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In the southwestern United States, non-native grass invasions have increased wildfire
occurrence in deserts and the likelihood of fire spread to and from other biomes with
disparate fire regimes. The elevational transition between desertscrub and montane
grasslands, woodlands, and forests generally occurs at ∼1,200 masl and has
experienced fast suburbanization and an expanding wildland-urban interface (WUI). In
summer 2020, the Bighorn Fire in the Santa Catalina Mountains burned 486 km2 and
prompted alerts and evacuations along a 40-km stretch of WUI below 1,200 masl
on the outskirts of Tucson, Arizona, a metropolitan area of >1M people. To better
understand the changing nature of the WUI here and elsewhere in the region, we took
a multidimensional and timely approach to assess fire dynamics along the Desertscrub-
Semi-desert Grassland ecotone in the Catalina foothills, which is in various stages of
non-native grass invasion. The Bighorn Fire was principally a forest fire driven by a
long-history of fire suppression, accumulation of fine fuels following a wet winter and
spring, and two decades of hotter droughts, culminating in the hottest and second
driest summer in the 125-yr Tucson weather record. Saguaro (Carnegia gigantea), a
giant columnar cactus, experienced high mortality. Resprouting by several desert shrub
species may confer some post-fire resiliency in desertscrub. Buffelgrass and other non-
native species played a minor role in carrying the fire due to the patchiness of infestation
at the upper edge of the Desertscrub biome. Coupled state-and-transition fire-spread
simulation models suggest a marked increase in both burned area and fire frequency
if buffelgrass patches continue to expand and coalesce at the Desertscrub/Semi-
desert Grassland interface. A survey of area residents six months after the fire showed
awareness of buffelgrass was significantly higher among residents that were evacuated
or lost recreation access, with higher awareness of fire risk, saguaro loss and declining
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property values, in that order. Sustained and timely efforts to document and assess fast-
evolving fire connectivity due to grass invasions, and social awareness and perceptions,
are needed to understand and motivate mitigation of an increasingly fire-prone future in
the region.

Keywords: grass-fire cycle, wildland-urban interface, invasive species, El Niño southern oscillation (enso),
invasive species management, Sonoran Desert, desert shrublands

INTRODUCTION

The frequency and size of large fires across western North
America are increasing with longer growing and fire seasons,
record high temperatures, and more severe and hotter droughts,
specifically since the mid-1980s (Abatzoglou and Williams, 2016;
Westerling, 2016). An equally important driver are non-native
grass invasions that have altered wildfire regimes at mid to low
elevations in semi-arid areas (Fusco et al., 2019).

Desert shrublands, characterized mostly by long-lived shrubs
(and cacti in the subtropics) and extensive areas of barren soil,
dominate the lowest elevations (<1,200 masl) in the region.
These shrublands expanded with warming and drying during
the Holocene, with many species reaching their northernmost
distributions only during the past few millennia (e.g., McAuliffe
and Van Devender, 1998; Koehler et al., 2005; Holmgren et al.,
2007). Although historical evidence is lacking, conventional
wisdom has it that the wide spacing of plants and insufficient
continuity of fuel renders these desert shrublands mostly
fireproof, specifically in the hot subtropical deserts (Mojave,
Sonoran, and Chihuahuan), which harbor mostly non-fire
adapted taxa. A contributing factor to the prevalence of barren
ground may be the recency of desert shrublands and a lengthy
delay in the migration and establishment of perennial plants
that can take advantage of the underutilized space and resources
(Betancourt, 2012). The prevalence of barren soil, however, may
be due in large part to seasonal aridity and insufficient soil
moisture. After infrequent wet (El Niño) winters, much of the
empty space between shrubs and cacti fills with native annual
forbs that decompose rapidly and do not greatly affect fuel loads
(Brooks, 1999). In recent times, desert fires were confined to
these wet years when there was sufficient fine fuel to carry a
wildland fire, most frequently in June when the fuels had dried
out (McLaughlin and Bowers, 1982).

Evidence for the lack of frequent or extensive wildfires in
Sonoran and Mojave Desert desertscrub vegetation prior to grass
invasions is mostly indirect but still persuasive. Neither foothill
palo verde (Parkinsonia micophylla) nor the giant columnar
cactus (Carnegiea gigantea), the dominant species in the Arizona
Upland of the Sonoran Desert, are fire resistant. Saguaro has
long-lived but fire-sensitive epidermis and foothill palo verde
has photosynthetic bark that can be damaged easily by fire;
individuals of both are seldom consumed by fire but they are
often killed by girdling or top-killed. Saguaros do not resprout.
Foothill palo verdes can resprout after fire, but re-sprouting
plants are susceptible to repeated fires. Recruitment of both
foothill palo verde and saguaro is slow. Evidence for the lack of
fire historically includes regional surges in saguaro regeneration

between 1780 and 1860 throughout southern Arizona, long
prior to 20th-century grass invasions and altered fire regimes
(Pierson et al., 2013).

Red brome (Bromus rubens), a non-native annual grass that
fuels desert fires, spread rapidly into the Mojave and Sonoran
Deserts with frequent consecutive wet winters associated with
the positive phase of the Pacific Decadal Oscillation (PDO) from
1977 to 1995 (Salo, 2005). Wildfires in the Arizona Upland of
the Sonoran Desert increased in frequency beginning in the
1970s (McLaughlin and Bowers, 1982; Rogers, 1986; Schmid and
Rogers, 1988) and tapered off with increasing aridity between
1999 and 2004 (Alford et al., 2005). That changed dramatically
following the wet El Niño winter of 2004–2005, when an
unprecedented ∼5,000 km2 burned in desertscrub across the
Mojave and Sonoran Desert (Brooks et al., 2013). Invasive-
fueled fires tend to die out in uninvaded desertscrub, much like
wildfires in semi-desert native grassland, woodlands, and forests
at higher elevations invariably die out downslope as they also
encounter uninvaded desertscrub (see Brooks and Pyke, 2001;
Parker, 2002). It remains an untested though likely assumption
that wildfires were uncommon and of limited spatial extent prior
to the introduction and spread of non-native grasses.

The notion of fireproof deserts has changed in recent
decades with the exponential spread of both winter annual
(e.g., cheatgrass: Bromus tectorum, Spanish and red brome:
B. madritensis and B. rubens, Mediterranean grass: Schismus
barbatus) and perennial C4, (buffelgrass: Cenchrus ciliaris,
fountain grass: C. setaceus, Lehmann’s lovegrass: Eragrostis
lehmanniana) non-native grasses capable of colonizing the
copious bare areas available in desert shrublands. The result of
these grass invasions has been a large increase in the frequency
and size of wildfires at desert elevations (Schmid and Rogers,
1988; Alford et al., 2005). This is a self-perpetuating grass-fire
cycle that progressively excludes native plants and results in
grassification, the physiognomic conversion of shrublands to
grassland (D’Antonio and Vitousek, 1992; Williams and Baruch,
2000; Brooks and Chambers, 2011; Betancourt, 2015).

A new fire mosaic is being established in the region whereby
wildfires driven by invasive grasses can spread from the desert
valleys to the forested mountains, and vice versa (Figure 1).
Fire-adapted vegetation communities occur on the “Sky Islands”
(mountains) of the southwestern U.S. and northwest Mexico in a
classic elevational zonation gradient from Semi-desert Grasslands
to oak and chaparral, up to mixed conifer forests (Merriam,
1890; Whittaker and Niering, 1965). Fire regimes in mountains
of western North America have been altered over the last century
or more. Livestock grazing and fire suppression have resulted
in fuel buildup over the last 150 years, culminating in more
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frequent large forest fires, with record warming and drying
in recent decades exacerbating the trend (Westerling, 2016).
Meanwhile, non-native grass invasions and novel fire regimes in
desert shrublands and increased urbanization at lower elevations
in recent decades are transforming fire dynamics at the wildland-
urban interface (WUI) of the Sky Islands, where the deserts
meet the forests.

The socioeconomic impacts of these novel wildfire regimes are
considerable and mounting. Much of the physical infrastructure
and urban development in the arid parts of the western
United States is concentrated at desert elevations, in precisely
those areas most affected by grass invasions and associated
fire risks. Population density and mobility facilitate both the
spread of non-native grasses and human ignitions. Managers of
public lands, transportation departments, and cities and towns
now need to plan around a novel and fast-evolving fire risk,
and they face escalating non-native plant (fuels) control and
fire suppression costs at a time when federal, state, and local
government budgets are being flatlined and are not keeping up
with inflation and increasing need. Other economic costs include
decreased property values and a reevaluation of fire insurance in
increasingly fire-prone areas, as well as losses in tourism revenue
with decaying ecological backdrops.

The impacts of grass invasions and associated wildfires are
not limited to desert elevations. In the 21st century, the largest
desert wildfires have burned 104–105 ha, with some spreading
from the basins to the mountains, altering fire regimes in adjacent
native grasslands, chaparral, woodlands, and forests. The spread
of broad ignition fronts from grass-invaded desert shrublands to
forested highlands, and vice versa, is probably novel. This new
fire dynamic has yet to be addressed specifically in the scientific
literature about grass invasions, altered wildfire regimes, and
management of the WUI that characterizes mountain piedmonts
in the western United States. Notable wildfires that were fueled
in large part by red brome and other non-native winter annuals
in summer 2005 at desert elevations, and burned across the WUI
into adjacent vegetation types, include the Cave Creek Complex
Fire (1,005 km2) in Central Arizona, the Southern Nevada
Complex Fire (2,059 km2), and the Hackberry Fire (236 km2) in
eastern California. These wildfires were preceded by an unusually
wet El Niño year and a broadly synchronous bloom of red brome
and other non-native winter annuals. These large fires heralded
what one writer called “The Year We Lost the Desert” (Clark,
2006). After another wet winter in 2019–2020, the Bush Fire
(783 km2) was fueled by red brome and Mediterranean grass on
the outskirts of Phoenix in central Arizona and burned upslope
into the Superstition Mountains. Further south, the Bighorn Fire
(486 km2) burned over much of the Santa Catalina Mountains on
the outskirts of Tucson, Arizona, a metropolitan area supporting
more than a million people. The 2020 Bighorn Fire provided
us the opportunity to evaluate the spread of an ignition front
at the Desertscrub/Semi-desert Grassland ecotone, which is in
various stages of buffelgrass and other grass invasions in the
Catalina Foothills.

To better understand the changing nature of the WUI in the
region, we assessed the impacts of the 2020 Bighorn Fire in
desertscrub weeks to months after it happened. Our aims were to:

(1) establish a baseline of expansion and infestation of buffelgrass
in the Santa Catalina Foothills WUI; (2) evaluate the fire behavior
and the degree to which fire spread or died out in Desertscrub
invaded (or not) by buffelgrass; (3) quantify species responses to
the fire, including losses of the iconic saguaro; (4) adapt a state-
and-transition fire-spread model to simulate present and future
fire risks associated with buffelgrass invasion; and (5) assess
whether the fire affected residents’ perceptions of buffelgrass as
a fire threat. We use this case study to draw broader lessons
about grass invasions and altered wildfire regimes in the North
American subtropics and elsewhere.

MATERIALS AND METHODS

Study Area
The Tucson Basin, encompassing the Tucson Metropolitan Area
in southern Arizona, spans an area of 1,200 km2 and is bounded
by mountain ranges including the Tucson Mountains to the West
and the Santa Catalina (Catalinas herein), Rincon, and Santa
Rita Mountains to the north, east, and south, respectively. The
Catalinas form part of the Coronado National Forest, established
in 1908. The elevational gradient is steep, rising from ∼800 masl
in the City of Tucson on the basin floor to ∼2,800 masl on Mt.
Lemmon, the highest peak in the Catalinas, a distance of just
30 km. Temperature and precipitation gradients are accordingly
sharp. Average annual temperature and precipitation is 20◦C and
300 mm in Tucson and 10◦C and 750 mm on Mt. Lemmon.
These contrasts are reflected in vegetation zonation of the
Catalinas, which spans seven different biomes: Arizona Upland
Sonoran Desertscrub, Semi-desert Grassland, Oak Woodland,
Chaparral, Oak-pine Woodland, Ponderosa Pine Forest, and
Mixed Conifer Forest (e.g., Whittaker and Niering, 1965; Brusca
and Moore, 2013; Figure 1). The Desertscrub biome occupies
elevations below 1,200 masl and contains plant communities
characterized by dense stands of foothill palo verde and saguaro,
highly diverse and in various stages of invasion by non-native
grasses. Directly above Desertscrub is Semi-desert Grassland,
an open grassland with scattered woody species spanning 1,200
to 1,400 masl but extending to 1,700 masl on xeric slopes.
Dominated by summer-flowering annual and perennial grasses,
grass cover can increase by 50% after wildfires, which are
frequent, mostly natural, and generally die out at Desertscrub’s
edge (Whittaker and Lowe, 1984).

The most prominent and aggressive invasive grass species
in the Sonoran Deserts is buffelgrass (Cenchrus ciliaris, syn.
Pennisetum ciliare), a flammable grass native to Africa, the
Middle East, and southern Asia and invasive in subtropical
areas of Australia, North America, South America, and many
islands in the Pacific Ocean (including Hawaii), Indian Ocean
and the Caribbean Sea. In North America, buffelgrass was
introduced to improve cattle yields (State of Sonora, Mexico)
and control erosion (Arizona) beginning in the 1930s. By the
1980s, buffelgrass was spreading rapidly throughout Arizona
with landscape level expansion in Sonora, Mexico (e.g., Franklin
et al., 2006). In the Sonoran Desert, buffelgrass reduces species
richness and diversity of native vegetation through competition
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FIGURE 1 | Conceptual representation of grassification driven fire connectivity of the Sky Islands of arid North America. Present conditions have an expanding front
of non-native grasses that will promote an increase of fuels and connectivity at the wildland-urban interface and the Desertscrub/Semi-desert Grassland ecotone in
the coming years and couple decades (Figure by MRS).

(Olsson et al., 2012a) and elevates fire risk at the WUI (Olsson
et al., 2012b). Buffelgrass burns hotter than most other native
and non-native grasses, reaching fire temperatures of 800–900◦C
(McDonald and McPherson, 2013). Measured buffelgrass fuel
loads range from 250 to 900 g/m2 at study sites in Southern
Arizona, more than sufficient to drive grassland fire (Esque
et al., 2007; McDonald and McPherson, 2013). Buffelgrass fuel
loads fluctuate less than that of non-native, winter annual
grasses, creating a more consistent fire hazard in the arid
foresummer (May-June).

The forest fire history of the Catalinas during the past four
centuries is relatively well known thanks to fire scar studies

using tree rings (Iniguez et al., 2008, 2016). It is characterized by
frequent and episodic surface fires that decreased dramatically at
the turn of the 20th century due to prolonged livestock grazing
and fire suppression. Increasing fuel loads and connectivity
eventually led to major wildfires: the 2002 Bullock Fire (124 km2),
the 2003 Aspen Fire (344 km2), and the 2020 Bighorn Fire
(486 km2). In addition, in the summer of 2019 the Mercer Fire
(0.1 km2) was ignited by lightning in a dense saguaro-palo verde
stand heavily infested with buffelgrass.

The Bighorn Fire was started by a lightning strike late on June
5, 2020, in steep and rugged terrain of the Pusch Ridge Wilderness
area in the southwest corner of the Catalinas, overlooking the
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fast-growing suburban town of Oro Valley on the northern
outskirts of Tucson (Figures 2, 3). By July 23, when the fire
was 100% contained, the largest recorded wildfire in the Catalina
Mountains had burned 486 km2, pushed by a delayed and dry
monsoon season, periodic strong winds, and the hottest summer
in Tucson’s 125-yr weather record. These hot and dry conditions
were preceded by a wet winter 2019 and early spring 2020, which
added fine fuels in desertscrub from abundant winter annuals,
including the invasive red brome.

The fire ignited on a steep, north-facing slope on the
southwestern flanks of the Catalinas at ∼ 1,200 masl. The
fire moved from west to east into the Catalina front range
and, on the nights of June 11, 20, and 21, dropped down
into canyons at the edge of the WUI and forced alerts and
evacuations of homes in the desert near the Coronado National
Forest boundary (Figure 2). At the same time, the fire pushed
north and by June 11th had grown to more than 25 km2,
threatening nearly 1,000 homes in the municipality of Oro Valley

FIGURE 2 | The Santa Catalina Mountains and 2020 Bighorn Fire, Tucson, Arizona. Counter clockwise from top: Looking north over the of City of Tucson to the
Catalina Mountains from Tumamoc Hill, photo by Paul Mirocha; front range of the Catalinas with buffelgrass infested south-facing slopes (yellow patches inside white
circles), photo courtesy of the Arizona-Sonora Desert Museum; The Bighorn Fire dropping down the front range of the Catalinas into Ventana Canyon and the
Tucson wildland-urban interface, 20 June 2020, photo by A.T. Willett; slurry bomber dropping retardant just above the WUI on the front range of the Catalinas, 12
June 2020, photo by BTW.
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and the Catalina Foothills community of Tucson. The fire later
threatened the mountain village of Summerhaven, which was
successfully defended by firefighters. The fire also threatened
the town of Oracle on the north flank, and ranches to the east,
before eventually dying out as humidity increased with a late
onset of the monsoon.

Between August and December 2020, several of the authors
undertook day hikes to locations along the lower edge of the
Bighorn Fire (Supplementary Figure 1). The goals were (1)
to assess the fuels that brought the fire to its lowest extent,
especially the role of native and non-native species, including

buffelgrass and (2) assess the landscape features that halted
the fire. In some cases, it was impossible to identify the
burned remains, but frequently we could identify species by
re-sprouting stems. To aid identification, we also extrapolated
from unburned islands of vegetation, often smaller than a meter
square, spared by firebreaks created by natural features such as
exposed rock formations.

Mapping Buffelgrass Infestation
Buffelgrass has been steadily expanding in the Catalina foothills,
or the front (south) range of the Catalina Mountains adjacent to

FIGURE 3 | (Continued)
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FIGURE 3 | The Santa Catalina Mountains and the Bighorn Fire perimeter. (A) The Catalina Mountains and ecosystems. (B) Close up of the southwest portion of the
Catalina Mountains and the wildland-urban interface with present-day buffelgrass infestation, Bighorn Fire suppression efforts, and the 1,200 masl
Desertscrub/Semi-desert Grassland ecotone.

Tucson for several decades (Figures 2, 3B). Previous attempts to
map the infestation in time and space were made in 2008 and
2016 but quality of accuracy and precision, and even positive
identification, have been questioned by stakeholders. This has
limited an understanding of rates of spread, treatment efforts, fire
prevention or other management actions.

We used Google Earth Pro, historical aerial photography, and
satellite imagery to map the buffelgrass distribution in 2018 as
a close estimate of the extent of the infestation at the time of
the 2020 Bighorn Fire. The entire front range of the Catalinas

was scanned from 1,500 masl to the WUI. Polygons were drawn
around buffelgrass patches seen on the best historical imagery.
A “patch” is defined as a mostly contiguous area of buffelgrass
plants or a distinct cluster of buffelgrass plants amid an area
of non-buffelgrass. The assessment of whether or not a feature
was identified as buffelgrass was based on expert opinion rooted
in field experience and observations. Experience with remote
sensing of buffelgrass via a variety of techniques and image types
for effective mapping (Olsson et al., 2009, 2011; Elkind et al.,
2019) led to the decision that, for this particular area, hand-drawn
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aerial photo interpretation was more accurate than existing
surveys and automated techniques using multispectral imagery.

Identifying and mapping buffelgrass in the Catalinas is
possible because of the unique growth pattern that makes it
a threat in wildfire-based ecosystem transformation. The high
cover of homogenous buffelgrass cover in invaded areas differs
distinctly from the rich and diverse structure of nearby uninvaded
areas that are dominated by bare mineral soil but boast high
species and structural diversity. In a study of buffelgrass impacts
on species diversity that includes portions of the Catalinas
affected by the fire, Olsson et al. (2012b) found the interiors of
buffelgrass patches to be characterized by >44% buffelgrass cover
with very little species diversity. These characteristics make aerial
photo interpretation of buffelgrass boundaries both practical
and effective as demonstrated by Olsson et al. (2012b) and
validated by Olsson and Morisette (2014).

Given the variable nature of the imagery, the topographical
layout of the Catalinas, and the relative abundance of different
imagery due to proximity to a high-value imaging target
(Tucson), image quality varied across the region. As such, some
areas were mapped with higher confidence than others. South and
southwest-facing imagery, which have good lighting properties in
satellite images, are good habitat for buffelgrass. In these areas
buffelgrass patches tend to be dense and have discrete boundaries
that decrease in size with distance from a central focal point
(possibly the original infestation location). This pattern is easier
to positively identify than patches in which buffelgrass is diffuse
or scattered evenly among other vegetation. Smaller patches are
harder to distinguish and confidently assess because there are
fewer visual cues that convey the texture or color of a buffelgrass
patch. They tend to be easier to map more confidently when
larger patches are nearby because color and texture are easier to
compare and spatial autocorrelation indicates that a small patch
is more likely to be found next to a big patch than all by itself on
an otherwise clear hillslope.

North- and north-east facing slopes tend to have higher
vegetation density of native vegetation. Above 1,200 masl,
Arizona Upland Sonoran Desertscrub transitions into Semi-
desert Grassland and buffelgrass is found in both ecosystems,
though it decreases in occurrence as elevation increases.
Buffelgrass is less distinct when situated in a matrix of native and
other non-native grasses of the higher-elevation desert grassland.

The accuracy of the map has been estimated by ground
truthing in select areas in combination with fuel assessment hikes
(see “Study area” above and Supplementary Figure 1) of the
Catalina front range. Systematic statistical methods for accuracy
assessment of the map have not been performed yet due to
time and budget constraints. Visual comparisons of the map
with previous helicopter-based surveys conducted by the USFS
in 2008 and 2016 indicated dramatic improvement in accuracy
and precision (Supplementary Figure 2). From a statistical
perspective, in 2008, 210 polygons were mapped covering 787.25
acres (an average of 3.75 acres). In 2016, a largely disjoint
set of 206 polygons were mapped covering 906.02 acres (an
average of 4.4 acres per polygon). In contrast, this hand-digitized
effort mapped 162 acres with 2068 polygons, an average of 0.08
acres per polygon.

Quantification of Species Responses to
Fire
Saguaros
To understand the impact of fire on saguaro mortality in the
Catalina Mountains, sampling plots were established in the
footprint of the Mercer Fire. On August 22, 2019, a lightning
strike ignited and burned 0.1 km2 of a south-facing slope
of Arizona Upland Sonoran Desertscrub heavily infested with
buffelgrass before running out of fuel (buffelgrass) and dying out.
Ten sampling plots 20 m × 20 m in size in the fire area were
established in November 2020, and five plots of the same size in
the adjacent non-burned area (Figure 3). The four corners of each
plot were permanently marked with rebar.

Any standing saguaros within a plot were labeled with a
uniquely numbered aluminum tag. For each saguaro within
a plot, we recorded whether it was dead or alive. A saguaro
was considered dead if it had fallen or was completely devoid
of chlorophyll (green photosynthetic skin). We measured each
saguaro’s height, the range of skin (epidermis) injured by the
fire, the number of established arms, the number of developing
arms (nubs), and the phenology of the cactus (experiencing active
growth, flowering, bearing fruits, or bearing remains of flowers
or fruits). Fire-caused skin injury includes charred skin, which
usually appeared at the base of a burned saguaro, as well as burn
scars with a light tan color devoid of chlorophyll. Active growth
of a saguaro was indicated by the presence of white, soft spines on
the newest areoles of the cactus.

Data were analyzed using a linear mixed model to determine
any linear relationship between the height of a saguaro and the
amount of plant tissue damaged (percent of skin burned) by the
Mercer Fire. Individual plots were treated as a random effect
in the model and only a random intercept was evaluated. The
regression was performed using the lmer function in the “lme4”
package in the R environment (Bates et al., 2015). We compared
the log-likelihood of this model with a null model with the same
random effect to determine the significance of this relationship.

We predicted the future mortality of each saguaro based on
the amount of burn damage per plant through reconstructing
the relationship between mortality and burned area following
Esque et al. (2004). In that study, the authors acquired a nonlinear
relationship between the fire scorch range recorded one month
after the 1994 Mother’s Day Fire in Saguaro National Park and
the mortality of saguaros six years after the fire. We estimated the
approximate values of both variables from their published figure
and fitted them with a general additive model. We then used this
model to predict the future mortality of saguaros surveyed at the
Mercer Fire site.

Vegetation Plots
To understand the impact of the Bighorn Fire on desert
vegetation and future recovery and community composition,
twenty permanent 15 m × 15 m vegetation monitoring
plots were established at Catalina State Park, Tucson, Arizona
(Figure 3). These were divided equally between two vegetation
types: Arizona Upland Sonoran Desertscrub, and Semi-desert
Grassland. Within each vegetation type, five plots were
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established in an area burned in the Bighorn Fire, and five control
plots were established outside of the burn area.

Within each plot, species richness and abundance of perennial
species were recorded. Individuals were categorized as dead or
alive, and in the burned plots, we counted the number of living
individuals with post-fire regrowth or resprouting. For annual
species, presence was recorded, but abundance and regrowth
status were not. Cover estimates for each species were obtained
along three parallel, 15 m long transect-intercept lines within
each plot. Dead and living tissue were recorded separately, and in
the burned plots, living tissue was categorized as either post-fire
regrowth or unburned living tissue. Dried winter annuals from
the previous season were not identifiable to species and thus were
grouped. Likewise, all perennial grass species (native and non-
native) in both the burned and unburned treatments could not
be confidently identified to species and were labeled to “perennial
grass” for most analyses. Data were taken in November, due to
extremely low summer monsoon precipitation of 2020, sprouting
and growth of live plants was greatly reduced.

State-and-Transition Fire-Spread Models
We used existing datasets, models, and tools, as well as recent
research from the area, in a state-and-transition modeling
approach to produce the most accurate set of potential outcomes
from a large, complex wildfire in the short time frame that would
be most useful to managers. Spatially explicit state-and-transition
simulation models (STSM) can simulate landscape dynamics
to evaluate complex and often uncertain future conditions
(Daniel et al., 2016), including forecasting plant invasions
(Frid and Wilmshurst, 2009; Frid et al., 2013; Grechi et al.,
2014; Jarnevich et al., 2015). These models divide a landscape
into discrete spatial units (cells) that are assigned a discrete
state. While STSM can simulate some fire dynamics, these
are based on parameterization from historical fires. We have
dynamically linked an STSM to a fire model based on physical
characteristics to overcome knowledge limitations that would
otherwise prevent parameterization of the novel invasive species-
driven fires (Jarnevich et al., 2019). As the simulation runs,
changes to states over discrete time steps are tracked by the model
and these states are passed to the fire model that then simulates
fire on the landscape. The fire model provides information on
which cells burned, indicating where fire transition should occur
in the STSM. Transitions between states can be probabilistic
or time-based and are specific to transition type (e.g., growth,
treatment, disturbance, etc.). The STSM model used for this
study was adapted from a STSM model developed for nearby
Saguaro National Park (Supplementary Figure 3; Jarnevich
et al., 2019, 2020). We merged this model with components
of an earlier simulation for the Catalina Mountain study area
(Supplementary Figure 4; 14,216 km2).

The model divides the landscape into seven states: uninvaded,
buffelgrass seedbank, and one of five buffelgrass cover class
levels [<1%, 1–10%, 11–0%, >50%, converted (>50% cover that
has burned)] and allows movement between states including
dispersal, establishment, patch infilling (increase in buffelgrass
cover class), and fire. The uninvaded states are further split
into fuel models. To implement the simulations, we used the

stsim base package (version 3.1.21) with the stsim-farsite add-
on package (version 3.1.21) within the SyncroSim version 2.0.41
software. The stsim-farsite package integrates the FARSITE
fire area simulator software version 4.1.055 into ST-Sim
(Finney, 2004).

A LANDFIRE fuel model classification of the study area
(Landfire, 2020) defined fuel model classes across the landscape to
simulate wildfire. Increasing numbers of fuel models added to the
complexity of the STSM and thus to computational requirements.
Fuel models with very small pixel counts were combined with
other similar fuel model classes, and we noted the potential
differences caused by the changes (Supplementary Table 1). We
also modified fuel models for northern aspects (NW-N-NE) for
three random timesteps to reflect the frequency of years preceded
by two “wet” winters, which create an increase in annual grass
fuel loads on these aspects (see Rogers and Vint, 1987). These
fuel models formed the basis for scenarios that did not include
buffelgrass on the landscape.

For buffelgrass scenarios, additional inputs to simulations
included the initial distribution of buffelgrass in the front
range of the Catalinas (from section “Mapping buffelgrass
infestation”), and a previously developed habitat suitability map
for buffelgrass classifying the landscape into areas susceptible or
unsusceptible to buffelgrass invasion (Frid et al., 2013). For cells
with buffelgrass, the fuel model was defined based on fuel levels
for buffelgrass invaded areas of different cover amounts following
Jarnevich et al. (2019). Previous work defined 10% buffelgrass
cover as required to carry a fire (or 0.5 ton/acre of fuel, estimated
based on McDonald and McPherson, 2013). Thus, all landscape
states could be cross walked to a fuel model. Transition parameter
values followed Saguaro National Park simulations with patch
infill transitions to a higher buffelgrass cover class state based
on the moderate rates of patch infill and its interaction with
precipitation (Jarnevich et al., 2019, 2020).

For the FARSITE parameters (Supplementary Table 2),
we incorporated most of the values used by fire modelers
contemporaneously working on the Bighorn Fire in the Wildland
Fire Decision Support System (Noonan-Wright et al., 2011).
Because their fire duration value was based on estimates related
to operational questions rather than ecological conditions, we
used the mean fire duration of historic wildfires in adjacent
Saguaro National Park to identify the fire duration. This value
of 45 days better matched the period of active fire growth of the
Bighorn Fire, and simulation results without buffelgrass matched
the historic fire size frequency of the Santa Catalina Mountains.
Fire history for the study area (1932–2009) shows 8.6 fires over
100 ha in size over 30 years; more recent data (2000–2019)
calculates to 12 per 30 years. We also modified the fire season
start and end days based on expert opinion from local fire
ecologists/wildland fuels specialists. This process used established
data, models and tools supplemented by current research and
expert opinion to inform the most accurate potential outcomes
in a rapid time frame.

Surveying Resident Perceptions
To understand the impact of the fire on area residents’
perceptions of buffelgrass as a fire risk, we surveyed a sample of
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Pima county residents, randomly selected but weighted to ensure
representation of people living in the Catalina foothills area
near the Bighorn Fire. The sample was collected via Qualtrics, a
third-party marketing firm. The survey was answered by 2,147
respondents, which resulted in a final sample of 550 complete
responses, pseudo response rate of 25.62%. The final sample
excluded 1,113 respondents who either overfilled demographic
quotas (14.11%) or did not reside in our sample area (37.73%).
Other respondents were also excluded due to failed attention
checks (3.03%), speeding (3.35%), or not fully completing the
questionnaire (16.16%). Data collection took place in January
and February of 2021. Respondents were asked whether they had
heard of buffelgrass before (yes/no/maybe), and if so to rate their
awareness (Likert scale from 1–10) of several buffelgrass threats
(i.e., increased risk of fire, loss of saguaro cactus, and declining
property values). The survey also asked whether respondents
had been affected by the fire, with response options that
included evacuation; evacuation of family or friends; and loss of
recreational access to the Catalina Mountains. The questionnaire
featured additional questions regarding a choice experiment of
a hypothetical bond package for invasive species control not
covered here that are the focus of ongoing research.

RESULTS

Fire Behavior
The Bighorn Fire was ignited on a north slope below
Bighorn Peak at about 1,200 masl among native Semi-desert
Grassland species including sotol (Dasilyrion wheeleri), beargrass
(Nolina microcarpa), bullgrass (Muhlenbergia sp.), buckwheat
(Eriogonum wrightii), rosewood (Vaquelinia californica), and
occasional mulberry (Morus micropylla) and scrub oak (Quercus
turbinella). All were observed to be resprouting post-fire.

The fire backed down a steep north-facing slope into
vegetation transitional to the Arizona Upland of the Sonoran
Desert. Species in this area are mostly sotol, ocotillo (Fouquieria
splendens), mesquite (Prosopis velutina), club moss (Selaginella
spp.), prickly pear (Opuntia spp.), and hopbush (Dodonaea
viscosa). Bunchgrasses were common, including native bush
muhly (Muhlenbergia porteri), sideoats grama (Bouteloua
curtipendula), purple three-awn (Aristida purpurea) and spider
grass (A. ternipes) as well as non-native weeping lovegrass
(Eragrostis curvula) and Lehmann’s lovegrass. The primary
fuels, however, were expired winter annuals, especially native
mustards (Brassicaceae), forget-me-nots (Boraginaceae), Daucus,
Eriastrum, Silene, Plantago, and six-weeks fescue (Vulpia
octoflora). Prominent non-native annuals included red brome.

At 975 masl near the ignition point, the fire died out where the
north slope lessened below a 20% incline, and foothill palo verde,
brittlebush (Encelia farinosa), and saguaro became prominent.
An air drop of fire retardant nearby may have played a role as
well (Figure 3B).

One kilometer west at similar elevation, the fire reached a
ridge with a warmer southwest exposure and a 0.04 km2 patch
of buffelgrass mixed with typical Arizona Upland vegetation,
including palo verde, brittlebush, saguaro, canyon ragweed

(Ambrosia ambrosioides), limber bush (Jatropha cardiophylla),
and desert lavender (Hyptis emoryi). Another non-native
bunchgrass, fountain grass, was also common. A fire crew had
expertly cut a fuel break along the ridgeline, keeping the fire
out of most of the Cenchrus (fountain and buffelgrass) and
saguaros. On the burned side of the fire break, heat from the
burning Cenchrus scorched and/or killed the native palo verde,
brittlebush and saguaro, of which the brittle bush and saguaro
do not resprout, and the palo verde resprouts weakly. These
three species, emblematic of Arizona Upland Sonoran Desert,
were burned more severely by the Cenchrus as compared to
those places where the fire was fueled by winter annuals, due to
difference in fuel loading (see McDonald and McPherson, 2013).

On the south side of the Catalinas our surveys revealed a
similar suite of winter annual plants fed by rains during the
winter of 2019–2020 providing continuous fine fuels on the
more mesic north aspects in desert areas. The fire followed
these fuels and those in the Semi-desert Grassland downhill
in the southwest corner of the fire (Figure 3). At the upper
elevations of desert habitats and in desert grassland areas,
extensive shindaggers (Agave schottii) and Lehmann’s lovegrass
provided continuous fuels bridging these ecosystems with the
Oak Woodland and Chaparral.

Further downslope, and on the more xeric sides of ridges
(south-facing slopes), winter annuals were less abundant among
the palo verde, saguaro, brittlebush, and baby bonnets (Coursetia
glandulosa) of the Arizona Upland. This ecosystem mostly
escaped the flames on the south side of the Catalinas, except
where the fire was carried by patches of buffelgrass and fountain
grass at densities greater than 50% cover. Such patches were
generally small and discontinuous along rocky hillsides, limiting
the fire’s extent into Desertscrub. Large patches of buffelgrass
(as mapped in 2018) were close to the Bighorn Fire perimeter
(Figure 3), but the flames were backing downslope and died
before reaching these patches from a lack of continuous fuels and
presumably unfavorable winds at night.

Buffelgrass Infestation
Within the front range of the Catalinas we mapped 6,485 patches
of buffelgrass totaling 4.43 km2, spanning an elevation range
of 839 to 1,476 masl as of 2018. At the interface of desert and
grassland the distribution of buffelgrass is best characterized as
a mosaic of small, isolated patches. Moving downslope, these
patches grow in size and coalesce into stands of buffelgrass
that cover entire slopes (Figure 4). In addition, the density of
buffelgrass within patches increases as elevation decreases. The
distribution of buffelgrass in relation to aspect exhibits a similar
pattern, with south- and southwest-facing aspects favoring the
growth of larger, denser patches of buffelgrass than north- and
northeast-facing aspects, which can often be entirely free of
buffelgrass, at present. Most (94.6%) of the buffelgrass was found
on south-facing slopes with slightly higher (50.6%) on southwest-
than southeast-facing slopes (44.1%). The distribution of patch
sizes was highly skewed, with just the largest seven patches
comprising 25.5% of all digitized buffelgrass (Supplementary
Table 3). The largest patch was 0.34 km2 (7.8% of all buffelgrass)
and a total of 129 discrete patches were at least one acre in
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size. The distribution of buffelgrass along the elevational profile
indicates that the most heavily invaded area is upslope from
the WUI and downslope from the ecotone between the Arizona
Upland and the higher elevation desert grassland (Figure 4).

Species Responses to the Fire
Saguaros
We recorded 95 saguaros in the ten plots in the fire zone and
40 saguaros in the five control plots. About 94% of the saguaros
in the fire zone had some fire injury; 41% had greater than 50%
of the skin surface injured by the fire; and 29% had fire injury
covering greater than 80% of their surface (Figure 5). The overall
first-year mortality of saguaros sampled in the fire zone was 18%
(17 of the 95 individuals), the majority of which are young plants.
Fifteen of the seventeen dead saguaros had a height less than 2
meters. There was strong spatial variation in saguaro mortality
within the fire zone. The plot mean mortality ranged from zero
in four of the plots to 80% in one plot (Supplementary Figure 5).
The percent of skin damaged by the fire had a significant negative
relationship with the height of a saguaro (χ2

1 = 35.65, p = 2.36e-09;
Figure 5).

Based on the results from Esque et al. (2004), who predicted
saguaro mortality six years after the fire, our one-year post-fire
results show a two-step nonlinear relationship with the range of
fire injury occurring on plant surface (Figure 6). Conservatively,
a 50 percent chance of death is associated with approximately
85% range of fire injury. Based on this prediction, 36% of the
live saguaros surveyed in the Mercer Fire zone will have a 50
percent or greater chance of dying in the future. It should be
noted that high humidity during the Mercer Fire raised dead fuel
moisture and dampened fire behavior, compared to fire behavior
surrounding the saguaros that we examined in the Bighorn Fire.

Vegetation Plots
At the initial post-burn time step, species richness was
significantly lower in burned plots than in the control plots
in both the Arizona Upland Sonoran Desertscrub (p = 0.0447)
and the Semi-desert Grassland (p = 0.0063; Figure 7). Likewise,
vegetation cover is much less in burned areas than unburned
areas immediately after the fire (Figure 8), and the majority of
the remaining cover in burned areas is from dead plants.

The cover of plants observed in control plots provides some
indication of the fuels present that carried the Bighorn Fire in
this area. The control plots in the Semi-desert Grassland had
high (approximately 50%) cover of dead annual plants, mostly
from the 2019–2020 winter-spring growing season. Predominant
annuals were the natives Aristida adscensionis, Cryptantha
sp., Daucus pusillus, Lepidum sp., Plantago patagonica, Silene
antirrhina, Stylocline micropoides, and Vulpia sp., and the non-
native red brome, with all the natives roughly equaling the red
brome biomass. Remnant winter annuals were much less dense
in the Arizona Upland Sonoran Desertscrub, with less than 5%
total cover in that vegetation type.

Most perennial species observed in the plots exhibited at least
some regrowth four months post-fire (Figure 9). Many of the
most common perennial desert species, including fairy-duster
(Calliandra eriophylla), limberbush, slender janusia (Cottsia

gracilis), and littleleaf ratany (Krameria erecta), all had high rates
of survival and regrowth with over 75% of living individuals
showing post-fire regrowth. Ocotillo had an initial survival rate
of over 90% in both vegetation types, but few individuals had
visible post-fire regrowth. However, some larger shrubs and trees
appear to have survived at lower rates. Foothill palo verde,
which commonly grows as a short-statured tree in Arizona
Uplands Sonoran Desertscrub, suffered 68% mortality in that
vegetation type, and 80% in the Semi-desert Grassland where
it is also present but far less common. Resprouting from the
base was observed in this species. Similarly, velvet mesquite,
which is more common in the Semi-desert Grassland, suffered
approximately 50% top-kill across both vegetation types, again
with some individuals resprouting from the base. Hopbush,
a large shrub present in both vegetation types, suffered near
total mortality with only one surviving individual in the burned
Semi-desert Grassland plots. Cacti generally suffered extremely
high mortality, with only a few individuals of Engelmann
prickly pear (Opuntia engelmannii), Graham’s fishhook cactus
(Mammillaria grahamii), hedgehog cactus (Echinocereus spp.),
and Christmas cholla (Cylindropuntia leptocaulis) surviving.
Notably, no saguaros survived in the burned Arizona Upland
Sonoran Desertscrub plots.

Perennial grasses appeared to suffer high initial mortality due
to the fire in both vegetation types, but the observed absence
of regrowth is likely due to the abnormal lack of summer 2020
monsoon rains, with potential for regrowth still possible. The
Semi-desert Grassland had generally low coverage of perennial
grasses (Figure 8), which included the natives purple three-
awn, spider grass, sideoats grama, slender grama (Bouteloua
repens), tanglehead (Heteropogon contortus), and bush muhly,
and less frequently Lehmann’s lovegrass and no buffelgrass. In
the Arizona Uplands Sonoran Desertscrub, perennial grasses
had a negligible contribution to vegetation cover, though a high
number were observed in the burned plots (Figure 9). It is
possible that invasive grasses were present in the burned Sonoran
Desertscrub and not in the control area. Future monitoring of
these long-term plots will address this uncertainty.

State-and-Transition Fire-Spread Models
The simulation began with 4.4 km2 of buffelgrass produced by the
mapping effort (see Sections “Mapping buffelgrass infestation”
and “Buffelgrass infestation”) and after 30 years resulted in an
average of 49.2 km2 invaded by buffelgrass (range 42.9–55.2 km2;
sd 3.34). Buffelgrass patches with >50% cover that burned in
simulations resulted in an average of 23 km2 (range 1.1–41.8 km2;
sd 11) of the landscape converted to a state where the majority
of native vegetation is not expected to persist at the end of 30
years, although this was highly stochastic. With the presence of
buffelgrass, the study area is likely to experience larger fires with
greater area burned over the 30-year period (Figure 10). This
impact is evident as more continuous buffelgrass is present on
the landscape, with a noticeable increase in fires after 20 years, ca.
2040 (Figure 10). The simulations also showed a greater annual
burned area below 1,200 masl in elevation in the scenario with
buffelgrass (Figure 10).
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FIGURE 4 | Buffelgrass coverage by elevation. Note the elevation with most buffelgrass coverage is above the wildland-urban interface (900–950 masl), but below
the Desertscrub/Semi-desert Grassland ecotone (1,200 masl).

FIGURE 5 | Impacts of fire on saguaros (Carnegiea gigantea). The relationship between individual saguaro height and the range of injury by the Mercer Fire. Dead
saguaros are shown in black triangles, live saguaros are shown in circles with the grayscale gradient indicating future mortality probability of each saguaro based on
the range of fire injury.

Without mitigation, buffelgrass can be expected to continue
to spread and increase in abundance. The presence and spread
of buffelgrass in the Catalina Mountains will result in larger fires,
more area burned resulting in the loss of native species (as a result
of the converted area) and more fires burning into the desert
ecosystem and toward residential housing at the WUI.

Resident Perceptions
Of the 550 survey respondents, 36 were evacuated during the
Bighorn Fire, 109 had friends or family members who were

evacuated, and 47 reported loss of recreation access due to the
fire. In the full sample, 53% of respondents reported that they had
heard of buffelgrass. Awareness of buffelgrass was significantly
higher among those evacuated (p = 0.0080) and those who
lost recreation access (p = 0.0023), but was not significantly
different among those whose family or friends were evacuated
(p = 0.5728).

When asked to rank their awareness of buffelgrass-related
threats on a scale from 1 to 10, respondents reported average
awareness of 4.63 for fire risk, 3.05 for saguaro loss, and 2.78
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FIGURE 6 | Predicted mortality of saguaros (Carnegiea gigantea) post-fire. The range of fire injury of saguaros surveyed in the Mercer Fire site gives the prediction of
their future mortality. The prediction is based on a relationship presented Esque et al. (2004).

for declining property values. Evacuated respondents reported
significantly higher awareness of fire risk (p = 0.0228), saguaro
loss (p = 0.0001), and declining property values (p = 0.0001).
Those who lost recreation access reported significantly higher
awareness of fire risk (p = 0.0028) and saguaro loss (p = 0.0279)
but reported no greater awareness of property loss (p = 0.1089).
Awareness of threats was not significantly different among those
whose family or friends were evacuated.

DISCUSSION

The Bighorn Fire occurred at what is perhaps an inflection point
in time. The fire started at an elevation just above the desert, ca.
1,200 masl, and it generally did not drop below this elevation into
the desert lowlands, especially on more arid south-facing slopes
(Figure 3B). The role of invasive grasses in carrying the fire,
including buffelgrass, fountain grass, and Lehmann’s lovegrass
was limited by their patchy distribution at the Desertscrub/Semi-
desert Grassland ecotone at 1,200 masl. The Bighorn Fire moved
downslope at night, with limited energy release. This allowed bare
ground in desertscrub, hiking or game trails, and rock outcrops,
to serve as fuel breaks, preventing further spread downslope. As
shown by our state-and-transition models, rapid and continued
spread and coalescence of buffelgrass patches will increasingly
create a buildup of fuels and link the Desertscrub and Semi-
desert Grassland communities (Figure 10). Even with the current
densities, a lightning strike or human ignition further downslope,
as with the 2020 Bush Fire in Central Arizona, could have ignited
a fire in Sonoran Desertscrub much larger than the 2019 Mercer
Fire. In many respects, the Bighorn Fire was a near miss for the
Catalina Foothills WUI.

Slope exposure strongly influenced the behavior of the
Bighorn Fire at lower elevations. While the south-facing slopes
were largely untouched, substantial areas of north-facing slopes
and north-trending piedmonts below 1,200 masl were burned
due to a higher fuel load of dried winter annuals (Figure 3B, top
half of figure). On these north-facing slopes, the Bighorn Fire did
spread within saguaro-palo verde habitat. The Desertscrub/Semi-
desert Grassland ecotone receives more winter rainfall and has
experienced an increase in grass coverage (native and non-
native; Turner et al., 2003) with reduced grazing pressure. These
conditions are somewhat analogous to other productive desert
shrubland areas that sustained large fires in 2005 and 2020 such
as central Arizona (Cave Creek and Bush Fires) and the eastern
California (2005 Hackberry and 2020 Dome Fires). El Niño rain
events provide pulses of moisture and nutrients that lead to a
profusion of annual plant growth, both native and non-native,
that dry out in arid foresummer and meet the minimum fuel loads
(∼100 g/m2) required to drive “grassland fire” (Scott and Burgan,
2005). Increase in the freeze-free season, increased frequency of
wet winters, and an earlier onset and lengthening of the fire
season are predicted to further the fire-invasive feedback loop in
the western United States (Abatzoglou and Kolden, 2011).

In the Bighorn Fire, fire spread across the Desertscrub/Semi-
desert Grassland ecotone was influenced by densities of both
winter and perennial annual grasses interacting with landscape
structure, including elevation and slope exposure, degree,
roughness, and the occurrence of animal and human trails, which
acted as minor fuel breaks. In some ways, this parallels the way
that forest fires percolate with landscape structure higher up in
the Santa Catalina Mountains (Iniguez et al., 2008). In Arizona
Upland habitat, mechanical and chemical treatment options to
control invasive grasses, and other management decisions (e.g.,
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FIGURE 7 | Species richness of burned and control plots, Catalina State Park, Tucson, Arizona.

placement of new hiking trails) to prevent cross-biome fire spread
could be prioritized according to landscape structure, phenology
of the invasive grass (and uptake of herbicides), and predicted
fire behavior (Bean, 2014; Thistle et al., 2014). This prioritization
could also apply to the air drop of flame retardant by fixed wing
aircraft during wildfires, as well as to the pinpoint application of
herbicides from rotary wing aircraft, in the steep and inaccessible
terrain of the Catalina piedmont (Bean, 2014; Thistle et al., 2014).

Despite evidence from other post-fire studies in the Sonoran
Desert (Cave, 1982; McLaughlin and Bowers, 1982; Cave and
Patten, 1984; Rogers, 1986; Loftin, 1987; Wilson et al., 1995;
Alford et al., 2005; Shryock et al., 2015), we were surprised by
the high number of desert species with resprouting capacity
(Figure 9). This result begs the question of the adaptive origin
of this behavior and if there is a fire history within the desert
as suggested by some authors (e.g., Brown and Minnich, 1986).
Much of the flora of the semi-tropical Sonoran Desert is evolved
from thornscrub or dry forest environments (Axelrod, 1979). In
the tropics and tropical dry forests, resprouting is a common
and persistent strategy (Poorter et al., 2010), where fire is rare to
absent, and is often in response to stressors such as hurricanes
(Paz et al., 2018) and freezes (Bojoìrquez et al., 2019). It has also
been indicated, but less clearly, that resprouting is common in
areas with low site productivity such as arid environments as a
possible response to drought (Vesk and Westoby, 2004). It seems

that, rather than being an adaptation to fire itself in these desert
species, resprouting is a response to variable causes of stress
damage. The degree of resilience offered by resprouting capacity
is unclear and likely not robust after repeated burns. In burned
areas in the Mojave Desert, community composition remains
stable in creosote (Larrea tridentata) dominated communities
post-fire (Engle and Abella, 2011), though there is a marked
decrease in structure and keystone species (Abella et al., 2009;
Engle and Abella, 2011). It will be critical to monitor and
track the long-term recovery and trajectory of community
composition in multiple burned sites throughout the desert
lowlands impacted by fire.

Conceptual state-and-transition models have been used to
evaluate ecosystem changes applicable to a broad swath of
landscape types (e.g., Cobb et al., 2017), and fire simulations
have predicted vegetation changes (e.g., Conlisk et al., 2015).
There are also many examples of invasive species spread
models to determine their potential impact on fire risk, but
without simulating fire (Wang et al., 2016). There are few
examples, however, that combine simulations of the spread
of invasives and associated wildfires. The types of simulations
we used couple a state-and-transition model that simulates
both the spread and increase in abundance of an invasive
plant with a fire behavior model that allows exploration
of the consequences of a non-native species that introduces
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FIGURE 8 | Percent cover of the most prominent species in burned and control plots, Catalina State Park, Tucson, Arizona.

non-analog conditions (Supplementary Figure 3; Jarnevich et al.,
2019). These combined models allow for the co-production of
simulations by scientists, land managers, policy makers and
the interested public; the consideration of additional drivers
(e.g., climate variability and change); and the incorporation of
alternative management actions and their timing across multiple
jurisdictions (e.g., Miller et al., 2017). For land managers who
are facing unprecedented changes in wildland fuel complexes
at an exponential rate, these products provide some basis
for weighing options. Actions delayed in such a situation
greatly increase future costs and decrease the odds of achieving
management goals, increasing the likelihood of a cascading series
of undesirable events.

Southern and central Arizona, where buffelgrass is spreading
rapidly, encompass two large metropolitan areas (Tucson and
Phoenix), two major universities, a vibrant multi-billion-dollar
tourism industry reliant on a unique ecological backdrop,
and expansive public lands – from world-renowned national
parks and monuments to military facilities vital to national
defense. During the past two decades, a cross-jurisdictional
effort was mounted to identify, communicate, and address
the ecological and socioeconomic risks posed by buffelgrass
invasion, with mixed success (Brenner and Franklin, 2017; Lien
et al., 2021). Despite this sustained and coordinated public
messaging campaign, local and regional actions continue to

fall short of controlling the expanding front of invasive grass
species in the region.

The survey results presented here are in general agreement
with a 2017 survey of Homeowner Association (HOA) members
in Tucson (Plecki et al., 2021). Most 2017 survey respondents
were aware of buffelgrass, but their knowledge of mitigation
strategies were limited. Likewise, our results suggest that while
a majority of residents know about buffelgrass, many have
limited awareness of its impacts on fire, desert plants, and
property values. Awareness of these impacts is significantly
higher among those who were personally affected by the Bighorn
Fire. This suggests that over time, shifting fire regimes will
increase residents’ awareness of buffelgrass and demand for
buffelgrass mitigation. However, the ability to respond to and
manage the altered ecological state of recurring fires will likely
be insufficient to mitigate the economic and biodiversity fallout
without prompt action.

CONCLUSION

Timely case studies of extreme ecological events like the Bighorn
Fire are essential, not only to understand causes and project
consequences in the short and the long term, but also to inform
management and policy responses and galvanize public attention.
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FIGURE 9 | Percent survival and regrowth of species in burned plots, Catalina State Park, Tucson, Arizona.

We are already witnessing a dramatic shift in the fire regimes of
North American deserts, the scope of which is amplifying and
increasingly impacting ecosystem processes and the WUI at the
landscape-level. Real time assessment of these fire events and
their aftermaths using empirical, modeling, and multidisciplinary
approaches can lead to a refined understanding of the driving
mechanisms of shifting states. Public attention and political
willingness to act are likely to decay quickly after extreme
events like the Bighorn Fire, and time is of the essence for the
effective transfer of any actionable knowledge. As the pace of
change accelerates, the continuous establishment of baselines
and benchmarks will allow an iterative unpacking of novel
states and conditions.

For example, increasing connectivity between desert
valleys and the uplands is altering the relationship between
hydroclimatic variability and annual area burned. In the
southwestern United States, El Niño events are normally
associated with more winter-spring precipitation and reduced
fire occurrence in the uplands (Swetnam and Betancourt,
1990). By contrast, in central Arizona more frequent and severe
fires in Sonoran Desert vegetation occur after abnormally
wet winter/spring precipitation associated with both strong
and weak El Niño events (1978–1979, 1987–1988, 1991–1995,
2004–2005, 2018–2019, and 2019–2020) and also during the
positive phase of the Pacific Decadal Oscillation (1976–1995).
In Tonto National Forest, annual area burned in Sonoran

Desert vegetation was influenced by greater than normal
precipitation in two and three consecutive winters (Rogers and
Vint, 1987; Alford et al., 2005), which tend to happen during
multi-year El Niño events. The copious winter rainfall initiated
broadly synchronous blooms of red brome and other invasive
winter annual grasses across the Sonoran (and Mojave) Desert,
which then dried out and burned in the ensuing summer. The
wide ignition fronts from wildfires driven by winter annual
plants tend to travel upslope with convection and spread
into forests at a time when the forests normally would not
burn. By contrast, buffelgrass and other summer-flowering
perennials can fuel wildfires and desert-forest connectivity in
any given year, regardless of winter precipitation variability. The
relationship between interannual and decadal climate variability
and fire activity across all biomes could shift significantly in
the near future.

A coalescing front of invasive perennial and annual
grasses are creating increased connectivity between the
desert and forests on mountain slopes that will likely drive
heightened fire risk at the WUI in the coming decades.
Future efforts aimed at better understanding the history
of fire in the desert, the resiliency of desert species to
fire, the association between fire and ENSO and other
climatic events, social studies that address the perception
of change, sustained mapping efforts, an assessment of the
effectiveness of fuel breaks in limiting connectivity, and
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FIGURE 10 | State-and-transition fire-spread models. Box plots and time series of 50 Monte Carlo simulations across a 30-year time horizon simulating fire for two
scenarios, with and without buffelgrass spreading across the landscape. Box plots include average annual burned area below 1,200 masl and cumulative burned
area over the 30-year period. Time series (bottom panels) are annual area burned colored by different Monte Carlo simulations for each simulation year for the two
scenarios with the black line representing the average annual area invaded by buffelgrass over the course of the simulation.

focused invasive species control will all provide an enhanced
knowledge base and management actions to address this
fast-evolving fire risk.
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Supplementary Figure 3 | State-and-transition fire-spread model diagram. (A)
State classes defined for the simulation, where uninvaded and seedbank are
replicated for each fuel model class. (B) How growth transitions occur
deterministically based on amount of time in the state class interacting with a “wet
year” (probability of 26.7%) increase in age to decrease the overall amount of time
required to transition to the next cover level.

Supplementary Figure 4 | State-and-transition fire-spread model study area
including the fuel models used in the simulation and the 1,200 masl contour used
to explore changes in low elevation fires caused by buffelgrass presence.

Supplementary Figure 5 | Locations of sampling plots established to assess
saguaro mortality after the 2019 Mercer Fire. Ten plots were established within the
zone of fire impact outlined in red. Five control plots were established outside of
the fire zone. Circle size indicates the abundance of saguaros within each
20 × 20 m square plot. Grayscale indicates the degree of saguaro
mortality in each plot.

Supplementary Table 1 | LANDFIRE mapped fuel loadings used
in the simulation.

Supplementary Table 2 | FARSITE parameter values used in all simulations
within SyncroSim.

Supplementary Table 3 | Patch sizes of the 10 largest buffelgrass patches
compared to all other patches combined on the south slope of the Santa
Catalina Mountains.
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