion of the plantation.

8.4 Shrublands

Chaparral and California sage scrub are typically closed-canopy shrublands that are
relatively resistant to invasion by nonnative species. The most common disturbance
that sets them on a trajectory of invasion is a perturbation in the fire regime, in
particular increases in fire frequency (Figs. 8.4 and 8.5). These ecosystems are
highly resilient to fires at frequencies of more than 20 years but as the interval
between fires decreases, more and more native species are lost due to insufficient
time between fires for recovery (Zedler et al. 1983; Haidinger and Keeley 1993;
Keeley et al. 2005). The lowest fire frequency threshold of tolenance varies with
vegetation type and landscape position. Chaparral is generally not resilient to return
intervals shorter than 20 years, whereas sage scrub in the interior cannot tolerate
return intervals shorter than 10 years, although coastal versions of sage scrub can
sometimes tolerate shorter return intervals. In general, these tolerances decrease
with increasing site aridity; for example, pole-facing exposures are resilient to
more frequent fires than those facing the equator. Other changes in fire regime that
may have an impact on invasions include fire intensity (Fig. 8.6), fire season and
fire size. Land management practices such as grazing and mechanical disturbance
may also enhance invasion (Stylinski and Allen 1999).
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Fig. 8.4 The entire chaparral scene shown here was burned in the 1970 Laguna Fire. The background
has not re-burned since 1970 and this mature stand is largely free of alien species. The middle and
front parts of the scene were burned in the 2001 Viejas Fire and the middle section is an early seral
stage of chaparral dominated by short-lived natives and relatively few alien species. The fore-
ground was burned a third time by the 2003 Cedar Fire and is dominated by aliens (Fig. 8.5). The
high frequency of fires has also reduced the ability of natives to recover and placed the community
on a trajectory that favors alien persistence (Photo by Richard Halsey)
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Fig. 8.5 Sites with 33 years between fires recover with little or no alien species whereas sites burned
at shorter intervals have a substantial alien species load (Data from Tess Brennan and Jon Keeley)
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Fig. 8.6 In contrast to conifer forests where higher fire severity often increases alien invasion
(e.g., Keeley et al. 2003), in chaparral increased fire severity, observed at three spatial scales, is
associated with decreased alien invasion (Keeley et al. 2008)

Ozone pollution (Westman 1979) and nitrogen pollution (Allen et al. 1998) have
been postulated to be involved in alien invasions of these shrublands, but probably
only when coupled with some other disturbance that first opens the closed canopy
shrubland and allows for annual grass and forb invasion (Keeley et al. 2005). Regional
patterns of pollution, fire, and invasion are consistent with this model. Although there
is a strong gradient of increasing pollution from the coast to the interior (Padgett et al.
1999), loss of native shrublands and invasion by alien grasses and forbs happens
frequently in the unpolluted coastal plain and foothills (Keeley et al. 2005). Studies
that have reported landscape patterns of invasion consistent with pollution have not
adequately considered fire history. The frequency of fire is extremely high on interior
polluted landscapes, and one of the commonly cited examples of pollution-driven
type conversion from shrubland to grassland, Box Springs Mountain in Riverside
County, has burned and reburned repeatedly in the last 50 years (Cal Fire 2007).
Westman (1979) used landscape patterns of ozone pollution to demonstrate pollution-
driven type conversion, but without any consideration of fire return intervals at his
study sites. Recently Talluto and Suding (2008) found evidence for both fire and
nitrogen as factors in alien invasion, and suggested that nitrogen was likely important
on those parts of the landscape that were unburned. However, it is doubtful that very
much of that landscape was unburned because their study used a fire history database
that excluded fires less than 40 ha, and these smaller fires generally constitute more
than 95% of all the fires in that region (Keeley, n.d.). Smaller fires on these landscapes
likely play a crucial role in creating a patchwork mosaic of type conversion that
increases alien propagule availability throughout the region.

One of the primary limitations to the pollution model is a lack of a clear mechanistic
basis for how grasses displace shrubs. Numerous experimental studies have failed to
detect a competitive advantage of grasses over shrubs under elevated nitrogen
(e.g., Allen et al. 1998; Padget and Allen 1999; Yoshida and Allen 2001). Recently it
has been proposed that interactions between nitrogen pollution and mychorrizae may
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inhibit shrub seedling recruitment and give invasive grasses a competitive edge
(Siguenza et al. 2006). Such a model could not account for displacement of intact
shrublands since recruitment is largely restricted to open sites after fire. The mecha-
nism for how this would work remains to be determined since most all experiments
have used soil nitrogen levels characteristic of the late summer dormant season
whereas soil nitrogen levels during the winter growing season are often indistinguish-
able between polluted and unpolluted sites. In summary, we do not rule out the pos-
sibility that nitrogen pollution plays some role in nonnative plant invasion in coastal
California, but there is no evidence this can occur without physical disturbance such
as fire, mechanical disturbance, or livestock grazing first opening up the shrub canopy.
Once this occurs, grasses promote further burning and these landscapes may develop
into a more open mixed shrubland/grassland, depending on the availability of alien
seed, potentially contributing to an acceleration of the invasion process (Fig. 8.7).
Fire is a necessary ecosystem process for the sustainability of California shrublands,
but postfire conditions provide a window of opportunity for alien plants to invade.
Generally, the shrub canopy regenerates rapidly and most aliens are excluded during
the early seral stages. Most of these aliens are annual species. An exception appears
to be occurring in chaparral and sage scrub along the southern and central coast
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Fig. 8.7 Structural equation model for alien dominance 5 years after fire using a path analysis
that separates latent (ellipses) and measured (rectangles) variables. Two latent variables in the
original model, nitrogen deposition and landscape position, were not significant and were
excluded. Path strength is indicated with standardized regression coefficients, and R? is given for
the response variable of alien dominance (Keeley et al. 2005)
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where an alien perennial grass, Ehrharta calycina, aggressively invades burned
shrublands and appears to inhibit regeneration of native species (Roye 2004;
D’ Antonio personal observations).

When multiple fires occur within the time frame of one decade, shrub regeneration
is compromised and often leads to permanent invasion. What is critical is the shortest
interval between fires (Zedler et al. 1983; Haidinger and Keeley 1993; Jacobson et al.
2004). Thus, any increase in fire frequency, through either wildfires or prescription
burning, should be viewed as a potential contributor to alien invasion.

Determining alien invasion is a multi-faceted problem and there are many factors
that determine alien success (Fig. 8.7). One of the key factors is propagule avail-
ability (D’ Antonio et al. 2001). After fire, alien propagule presence is determined
by both temporal and spatial factors. Site history plays a major role and young seral
stage stands are more likely to have aliens and alien seed banks than more mature
stands.

Fuel structure also affects the invasion process. Heterogeneity of fuel distribu-
tion changes fire intensity (Odion and Davis 2000), and this can affect survival of
alien propagules (e.g. D’Antonio et al. 1993). The invasion process can alter the
dominant plant functional types, which in turn alters fire intensity. For example,
invasive grasses, particularly annuals, reduce fire intensity and enhance seed survi-
vorship in the soil (Keeley 2006b). In one case, evergreen shrublands were invaded
after fire by a succulent (Zedler and Schied 1988) that altered fuel structure, poten-
tially suppressing spread of future fires (D’ Antonio 2000).

Fire management activities likewise may alter fire regimes in ways that favor
alien species, both by providing suitable habitat and altering fire intensities. For
example, trails or fuel breaks may promote alien invasions (Merriam et al. 2006).
Although many fuel breaks have contributed to fire operations, doubtlessly many
have not, and there is a need for careful evaluation of the benefits relative to the
financial and resource costs of these activities.

Sites that have been highly disturbed from frequent short interval fires or other
disturbances such as construction activities or livestock grazing in open shrubland/
grassland associations will have a greater presence of alien species and hence seed
prior to the fire than mature closed canopy systems (Stylinski and Allen 1999).
Aliens tend to be annual grasses and forbs, and they alter the fire regime from an
active crown fire to a mixture of surface and crown fires. This tends to increase fire
frequency in younger shrubland stands. Soil temperatures during grass fires are
lower than in shrub fires, favoring survival of alien propagules (Keeley 2006b).

We would expect that this phenomenon is not unique to chaparral and sage scrub
but also applies to other ecosystems, particularly those closed-canopy systems that
typically burn in crown fires. The level of disturbance is likely to depend on the
system. As a general rule, in crown-fire ecosystems the historical fire return interval
was much greater than the time to canopy closure, and this seems to hold for shru-
bland as well as crown-fire forested systems (Baker 2006).

Disturbances that lead to alien invasion are those that reduce the ratio, current
fire-return interval : time-to-canopy closure, and when this ratio drops to less than 1,
alien invasion is very likely.
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Spatial patterns at many scales may affect the invasion process. One of the critical
factors is the regeneration mode of the dominant shrub species. Typically mesic
north facing slopes in California shrublands are dominated by vigorous resprouting
species. Recovery from fire is not dependent on seedling recruitment; basal
resprouts recover very rapidly. In contrast, drier sites are often dominated by non-
sprouting obligate seeding species that require up to two decades of regrowth to
replenish the soil seed bank. On these sites a fire interval of less than a decade
hinders shrub recruitment and creates an ecological vacuum that is readily filled by
alien species. However, on more mesic slopes much more frequent fires may be
required to effect such a change.

The extent to which the conversion of native shrublands to alien dominated
grasslands has already occurred on the California landscape is unknown, although
early observations suggested that it was substantial and that Native Americans had
played a significant role in the process (Cooper 1922). Nonnative-dominated
annual grasslands cover a substantial portion of the wildland landscape in the state
and are derived from shrublands, native grasslands or forblands. Wells (1962)
examined substrate preferences for a portion of San Luis Obispo County in the
central coast region and concluded that a significant portion of annual grasslands
were formerly shrublands that had been displaced by frequent fires, perhaps long
before Euro-Americans arrived. He suggested that substrate was an important
determinant of native shrubland and native grassland distribution but not for alien-
dominated grasslands, whose distribution was largely influenced by disturbance.
Although fire frequency plays a major role in driving alien invasions in shrubland
landscapes, other perturbations in the fire regime likewise play a role. For example,
fire intensity, often measured as fire severity, is generally high in most shrubland
fires. These systems are very resilient to high fire intensity and variations in inten-
sity have little impact on native plant recovery (Keeley et al. 2008). However, as
fire intensity decreases, alien invasion increases due to a variety of correlated fac-
tors. Lower fire intensity occurs in more open stands with a mixture of grasses and
shrubs; thus, they are likely to have more alien propagules in the soil at the time of
fire. These stands also generally have burned in the recent past and thus reburning
presents an obstacle for the regeneration of the native species. Lastly, lower inten-
sity likely enhances survivorship of alien propagules.

Fire season may have a profound role in affecting alien invasions. For example,
reduced native recovery has been reported for out-of-season prescribed burns
(Keeley 2006b) and this vacuum is always filled with alien species. The mechanism
by which out-of-season burning decreases native plant recovery is unknown, but it
is commonly attributed to prescribed burns during winter or spring that cause heating
of seed banks with moist heat, which is often lethal (Parker 1987). Perhaps more
important though is that winter burning greatly decreases the length of the first
growing season. For most seedlings having the growing season reduced from a typi-
cal 6 months (following summer or fall burns) to perhaps as little as 1 month (fol-
lowing a winter burn) could limit survival during the ensuing dry summer.

We expect fire size to play a role because it increases the chances of reburning
sites that were recently burned. In the 2007 wildfire season, more than 30,000 ha
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that burned in southern California overlapped fires from 2002 and 2003 (Keeley
et al. 2009b). Such a short return interval increases the likelihood that alien species
were present, reduces fire intensity in reburned areas, and decreases native shrub
survival. It is unclear if this in turn increases continuity of alien dominated sites.
Fires on these landscapes burn through a mosaic of native shrublands and alien-
dominated grasslands and as fire size increases the mixtures become more diverse.
It is to be expected that as the boundary between burned shrublands and alien-
dominated grasslands increases the latter would provide a source of alien propagules
and increase the chance that adjacent shrublands would act as a sink for these
aliens.

8.5 Grasslands

Although fire has long been considered to be a dominant structuring force in grass-
lands around the world, its history and role in California’s Mediterranean grass-
lands are murky. Early Euro-American visitors to California reported that the
indigenous peoples were burning frequently, presumably to keep landscapes free
of woody species and thus creating open forblands or grasslands (Keeley 2002;
Anderson 2005a,b; Minnich 2008). Reports of indigenous burning exist from
coastal, Central Valley and Sierra Nevada foothill grassland-type habitat suggest-
ing that grassland fires were an important landscape feature across the state
(Anderson 2005a, 2007). Indeed, records of individual tribes suggest that at least
35 tribes used fire to manage grassland (here defined broadly to include forblands)
for particular plants or for hunting (Reynolds 1959; Anderson 2007). Historical
journal observations and ethnographic records present a reasonable basis for infer-
ring that fire played a significant role in the expansion of pre-Euro-American
grasslands, and this is supported by pollen records (Anderson 2005b) and phyto-
liths (Hopkinson 2003).

After Euro-American colonization, it is likely that the role of fire changed. The
initially “open” (grassland or forbland) habitats created by indigenous burning
likely were maintained by intensive livestock grazing during the mission era
(Minnich 2008). During the last 100 years, fire was apparently used to convert
shrublands to annual grasslands as the expansion of agriculture in the late 1800s
reduced available open lands for grazing (Tyler et al. 2007). As these newly formed
and existing grasslands were utilized for livestock and crop production, burning
appears to have become an uncommon activity although records about this are poor.
Indeed, Greenlee and Langenheim (1990) estimate that prior to widespread live-
stock grazing, fire frequencies in the central coast near to human settlements were
potentially every 1-5 years. After the cessation of indigenous burning and with the
advent of widespread crop agriculture and livestock grazing they estimate that fire
frequencies dropped to every 20-30 years. Although these numbers are largely
speculative, it is conceivable that there have been dramatic changes in fire occur-
rence in grass-like habitats over the past two centuries.
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The invasion of European annual grasses into California’s grasslands that appar-
ently occurred beginning in the late 1700s is thought to be due to a combination of
intensive year round livestock grazing and conversion to crop agriculture followed by
land abandonment (Jackson 1985). The frequent use of fire by indigenous peoples to
manipulate composition likely aided the establishment of opportunistic annual grasses
that arrived with Euro-American settlers (Keeley 2002). It has been hypothesized that
frequent burning of shrublands to create grasslands resulted in landscapes susceptible
to rapid establishment of alien grasses and forbs without any grazing or crop agricul-
ture (Keeley 2002). Although the hypothesis that frequent indigenous burning contrib-
uted to the vulnerability of California grassland to the initial invasions cannot be tested,
it also cannot be discounted since it is now known that many nonnative annual species
can tolerate or increase with grassland fires. Thus, it is reasonable to assume that the
common occurrence of “grassland” fires in the 1700s and early to mid 1800s contrib-
uted to the rapid spread of some nonnative grassland species.

In contrast to the other ecosystems discussed in this chapter, California grass-
lands are already very heavily invaded by nonnative species and it is not clear that
fire will make them more susceptible to further invasion. Since European annual
grasses dominate sites that have not burned for decades, it is also clear that they
do not rely on fire in any way to maintain their dominance. Hypotheses regarding
the persistent dominance of annual grasses are reviewed elsewhere (e.g. Corbin
et al. 2007). Also in contrast to forests and shrublands, managers of grassland are
trying to use fire to manipulate composition away from nonnative species or to
“tip the balance” in favor of native species (Corbin et al. 2004). Given the highly
diverse nonnative flora in California grasslands, and that on many landscapes
annual grasslands occupy former shrubland sites, a goal of eliminating nonna-
tive species and reestablishing native grasslands is unrealistic. Nevertheless, fire
is a useful tool for manipulating composition in some areas and under some
circumstances.

In a meta-analysis of the outcome of fire management treatments across
California grasslands, Bainbridge and D’ Antonio (in prep.; reanalysis of Corbin
et al. 2004) found that fire can depress the abundance of European annual grasses,
but only for the immediate season after fire. Whether a single fire tips composition
towards natives is site-dependent and generalities are difficult to find. Generally,
single fire events slightly depress alien annual grasses but may increase exotic
forbs, depending on the site and species pool. For example, in annual grass-dominated
sites in the Carrizo plains, experimental burning in spring promoted the exotic forb
Erodium cicutarium and the native forb Phacelia ciliata (Meyer and Schiffman
1999) but the dominant invasive annual grasses were unaffected by fire. Likewise,
Reiner et al. (2006) and Reiner (2007) report an increase in both native and nonna-
tive forbs with fire. They used repeated fires (up to 13) to reduce nonnative grass
dominance on their sites in the California Central Valley.

Efforts to reduce specific invasive species with fire may be more successful than
general efforts to shift composition, but only if fire is repeated often. For example,
DiTomaso et al. (1999) used repeated fire to reduce the abundance of yellow star
thistle (Centaurea solstitialis), a noxious weed in California grasslands. Because
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the seeds of this species live for many years (Callihan et al. 1993), at least three
fires are necessary to obtain reductions in star thistle. However, these treatments
were never sustainable, as within a few years of ending burning, starthistle popula-
tions rebounded (Kyser and DiTomaso 2002). Clearly, prescribed burning provides
only temporary reduction and does not affect sustainable control of this alien, and
may even exacerbate the alien situation (Fig. 8.8). Likewise, DiTomaso et al. (2001)
and Betts (2003) used multiple fires to reduce the abundance of the invasive grasses
medusahead (Taeniatherum caput-medusae) and barbed goat grass (Aegilops tri-
uncialis), but what happens once fire is removed is unknown.

Several studies point to the important role of preburn composition in determining
the relative effects of fire on native vs. nonnative species. Native species tend to
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Fig. 8.8 Yellow starthistle (Centaurea solstitialis) cover and seed and seedling production fol-
lowing three consecutive annual burns applied to extremely dense populations of this noxious
alien weed. Immediate postfire results were very promising (DiTomaso et al. 1999), but follow-up
studies indicate that burning destabilized these grasslands and allowed subsequent reinvasion once
burning was stopped (Kyser and DiTomaso 2002)
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increase in sites where they were already reasonably abundant (Harrison et al.
2003), but decrease in sites where they are rare to begin with. DiTomaso and
Johnson (2006) reported that the invasive black mustard (Brassica nigra) increased
to almost complete dominance after management fires in a Sierra Nevada foothill
grassland site. The species was present as a dormant seed bank prior to fire and can
respond rapidly after fire. As a consequence, this species can present surprises
when fire is used to target other species. For example, Moyes et al. (2005) used
prescription burning with the goal of targeting ripgut brome (Bromus diandrus).
The treatment was successful in nearly eliminating this grass, but the space was
readily occupied by fire-stimulated germination of the mustard seed bank
(Fig. 8.9).

It is widely believed that cattle grazing or targeted grazing by goats can reduce
fuel accumulations, and create discontinuities in fuel. Conceptually then, grazers
should be a useful tool for reducing the spread of fire over landscapes. However,
every year fires ignite in grassy vegetation and grazed grasslands are observed to
burn. To evaluate how grazing influences the probability of successful ignition or
fire spread would require a landscape analysis of where fires start, the patterns they
follow as they spread, and a knowledge of the grazing regime at the local scale
across the region. Fire-spread modeling does support the notion that fuel disconti-
nuities can reduce fire spread rates and fireline intensities (Finney 2001), but
strongly wind-driven fires have been shown to burn across a range of vegetation
types, fuel ages, and fuel structures (Moritz 2003). These fires may be indifferent
to past grazing in grasslands, as was observed in October 2007 when a Santa Ana-
wind-driven fire burned through heavily grazed pastureland (Fig. 8.10) that fire
behavior models would predict should not carry fire. Indeed, a study of fire spread

Fig. 8.9 Postfire shift in cover from the non-native annual grass Bromus diandrus (lower left
foreground), which was targeted in a prescribed burn, to mustard (upper right foreground) in the
Santa Monica Mountains National Recreation Area of Ventura County, California (Photo by
Andrew Moyes)
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Fig. 8.10 Heavily grazed grasslands in Pamo Valley, San Diego County, burned in the 2007 Witch
Fire (Photo by Richard Halsey)

rates in 121 grass-fueled fires suggested that wind speed is more important than
grass type or fuel structure (e.g. standing versus cut, dense versus thinned) in
driving fire spread rates (Cheney et al. 1993). Nevertheless, fire intensity and
spread rates are demonstrably lower in grazed grassland under some conditions
(Diamond et al. 2009) and grazing, if it leaves little residual dry matter, can reduce
standing fuel and fireline intensity (Davison 1996; Diamond et al. 2009). Thus, graz-
ing is being used to create a landscape scale fuel mosaic that under the right condi-
tions (not extreme) could reduce fire spread rates and intensity in grass-dominated
vegetation (McAdoo et al. 2007). Many of the large fires in California, however,
burn under extreme weather conditions (Mensing et al. 1999; Moritz 2003), and
under these conditions, grazing is unlikely to be important in modifying fire behav-
ior (e.g. Launchbaugh et al. 2008).

8.5.1 Fire and the Grassland/Shrubland Matrix

At the time of Euro-American settlement, it is possible that vegetation heterogeneity
was less than today due to the widespread use of fire to keep vegetation “open.” It
has been documented today that fire contributes to the current landscape mosaic of
grassland, shrubland, and woodland (e.g., Callaway and Davis 1993). On grassland
sites prone to shrub colonization, a reduction in fire frequency gradually leads to
conversion of grassland to shrubland (Keeley 2002) with accompanying increases in
standing fuel and the potential therefore for higher-intensity fires. The trend of
increased presence of woody vegetation on landscapes previously supporting exten-
sive grassland is particularly apparent in the San Francisco Bay area. Contrary to
conventional wisdom, this trend is not related to disruption of the natural fire regime
by fire suppression, but rather due to a reduction in anthropogenic ignitions and



210 J.E. Keeley et al.

cessation of intensive livestock grazing (Keeley 2005). Thus, this so-called shrubland
invasion is perhaps better viewed as a recolonization following the cessation of
anthropogenic disturbance, at least for the dominant native shrub, coyote bush
(Baccharis pilularis). However, non-native invasive shrubs such as scotch, french,
and spanish brooms (Cytissus scoparius, Genista monspessulana and Spartium jun-
ceum respectively) and gorse (Ulex europaeus) are spreading widely into grasslands
in the northern and central coast regions. Germination of the brooms is stimulated by
fire, and recurrent short return interval fires can be used to reduce the broom seed-
bank and reduce standing adult plants (Alexander and D’Antonio 2003a, b).
Nevertheless, using fire to control these nonnative invaders presents a challenge in
increasingly urban or suburbanized landscapes and with rising societal concern
about the efficacy, safety, and environmental impacts of controlled burning.

Over the past decade, the potential role of atmospheric nitrogen (N) deposition
in influencing California vegetation has been recognized (Weiss 2006) and detailed
mapping of nitrogen plumes suggests that a substantial fraction of coastal habitats
and portions of the California deserts could be affected by N deposition. Nitrogen
deposition promotes invasive annual grasses in open scrub vegetation of the Mojave
Desert (Brooks 2003), and in nutrient-stressed serpentine grasslands near the coast
(Weiss 1999). These alien grasses in turn either increase, or have the potential to
increase, fire frequency (Beatley 1966; D’ Antonio and Vitousek 1992). Although
this grass/fire cycle can happen independent of N deposition (D’Antonio and
Vitousek 1992; Keeley 2006b), N deposition could accelerate the onset of such a
cycle in some habitats.

8.6 Future Directions for Fire and Invasive Species
Interactions in California

Alien species presence on California landscapes will likely increase under future
conditions. Two issues that need to be given serious consideration are the continu-
ation of certain fire management practices and changes in fire regimes induced by
global changes in human demography and climate. The most critical stressors are
likely to vary with vegetation type.

8.6.1 Forests

In understanding future impacts on forests, we distinguish between two fire regime
types in forests of western North America: those driven by herbaceous understory
fuels (e.g., ponderosa pine forest) and those with dead litter as the fuel source
(e.g., mixed conifer forest). Each is likely to respond differently to climate change
and they may not be equally susceptible to invasion by alien species under altered
fire regimes. A major paleoecological reconstruction of the American Southwest
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based on tree ring analysis showed that major fire years coincided with extreme
drought. However, antecedent (1-3 years prior) wet conditions affecting grass (fine
fuel) production were significantly correlated with fire extent only in ponderosa
pine forest. The lack of any significant lag effect of antecedent moisture on fire
activity in mixed-conifer forest was explained in terms of the greater persistence of
snow pack in spring and lack of importance of fine fuels in fire dynamics (Swetnam
and Betancourt 1998). Ponderosa pine forests may be more susceptible than other
forest types to altered fire regimes under global warming, and to invasion by non-
native herbaceous species that could, in turn, affect the fire regime.

In conifer forests throughout the mountainous western USA, the interactions of
fire, a warming climate, and invasive herbaceous vegetation are of great concern
(Dale et al. 2001; Brooks et al. 2004; Keeley 2006a; Millar et al. 2007). Fewer but
larger higher-severity fires resulting from warmer windier conditions predicted
under climate-warming scenarios could homogenize the forest landscape mosaic
into large even-aged patches. On the other hand, reduced fuels due to higher
decomposition rates and reduced tree seedling establishment, or to the establish-
ment of annual grasses, could lead to lower fire intensity and higher frequency
under global warming. How might changes in the patch mosaic size, in conjunction
with spatially varying pressure from invasive plant species, affect forest succession
on these landscapes? Will it lead to increasing “type conversion”? How big a role
will exotic invasive species play in forested areas? Will nonnative grass cover
increase in forested areas leading to feedbacks in the fire cycle, promoting high—
frequency low-severity fire?

Predicted changes in fire regime, driven by climate warming, are likely to reduce
the extent of old-growth fire-affected forests. Kaufmann et al. (2007) describe a con-
ceptual model of late successional or old-growth forest structure in fire-prone forest
types. An important factor is the scale of patchiness. Increase in very large fires will
erase fine-scale mosaics of differently aged stands, especially if they are severe.

Increased spring and summer temperatures, projected by virtually all climate
models for future decades owing to anthropogenic climate change, could reinforce
the trend toward longer fire seasons and large wildfires. A study of northern
California also projected similar trends of more fires and larger burned areas in
some regions of the state under the warmer windier conditions that are projected by
climate models (Fried et al. 2004). However, ecological feedbacks are likely to
complicate these projections, and will be discussed in the following sections. More
frequent larger fires in recent decades in mid- to high-elevation western forests
coincide with warmer temperatures and earlier spring snowmelt (Westerling et al.
2003, 2006), although the number of fires per se and snowpack are not generally
correlated in the west (Medler et al. 2002).

Extensive areas of the California Floristic Province comprise broadleafed ever-
green forest (Douglas-fir-tanoak—madrone, ponderosa pine-black oak, and canyon
live oak—Coulter pine)—about 20% of the land area of California or about equal to
the conifer forest area (Lenihan et al. 2003). The mixed evergreen forest formation
is predicted to expand northward and upslope at the expense of subalpine conifer
forest types under global warming scenarios. Lenihan et al. (2003) also suggested
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that anthropogenic climate change in the coming century might be less likely to
affect fire weather (summer drought will persist) and more likely to affect
California’s fire regimes by changing the amount and character of fuels. This might
increase inter-annual variability in the area burned—i.e., with more extreme events.
Therefore, fire-prone forests, extensive and perhaps severe forest fires, and invasive
species are all likely to expand in California forests under global warming.

In addition to nonnative grass invasions, there is also growing concern about the
outbreaks of insects (such as pine beetles) and emerging infectious diseases on the
landscape. For example, historic fire suppression in mixed-evergreen forest of
northern coastal California has led to land cover change, the expansion of broadleaf
woodland at the expense of chaparral, reduction in spatial heterogeneity of plant
communities, and subsequent increased susceptibility of oak woodlands to lethal
infection of Phytophthora ramorum, an introduced plant pathogen causing Sudden
Oak Death (Moritz and Odion 2005). Somewhat more subtle changes in forest
structure due to fire suppression are considered to be factors contributing to the
effect of white pine blister rust (Cronartium ribicola) on Pinus lambertiana in the
Sierra Nevada (van Mantgem et al. 2004). Despite disturbing trends in losses of this
tree, models suggest managers still have time to alter the outcome of this invasion
and prevent complete demise of this key forest species.

8.6.2 Shrublands

During the Zaca Fire of 2007, over 800 km of fire breaks were bulldozed through
relatively pristine old-growth chaparral. Although restoration is planned, these
areas have the potential for greatly exacerbating the alien species problem in this
region. Particularly troubling is that they surround and dissect a wilderness area that
previously was relatively isolated from aliens. The strategy behind this extensive
use of clear-cutting chaparral is akin to what political commentator Ron Suskind
(2006) describes as the 1% doctrine. Namely, in some circles if there is a 1% chance
that an action will pay off, it is considered a legitimate course of action. In other
words, there is a hierarchy of values that preempt any sort of cost—benefit analysis.
Although fire management has never had such an extreme policy, if a treatment had
any potential benefit in reducing fire hazards it was considered a legitimate strategy.
However, agencies are increasingly faced with having to balance numerous issues
other than just fire hazard reduction, and often conservation of natural resources
comes in conflict. Balancing these issues will necessitate a more thorough cost-
benefit analysis to fire management decisions so that the impacts on resources such
as alien plant invasion are considered in the equation. One might expect that a cost-
benefit analysis that considered potential alien invasions might have resulted in a
more judicious use of fire breaks in the Zaca Fire. Of course, these decisions cannot
be made during major fire events, but rather must be thoroughly considered and
incorporated into a fire management plan with specific analyses that consider all
resource costs in association with perceived benefits of reduced fire hazard.
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Application of a cost benefit analysis to fire management will be easier in some
ecosystems than in others. Besides the economics, the issues to be balanced are fire
hazard and resources. Forested ecosystems with a history of frequent surface fire
regimes are assembled from both overstory and understory species well adapted to
frequent fires. A frequent fire regime is also compatible with reducing fire hazard,
and thus balancing the resource costs and fire hazard-reduction benefits of pre-
scribed burning is relatively easy compared to many other ecosystems such as
chaparral.

Crown-fire ecosystems like chaparral are a different story. The historical fire
frequency was significantly longer than forested ecosystems and the vegetation
comprises many species that are rather vulnerable to frequent fire. Fire manage-
ment strategies designed to incorporate frequent prescription burning as a cure for
fire hazard are often at odds with resource conservation. Because humans share
much of this landscape it is inevitable that in some cases fire hazard reduction will
preempt resource issues. When fuel treatments such as frequent prescribed burning
or mechanical crushing (Fig. 8.11) are applied to this landscape they have the
potential for doing resource damage. Thus, a cost-benefit analysis might result in a
more judicious use of such treatments.

Of course, with no end in sight for population growth, the fire management and
alien plant problems are destined to become worse unless some changes occur in
development patterns. Smart growth that promotes infilling within the development
footprint, rather than continuing urban sprawl, has some potential for slowing this
problem.

Fig. 8.11 Fuel treatment of chaparral through crushing. Such sites will invariably become domi-
nated by alien species and native communities are not likely to regain this site for an extremely
long time. These treatments are designed solely for fire hazard reduction and can be viewed as
sacrificing natural resources (Photo by Wendy Boes)
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8.6.3 Grasslands

The future frequency and impact of fire in California grasslands will depend on
climate, nitrogen deposition, and grazing, all of which influence the density and
nature of the fuel bed. Development and human presence within the landscape will
also influence the nature of fuels, frequency of ignitions, control efforts, and sub-
sequent burning patterns. The regional species pool will also determine which spe-
cies are present to respond to fire events.

Models of future climate vary in terms of the direction and amount of rainfall
change projected for California grasslands. Substantial increases in California pre-
cipitation were predicted by early general circulation models (Hadley Centre
HadCM?2) and CCM1 (Dukes and Shaw 2007). Increased precipitation within the
growing season, however, may have little effect on productivity in California grass-
land settings (Pitt and Heady 1978; Reever-Morghan et al. 2007; Dukes and Shaw
2007). Thus, it may have little effect on fire frequency or intensity. The recent
Hadley Centre model version 3 (HadCM3) and the Geophysical Fluids Dynamic
Laboratory model (GFDL) predict decreases in total annual precipitation in
California (Pope et al. 2000; Cayan et al. 2006). Reduced growing season precipita-
tion events could lead to a decline in grassland productivity. A reduction in fuel
density and biomass could reduce fire intensities when fires burn through grassy
vegetation.

Recent Global Change Models that predict a decrease in growing season pre-
cipitation for California grasslands also predict that precipitation will be packaged
into fewer more extreme events. To date there have been no field experiments that
recreate these climate conditions. We suggest here that such repackaging could
favor native perennial species because individual events will saturate the soil
beyond the ability of introduced annual grasses to transpire water. Native perennial
species, by contrast, with their deeper roots and longer period of activity, could
access this water over a wider range of depths and time periods. Native perennial
shrubs such as coyote brush (Baccharis pilularis) readily colonize grassland under
wet conditions (Williams et al. 1987). Conversion to coyote brush shrublands
should decrease fire frequency due to the change from fine summer—dry fuel to
evergreen shrub fuel (though not everywhere, c.f. Keeley 2005). Fire intensity
might increase, however, due to the greater biomass accumulation in such a shru-
bland and the tendency for shrublands to burn as crown fires. If the beneficiaries
of altered precipitation events are native perennial grasses, it is more difficult to
predict their impact on fire regimes. In tropical savannas, some recent studies have
shown that introduced grasses can increase fuel loads by up to seven-fold greatly
increasing fire intensities (D’Antonio 2000; Rossiter et al. 2003), but these
systems contain both native and nonnative grasses that are substantially larger than
typical grasses in California. No studies have yet compared fire frequency and
intensity between native perennial bunchgrass-dominated vs. alien annual grass-
dominated California grassland.
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8.7 Conclusions

The California Floristic Province spans a large latitudinal range in a topographi-
cally diverse area of western North America. The entire region experiences a
Mediterranean climate with warm dry summers, but the fire regimes in the grass-
lands, shrublands, woodlands and forests of California are as diverse as the terrain.
In the historical period the landscape mosaic was affected by half a millennium of
grazing, anthropogenic burning, logging, fire suppression, urban expansion, and the
deliberate or accidental introduction of invasive plants and other alien species. The
future of the regional ecosystems facing combined impacts of climate change, land
use change, nitrogen deposition, altered fire regimes, and species invasions must be
considered in light of the history of the landscape.

Montane forests were subjected historically to logging, grazing, and fire sup-
pression, leading to fire exclusion. Restoration of fire in these landscapes must be
implemented cautiously in light of the threat of invasive herbaceous plant species.
This is particularly urgent because although forested areas at higher elevations have
historically been less threatened by alien plants than lower elevation shrublands and
grasslands, this threat is likely to increase, as is the likelihood of large or severe fire,
in association with anthropogenic climate warming. Native shrublands have been
altered in the distant and recent past by frequent human-ignited fire. The greatest
future threat to this ecosystem again lies in the combined impacts of increased fire
frequency due to human population pressure and climate change, and the subse-
quent spread of invasive plant species. Exotic species probably became well estab-
lished in native herbaceous plant formations several centuries ago as a result of the
deliberate use of fire by people. In some cases, a specific prescription of repeated
fire treatments has been used successfully to control non—native species, but in
other cases prescribed fire has actually promoted them. Anthropogenic global
warming may reduce fire frequency or intensity in native grasslands, but the altered
precipitation regime that is predicted to occur may actually favor native plant spe-
cies. A systematic approach is required to understand the complex and potentially
synergistic impacts of fire, invasive species, climate change, and land use change
on the landscape mosaic.

References

Alexander, J.M., and C.M. D’ Antonio. 2003a. Effects of stand age and fire on the seed bank of
french broom (Genista monspessulana) in California. Restoration Ecology 11: 185-197.

Alexander, J.M., and C.M. D’Antonio. 2003b. Control methods for the removal of French and
Scotch Broom tested in coastal California. Ecological Restoration 21: 191-198.

Allen, E.B., P.E. Padget, A. Bytnerowicz, and R. Minnich. 1998. Nitrogen deposition effects on
coastal sage vegetation of southern California. In Proceedings of the international symposium
on air pollution and climate change effects on forest ecosystems. General Technical Report



216 J.E. Keeley et al.

PSW-GTR-166, eds. A. Bytnerowicz, M.J. Arbaugh, and S.L. Schilling, 131-139. Albany:
U.S. Forest Service.

Anderson, M.K. 2005a. Tending the wild: Native American knowledge and the management of
California’s natural resources. Berkeley: University of California Press.

Anderson, R.S. 2005b. Contrasting vegetation and fire histories on the Point Reyes Peninsula during
the pre—settlement and settlement periods: 15,000 years of change. Final report. http://www.
nps.gov/pore/parkmgmt/upload/firemanagement_fireecology_research_anderson_0506.pdf.
Accessed 25 Jan 2010.

Anderson, M.K. 2007. Native American uses and management of California’s grasslands. In
California grasslands: Ecology and management, eds. M. Stromberg, J. Corbin, and C.M.
D’ Antonio, 57-66. Berkeley: University of California Press.

Baker, W.L. 2006. Fire and restoration of sagebrush ecosystems in the western United States.
Wildlife Society Bulletin 34: 177-185.

Beatley, J. 1966. Ecological status of introduced Brome grasses (Bromus spp) in desert vegetation
in southern Nevada. Ecology 47: 548-554.

Betts, A.D.K. 2003. Ecology and control of goatgrass (Aegilops triuncialis) and medusachead
(Taeniatherum caput—-medusae) in California annual grasslands. Ph.D. dissertation. Berkeley:
University of California.

Binkley, D., K. Cromack, and R.L. Fredriksen. 1982. Nitrogen accretion and availability in some
snowbrush ecosystems. Forest Science 28: 720-724.

Borchert, M. 1985. Serotiny and cone—habit variation in populations of Pinus coulteri (Pinaceae)
in the southern Coast Ranges of California. Madronio 32: 29-48.

Brooks, M.L. 2003. Effects of increased soil nitrogen on the dominance of alien annual plants in
the Mojave Desert. Journal of Applied Ecology 40: 344-353.

Brooks, M.L., C.M. D’Antonio, D.M. Richardson, J.B. Grace, J.E. Keeley, J.M. DiTomaso, R.J.
Hobbs, M. Pellant, and D. Pyke. 2004. Effects of invasive alien plants on fire regimes.
Bioscience 54: 677-688.

Cal Fire. 2007. FRAP fire history database. California Department of Forestry and Fire Protection.
http://frap.cdf.ca.gov. Accessed June 2007.

Callaway, R.M., and EW. Davis. 1993. Vegetation dynamics, fire, and the physical environment
in coastal central California. Ecology 74: 1567-1578.

Callihan, R.H., T.S. Prather, and F.E. Northam. 1993. Longevity of yellow starthistle (Centaurea
solstitialis) achenes in soil. Weed Technology 7: 33-35.

Cayan, D., E. Maurer, M. Dettinger, M. Tyree, K. Hayhoe, C. Bonfils, P. Duffy, and B. Santer.
2006. Climate scenarios for California. California Climate Change Center. http://www.energy.
ca.gov/2005publications/CEC-500-2005-203/CEC-500-2005-203-SE.PDE. Accessed 25 Jan
2010.

Cheney, N.P,, J.S. Gould, and W.R. Catchpole. 1993. The influence of fuel, weather and fire shape
variables on fire—spread in grasslands. International Journal of Wildland Fire 3: 31-44.

Conard, S.G., A.E. Jaramillo, K. Cromack Jr., and S. Rose. 1985. The role of the genus Ceanothus
in western forest ecosystems. General Technical Report PNW-GTR-182. Portland: U.S.
Forest Service.

Cooper, W.S. 1922. The broad—sclerophyll vegetation of California. An ecological study of the
chaparral and its related communities. Publication No. 319. Washington: Carnegie Institution
of Washington.

Corbin, J.C., C.M. D’Antonio, and S.J. Bainbridge. 2004. Tipping the balance in the restoration
of native plants: Experimental approaches to changing the exotic: native ratio in California
grassland. In Experimental approaches to conservation biology, eds. M. Gordon and L. Bartol,
154-179. Los Angeles: University of California Press.

Corbin, J.C., A. Dyer, and E.W. Seabloom. 2007. Competitive interactions. In California grass-
lands: Ecology and management, eds. M. Stromberg, J. Corbin, and C.M. D’ Antonio, 156—
168. Berkeley: University of California Press.

D’ Antonio, C.M. 2000. Fire, plant invasions and global changes. In Invasive species in a changing
world, eds. H. Mooney and R. Hobbs, 65-94. Covelo: Island.


http://www.nps.gov/pore/parkmgmt/upload/firemanagement_fireecology_research_anderson_0506.pdf
http://www.nps.gov/pore/parkmgmt/upload/firemanagement_fireecology_research_anderson_0506.pdf
http://frap.cdf.ca.gov
http://www.energy.ca.gov/2005publications/CEC-500-2005-203/CEC-500-2005-203-SF.PDF
http://www.energy.ca.gov/2005publications/CEC-500-2005-203/CEC-500-2005-203-SF.PDF

8 Fire and Invasive Plants on California Landscapes 217

D’Antonio, C.M., and P. Vitousek. 1992. Biological invasions by exotic grasses, the grass—fire
cycle and global change. Annual Review of Ecology and Systematics 23: 63-88.

D’Antonio, C.M., D. Odion, and C. Tyler. 1993. Invasion of maritime chaparral by the introduced
succulent, Carpobrotus edulis: The roles of fire and herbivory. Oecologia 95: 14-21.

D’ Antonio, C.M., J. Levine, and M. Thomsen. 2001. Ecosystem resistance to invasion and
the role of propagules supply: A California perspective. Journal of Mediterranean
Ecology 2: 233-245.

Dale, V.H., L.A. Joyce, S. McNulty, R.P. Neilson, M.P. Ayres, M.D. Flannigan, P.J. Hanson, L.C.
Irland, A.E. Lugo, C.J. Peterson, D. Simberloff, F.J. Swanson, B.J. Stocks, and B.M. Wotton.
2001. Climate change and forest disturbances. Bioscience 51: 723-734.

Davison, J. 1996. Livestock grazing in wildland fuel management programs. Rangelands
18: 242-245.

Delwiche, C.C., PJ. Zinke, and C.M. Johnson. 1965. Nitrogen fixation by Ceanothus. Plant
Physiology 40: 1045-1047.

Diamond, J.M., C.A. Call, and N. Devoe. 2009. Effects of targeted cattle-grazing on fire behaviour
of cheatgrass-dominated rangeland in the northern Great Basin, USA. International Journal of
Wildland Fire 18: 944-950.

DiTomaso, J.M., and D.W. Johnson eds. 2006. The use of fire as a tool for controlling invasive
plants. Cal-IPC Publication 2006-01. Berkeley: California Invasive Plant Council.

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. Merenlender, and R.J. Keiffer. 2001. Carefully timed
burning can control barb goatgrass. California Agriculture 55: 47-53.

Dukes, J.S., and M.R. Shaw. 2007. Responses to changing atmosphere and climate. In California
grasslands: Ecology and management, eds. M. Stromberg, J. Corbin, and C.M. D’ Antonio,
218-232. Berkeley: University of California Press.

Finney, M.A. 2001. Design of regular landscape fuel treatment patterns for modifying fire growth
and behavior. Forest Science 47: 219-228.

Franklin, J. 2010. Vegetation dynamics and exotic plant invasion following high severity crown
fire in a southern California confier forest. Plant Ecology 207: 281-295.

Franklin, J., and C.E. Woodcock. 1997. Multiscale vegetation data for the mountains of Southern
California: spatial and categorical resolution. In Scale in remote sensing and GIS, eds. D.A.
Quattrochi and M.F. Goodchild, 141-168. Boca Raton: CRC/Lewis.

Franklin, J., L.A. Spears—Lebrun, D.H. Deutschman, and K. Marsden. 2006. Impact of a high—
intensity fire on mixed evergreen and mixed conifer forests in the Peninsular Ranges of southern
California, USA. Forest Ecology and Management 235: 18-29.

Fried, J.S., M.S. Torn, and E. Mills. 2004. The impact of climate change on wildfire severity:
A regional forecast for northern California. Climatic Change 64: 169—191.

Greenlee, J.M., and J.H. Langenheim. 1990. Historic fire regimes and their relation to vegetation
patterns in the Monterey Bay area of California. American Midland Naturalist 124: 239-253.

Haidinger, T.L., and J.E. Keeley. 1993. Role of high fire frequency in destruction of mixed chaparral.
Madroiio 40: 141-147.

Hamilton, J.G. 1997. Changing perceptions of pre—European grasslands in California. Madroiio
44:311-333.

Harrison, S., B.D. Inouye, and H.D. Safford. 2003. Ecological heterogeneity in the effects of grazing
and fire on grassland diversity. Conservation Biology 17: 837-845.

Hellmers, H., and J.M. Kelleher. 1959. Ceanothus leucodermis and soil nitrogen in Southern
California mountains. Forest Science 5: 275-278.

Hopkinson, P.J.M. 2003. Native bunchgrass diversity patterns and phytolith deposits as indicators
of fragmentation and change in a California Coast Range grassland. Ph.D. dissertation,
University of California, Berkeley.

Huenneke, L.F., and H.A. Mooney (eds.). 1989. Grassland structure and function: California
annual grasslands. Dordrecht: Kluwer Academic.



218 J.E. Keeley et al.

Jackson, L.E. 1985. Ecological origins of California’s Mediterranean grasses. Journal of
Biogeography 12: 349-361.

Jacobson, A.L., S.D. Davis, and S.L. Babritius. 2004. Fire frequency impacts non—sprouting chap-
arral shrubs in the Santa Monica Mountains of southern California. In Ecology, conservation
and management of mediterranean climate ecosystems, eds. M. Arianoutsou and V.P. Panastasis.
Rotterdam: Millpress.

Kaufmann, M.R., D. Binkley, P.Z. Fule, M. Johnson, S.L. Stephens, and T.W. Swetnam. 2007.
Defining old growth for fire—adapted forests of the Western United States. Ecology and Society
12: 15.

Keeley, J.E. [N.d.]. Unpublished data. Three Rivers: Western Ecological Research Center, U.S.
Geological Survey (On file with: Jon Keeley).

Keeley, J.E. 1990. The California valley grassland. In Endangered plant communities of southern
California. Special Publication No. 3, ed. A.A. Schoenherr, 3-23. Claremont: Southern
California Botanists.

Keeley, J.E. 2001. Fire and invasive species in mediterranean—climate ecosystems of California.
In Proceedings of the invasive species workshop: The role of fire in the control and spread of
invasive species, eds. K.EMM. Galley and T.P. Wilson, 81-94. Tallahassee: Tall Timbers
Research Station Misc. Publ. No. 11.

Keeley, J.E. 2002. Native American impacts on fire regimes in California coastal ranges. Journal
of Biogeography 29: 303-320.

Keeley, J.E. 2005. Fire history of the San Francisco East Bay region and implications for land-
scape patterns. International Journal of Wildland Fire 14: 285-296.

Keeley, J.E. 2006a. South coast bioregion. In Fire in California’s ecosystems, eds. N.G. Sugihara,
J.W. van Wagtendonk, K.E. Shafter, J. Fites-Kaufman, and A.E. Thoede, 350-390. Berkeley:
University of California Press.

Keeley, J.E. 2006b. Fire management impacts on invasive plants in the western United States.
Conservation Biology 20: 375-384.

Keeley, J.E., and T.W. McGinnis. 2007. Impact of prescribed fire and other factors on cheatgrass
persistence in a Sierra Nevada ponderosa pine forest. International Journal of Wildland Fire
16: 96-106.

Keeley, J.E., and N.L. Stephenson. 2000. Restoring natural fire regimes to the Sierra Nevada in an
era of global change. In Wilderness science in a time of change, comps. D.N. Cole, S.F.
McCool, W.T. Borrie, and J. Loughlin, 255-265. Proceedings RMRS-P-15-VOL-5. Fort
Collins: U.S. Forest Service.

Keeley, J.E., C.J. Fotheringham, and M. Morais. 1999. Reexamining fire suppression impacts on
brushland fire regimes. Science 284: 1829-1832.

Keeley, J.E., D. Lubin, and C.J. Fotheringham. 2003. Fire and grazing impacts on plant diversity
and alien plant invasions in the southern Sierra Nevada. Ecological Applications 13: 1355-1374.

Keeley, J.E., C.J. Fotheringham, and M.A. Moritz. 2004. Lessons from the 2003 wildfires in
southern California. Journal of Forestry 102: 26-31.

Keeley, J.E., M. Baer—Keeley, and C.J. Fotheringham. 2005. Alien plant dynamics following fire
in mediterranean—climate California shrublands. Ecological Applications 15: 2109-2125.
Keeley, J.E., T. Brennan, and A.H. Pfaff. 2008. Fire severity and ecosystem responses following

crown fires in California shrublands. Ecological Applications 18: 1530-1546.

Keeley, J.E., H. Safford, C.J. Fotheringham, J. Franklin, and M. Moritz. 2009a. The 2007 Southern
California wildfires: Lessons in complexity. Journal of Forestry 107: 287-296.

Keeley, J.E., G.H. Aplet, N.L. Christensen, S.G. Conard, E.A. Johnson, P.N. Omi, D.L. Peterson,
and T.W. Swetnam. 2009b. Ecological foundations for fire management in North American
forest and shrubland ecosystems. General Technical Report PNW-GTR-779. Portland: U.S.
Forest Service.

Klinger, R.C., M.L. Brooks, and J.M. Randall. 2006. Fire and invasive plant species. In Fire in
California’s ecosystems, eds. N.G. Sugihara, J.W. van Wagtendonk, K.E. Shaffer, J. Fites—
Kaufman, and A.E. Thoede, 499-519. Berkeley: University of California Press.



8 Fire and Invasive Plants on California Landscapes 219

Kyser, G.B., and J.M. DiTomaso. 2002. Instability in a grassland community after the con-
trol of yellow starthistle (Centaurea solstitialis) with prescribed burning. Weed Science
50: 648-657.

Lenihan, J.M., R. Draper, D.B. Bachelet, and R.P. Neilson. 2003. Climate change effects on
vegetation distribution, carbon and fire in California. Ecological Applications 13: 1667-1681.

McAdoo, K., B. Schultz, S. Swanson, and R. Orr. 2007. Northeastern Nevada wildfires part 2: Can
livestock be used to reduce wildfires? University of Nevada Cooperative Extension Fact Sheet
07-21. http://www.unce.unr.edu/publications/files/nr/2007/fs0721.pdf. Accessed 25 Jan
2010.

Medler, M.J., P. Montesano, and D. Robinson. 2002. Examining the relationship between snowfall
and wildfire patterns in the western United States. Physical Geography 23: 335-342.

Mensing, S.A., J. Michaelsen, and R. Byrne. 1999. A 560-year record of Santa Ana fires recon-
structed from charcoal deposited in the Santa Barbara Basin, California. Quaternary Research
51: 295-305.

Merriam, K.E., J.E. Keeley, and J.L. Beyers. 2006. Fuel breaks affect nonnative species abundance
in California plant communities. Ecological Applications 16: 515-527.

Meyer, M.D., and P.M. Schiffman. 1999. Fire season and mulch reduction in a California grass-
land: a comparison of restoration strategies. Madroiio 46: 25-37.

Millar, C.I. 1997. Comments on historical variation and desired condition as tools for terrestrial
landscape analysis. In Proceedings of the sixth biennial watershed management conference.
ed. S. Sommarstrom, 105-131. Water Resources Center Report No. 92, Davis: University of
California.

Millar, C.I., N.L. Stephenson, and S.L. Stephens. 2007. Climate change and forests of the future:
Managing in the face of uncertainty. Ecological Applications 17: 2145-2151.

Minnich, R.A. 2008. California’s fading wildflowers. Los Angeles: University of California Press.

Mooney, H.A., S.P. Hamburg, and J.A. Drake. 1986. The invasions of plants and animals into
California. In Ecology of biological invasions of North America and Hawaii, eds. H.A. Mooney
and J.A. Drake, 250-327. New York: Springer.

Moritz, M.A. 2003. Spatiotemporal analysis of controls on shrubland fire regimes: Age depen-
dence and fire hazard. Ecology 84: 351-361.

Moritz, M.A., and D.C. Odion. 2005. Examining the strength and possibly causes of the relation-
ship between fire history and sudden oak death. Oecologia 144: 106—114.

Moyes, A.B., M.S. Witter, and J.A. Gamon. 2005. Restoration of native perennials in a California
annual grassland after prescribed spring burning and solarization. Restoration Ecology
13: 659-666.

Odion, D.C., and EW. Davis. 2000. Fire, soil heating and the formation of vegetation patterns in
chaparral. Ecological Monographs 70: 149-169.

Odion, D.C., E.J. Frost, J.R. Strittholt, H. Jiang, D.A. Dellasala, and M.A. Moritz. 2004. Patterns
of fire severity and forest conditions in the western Klamath Mountains, California.
Conservation Biology 18: 927-936.

Padgett, PE., E.B. Allen, A. Bytnerowicz, and R.A. Minnich. 1999. Changes in soil inorganic
nitrogen as related to atmospheric nitrogenous pollutants in southern California. Atmospheric
Environment 33: 769-781.

Parker, V.T. 1987. Effects of wet—season management burns on chaparral vegetation: implications
for rare species. In Conservation and management of rare and endangered plants, ed. T.S.
Elias, 233-237. Sacramento: California Native Plant Society.

Pitt, M.D., and H. Heady. 1978. Responses of annual vegetation to temperature and rainfall pat-
terns in northern California. Ecology 59: 336-350.

Pope, V.D., M.L. Gallani, PR. Rowntree, and R.A. Stratton. 2000. The impact of new physical param-
eterizations in the Hadley Centre climate model: HadAM3. Climate Dynamics 16: 123-146.
Reever—Morghan, K., J. Corbin, and J. Gerlach. 2007. Water relations. In California grasslands:
Ecology and management, eds. M. Stromberg, J. Corbin, and C.M. D’Antonio, 87-93.

Berkeley: University of California Press.


http://www.unce.unr.edu/publications/files/nr/2007/fs0721.pdf

220 J.E. Keeley et al.

Reiner, R.J. 2007. Fire in California grasslands. In California grasslands: Ecology and manage-
ment, eds. M. Stromberg, J. Corbin, and C.M. D’Antonio, 207-217. Berkeley: University of
California Press.

Reiner, R.J., P. Hujik, and O. Pollock. 2006. Predicting vegetation response to fire in California
annual grassland. In Assumptions used to justify prescribed fire as a restoration tool in
California annual grasslands, eds. R. Schlising and D. Alexander, 167-174. Chico: Butte
Environmental Council.

Rejmanek, M., and J.M. Randall. 1994. Invasive alien plants in California: 1993 summary and
comparison with other areas in North America. Madroiio 41: 161-177.

Reynolds, R.D. 1959. The effect upon forest of natural fire and aboriginal burning in the Sierra
Nevada. M.S. thesis, University of California, Berkeley.

Rossiter, N.A., S.A. Setterfield, M.M. Douglas, and L. Huntley. 2003. Testing the grass—fire cycle:
Alien grass invasion in the tropical savannas of northern Australia. Diversity and Distributions
9: 169-176.

Roye, C.L. 2004. Plant assessment form. http://www.cal-ipc.org/ip/inventory/PAF/Ehrharta%?20
calycina.pdf. Accessed 25 Jan 2010.

Schwartz, M.W., D.J. Porter, J.M. Randall, and K.E. Lyons. 1996. Impact of nonindigenous plants.
In Sierra Nevada Ecosystem Project: Final report to Congress, Volume II, assessments and
scientific basis for management options, 1203—1218. Davis: University of California, Centers
for Water and Wildland Resources.

Siguenza, C., L. Corkidi, and E.B. Allen. 2006. Feedbacks of soil inoculum of mycorrhizal fungi
altered by N deposition on the growth of a native shrub and an invasive annual grass. Plant and
Soil 286: 153-165.

Stephens, S.L., and B.M. Collins. 2004. Fire regimes of mixed conifer forests in the north—central
Sierra Nevada at multiple spatial scales. Northwest Science 78: 12-23.

Stephens, S.L., J.J. Moghaddas, C. Edminster, C.E. Fiedler, S. Hasse, M. Harrington, J.E. Keeley, E.
Knapp, J.D. Mclver, K. Metlen, C. Skinner, and A. Youngblood. 2009. Fire treatment effects
on vegetation structure, fuels, and potential fire severity western forests. Ecological
Applications 19: 305-320.

Sugihara, N.G., J.W. van Wagtendonk, K.E. Shaffer, J. Fites-Kaufman, and A.E. Thoede, eds.
2006. Fire in California’s ecosystems. Los Angeles: University of California Press.

Suskind, R. 2006. The one percent doctrine. New York: Simon and Schuster.

Swetnam, T.W., and J.L. Betancourt. 1998. Mesoscale disturbance and ecological response to
decadal climatic variability in the American Southwest. Journal of Climate 11: 3128-3147.

Stylinski, C.D., and E.B. Allen. 1999. Lack of native species recovery following severe exotic
disturbance in southern California shrublands. Journal of Applied Ecology 36: 544-554.

Talluto, M. V., and K.N. Suding. 2008. Historical change in coastal sage scrub in southern California,
USA in relation to fire frequency and air pollution. Landscape Ecology 23: 803-815.

Tyler, C.M., D. Odion, and R.M. Callaway. 2007. Dynamics of woody species in the California
grassland. In California grasslands: Ecology and management, eds. M. Stromberg, J. Corbin,
and C.M. D’ Antonio, 169-179. Berkeley: University of California.

van Mantgem, P.J., N.L. Stephenson, M.B. Keifer, and J.E. Keeley. 2004. Effects of an introduced
pathogen and fire exclusion on demography of sugar pine. Ecological Applications 14:
1590-1602.

van Wagtendonk, J.W., and J. Fites—Kaufman. 2006. Sierra Nevada bioregion. In Fire in
California’s ecosystems, eds. N. Sugihara, J.W. van Wagtendonk, K.E. Shaffer, J. Fites—
Kaufman, and A.E. Thode, 264-294. Berkeley: University of California.

Weiss, S. 1999. Cows, cars and checkerspot butterflies: nitrogen deposition and management of
nutrient poor grasslands for a threatened species. Conservation Biology 13: 1478-1486.

Weiss, S. 2006. Impacts of nitrogen deposition on California ecosystems and biodiversity. CEC—
500-2005-165. Sacramento: California Energy Commission, PIER Energy-related
Environmental Research.

Wells, P.V. 1962. Vegetation in relation to geological substratum and fire in the San Luis Obispo
quadrangle, California. Ecological Monographs 32: 79-103.


http://www.cal-ipc.org/ip/inventory/PAF/Ehrharta%20calycina.pdf
http://www.cal-ipc.org/ip/inventory/PAF/Ehrharta%20calycina.pdf

8 Fire and Invasive Plants on California Landscapes 221

Westerling, A.L., A. Gershunov, T.J. Brown, D.R. Cayan, and M.D. Dettinger. 2003. Climate and
wildfire in the western United States. Bulletin of the American Meteorological Society
84: 595-604.

Westerling, A.L., H.G. Hidalgo, D.R. Cayan, and T.W. Swetnam. 2006. Warming and earlier
spring increase western US forest wildfire activity. Science 313: 940-943.

Westman, W.E. 1979. Oxidant effects on Californian coastal sage scrub. Science 205: 1001-1003.

Williams, K., R.J. Hobbs, and S.P. Hamburg. 1987. Invasion of an annual grassland in northern
California by Baccharis pilularis ssp. consanguinea. Oecologia 72: 461-465.

Wills, R.D. 2006. Central Valley bioregion. In Fire in California’s ecosystems, eds. N.G. Sugihara,
J.W. van Wagtendonk, K.E. Shafter, J. Fites-Kaufman, and A.E. Thoede, 295-320. Berkeley:
University of California Press.

Yoshida, L.C., and E.B. Allen. 2001. Response to ammonium and nitrate by a mycorrhizal
annual invasive grass and native shrub in southern California. American Journal of Botany
88: 1430-1436.

Zedler, PH., and G.A. Scheid. 1988. Invasion of Carpobrotus edulis and Salix lasiolepis after fire
in a coastal chaparral site in Santa Barbara County, California. Madrorio 35: 196-201.

Zedler, PH., C.R. Gautier, and G.S. McMaster. 1983. Vegetation change in response to extreme
events: the effect of a short interval between fires in California chaparral and coastal scrub.
Ecology 64: 809-818.



	Chapter 8: Fire and Invasive Plants on California Landscapes
	8.1 Introduction
	8.2 The Setting: California
	8.3 Forests
	8.4 Shrublands
	8.5 Grasslands
	8.5.1 Fire and the Grassland/Shrubland Matrix

	8.6 Future Directions for Fire and Invasive Species Interactions in California
	8.6.1 Forests
	8.6.2 Shrublands
	8.6.3 Grasslands

	8.7 Conclusions
	References


