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partially reconstruct the spatial pattern of Larrea, but cre-
ated a more clustered distribution for both living and dead 
shrubs. Our study reinforces the key role of fire in altering 
landscapes that had not been habituated to fire, and sug-
gests the existence of potential cascading effects across the 
entire plant community.
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Introduction

Fire is an important disturbance in many ecosystems world-
wide. It can alter vegetation structure, soil properties, and 
other ecosystem functions (Sugihara et al. 2006; Whelan 
1995). To date, a great deal of the literature has focused on 
explaining how fire regimes are changing around the globe 
due to climate change (see Grissino-Mayer and Swetnam 
2000; Cary 2002; Bowman et al. 2009) and historical fire 
suppression. In North American hot deserts, however, fires 
have been historically uncommon (MacMahon 1999), 
in part because of the relatively low abundance of peren-
nial plant cover (e.g., shrubs) and the wide spacing among 
plants, resulting in insufficient continuity of fuel to carry 
fire (Brown and Minnich 1986). However, the risk of fire 
in these systems has increased over the last several dec-
ades, due to increased human activities over time, result-
ing in extensive invasions by annual grasses and forbs 
(D’Antonio and Vitousek 1992). Invasive species (mostly 
winter annual grasses such as Bromus sp. and Schismus sp.) 
can increase fire risk by providing connections between the 
perennial shrubs through the production of more fine fuel 
(e.g., dry biomass) in the previously unvegetated space. 

Abstract In southwestern American deserts, fire has 
been historically uncommon because of insufficient con-
tinuity of fuel for spreading. However, deserts have been 
invaded by exotic species that now connect the empty 
space between shrubs to carry fire. We hypothesized that 
fire would change the spatial distribution of surviving Lar-
rea tridentata shrubs. We established two study plots, one 
each in a burned and unburned area, and recorded location 
and living status of all shrubs. We performed univariate and 
bivariate point pattern analyses to characterize the impact 
of fire on the overall distribution of shrubs. Additionally, 
we used a simple wildfire model to determine how close 
we could come to reconstructing the observed spatial pat-
tern of living and dead shrubs. We found a hyper-dispersed 
pattern of shrubs at finer scales and a random pattern at 
broader scales for both the unburned plot and for the liv-
ing and dead shrubs combined in the burned plot, the latter 
providing an approximation of the pre-burn distribution of 
shrubs. After fire, living shrubs showed a clustered pattern 
at scales >2.5 m, whereas dead shrubs were randomly dis-
tributed, indicating that fire caused a change in the spatial 
pattern of the surviving shrubs. The fire model was able to 
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As a result, wildfires in deserts have become more com-
mon and more severe (i.e., hotter fires) over the past sev-
eral decades (Brooks et al. 2004; McDonald and McPher-
son 2013), impacting the biological, chemical, and physical 
properties of desert soils, as well as landscape structure and 
population dynamics of the plant community (Allen et al. 
2011). Hence, an increase in fire frequency and severity 
may have negative consequences for an entire community 
that has generally been considered to be poorly adapted to 
fire (Allen et al. 2011; Brown and Minnich 1986; O’Leary 
and Minnich 1981). This may, in turn, act to reduce the 
abundance of the less fire-tolerant, native species (Burquez-
Montijo et al. 2002).

In summer 2005, a wildfire outbreak occurred in the 
Sonoran Desert, burning large extents of lowlands (Brooks 
and Matchett 2006; Esque et al. 2013), which are generally 
dominated by creosote bush [Larrea tridentata (DC.) Cov., 
hereafter referred to as Larrea]. Larrea is a perennial shrub 
that plays a key role in structuring soil features, as well as 
annual plant diversity (Mudrak et al. 2014; Schafer et al. 
2012; Schlesinger et al. 1996). Historically unprecedented 
fires in creosote bush shrublands of the Sonoran Desert 
started in the mid-1970s. Since then, large portions of native 
vegetation in burned areas have been replaced by exotic 
grasses (especially from the genera Bromus, Schismus, 
and Pennisetum; Burgess et al. 1991; Rutman and Dickson 
2002). Usually, wildfires in the Larrea shrublands spread 
during periods of high temperature (35–40 °C on average), 
low relative humidity (10–20 %), and high wind speeds, 
ranging from 35 to 70 km/h, especially when the preceding 
rainy season had a significantly above-normal precipitation 
rate, resulting in denser and more widespread annual grass 
litter between shrubs (Brown and Minnich 1986). These 
were the conditions that likely fueled the wildfires in 2005 
(Brooks and Matchett 2006; Esque et al. 2013).

A major impact of fire upon the desert landscape is the 
removal of many of the Larrea shrubs from the system. In 
Sonoran lowlands, Larrea has been found to be hyper-dis-
persed at spatial scales less than approximately 2.0 m, but is 
randomly distributed at greater scales (Yeaton et al. 1977). 
However, a shift in the fire regime has the potential to 
change Larrea’s spatial pattern by modifying the proportion 
and spatial arrangement of living and dead shrubs, leading 
to more openness in the landscape. This can cause impacts 
on the entire plant community, both directly (e.g., modify-
ing soil nutrient availability) and indirectly (e.g., providing 
more open space to be colonized by exotic species), which 
is particularly important since Larrea has a low post-fire 
establishment rate, due to limited resprouting (3–30 %) and 
low reproductive success (Abella 2009). Thus, wildfires 
may directly affect long-term community structure. Indi-
rectly, fire can potentially alter plant community dynamics 
by having negative impacts on both soil nutrients and soil 

microorganisms in the mid- and long-term. Furthermore, 
removal of shrubs by fire could be advantageous for exotic 
plant species, which might be successful in colonizing and 
establishing in the “empty spaces”, with high levels of 
nutrients left by Larrea after fire. Larrea plays a key role in 
maintaining diversity and function of Sonoran shrublands. 
Understanding how the spatial structure of Larrea shrub-
lands might be changed by fire can provide useful insights 
for both conservation purposes and fire risk management.

Spatial analysis and fire modeling provide useful tools 
for exploring the impact of disturbances (i.e., wildfire) on a 
given natural population, and may provide valuable insights 
for management of novel fire prone systems. In desert eco-
systems, spatial data analysis has been used to investigate 
plant interactions and vegetation associations, reproduc-
tive success and dispersion patterns (Tirado and Pugnaire 
2003; Miriti 2007; Rayburn et al. 2011), but little is known 
about how fire changes the spatial pattern of Larrea. In this 
study, we primarily focused on the potential for change in 
the post-fire spatial distribution of surviving shrubs in the 
Sonoran Desert. We hypothesize that fire may mediate 
a change in the spatial pattern of Larrea shrubs in a non-
random way, leading to a fundamentally different relation-
ship among the remaining living individuals that escaped 
the fire (e.g., clustered into patches). We then developed 
a spatially explicit model aimed at reconstructing the pat-
tern observed in the field for living and dead Larrea shrubs, 
using a simple, completely spatially random (CSR) fire-
spread algorithm. The goals of this research were to: (1) 
determine the spatial distribution of the remaining living 
Larrea shrubs within burned areas, relative to the pattern 
of adjacent unburned areas; (2) determine the spatial dis-
tribution of dead shrubs (i.e., plants not showing any sign 
of resprouting after fire), relative to survivors, as an indica-
tor of the pattern of fire movement through the landscape; 
and (3) develop a simple initial fire model as a practical 
example aimed at reproducing the spatial pattern shrubs 
observed in the field and gaining insights into the potential 
initialization of fire within our study area.

Materials and methods

Study area and sampling plots

The study was conducted within Larrea (creosote bush)-
dominated shrubland sites in the Sonoran Desert, in a system 
characterized by scattered perennial shrubs, cacti, forbs, and 
grasses, with interspaces consisting of sparsely vegetated 
soils (Abella 2010). The primary study site was located at an 
elevation of 320 m within the eastern section of the Barry 
M. Goldwater Range (US Air Force Range), 35 km south of 
Gila Bend, AZ. The mean annual temperature is 23.4 °C and 
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mean annual precipitation is 135 mm (Western Regional Cli-
mate Center, Gila Bend weather station), with wet seasons 
occurring in summer and winter. There is no evidence that 
the site has been impacted by fire in recent history. The sec-
ond site considered in the study (located at an elevation of 
360 m) was affected by a wildfire that covered approximately 
28,000 ha in 2005. The wildfires occurred after above-nor-
mal rainfall rates in the preceding wet season, resulting in an 
abundance of fine fuels. The cumulative rainfall prior to the 
fire from July 2004 to April 2005 was 246 mm and the mean 
maximum temperature for June and July was 47.2 °C (West-
ern Regional Climate Center, Gila Bend weather station). 
This rainfall was unusual, representing about 3.5 times the 
average. Above average rainfall in these water-limited areas 
results in above-normal plant production, especially exotic 
annual grasses from the genera Bromus and Schismus, and 
represents a key factor for the spread of fire in desert envi-
ronments (Brooks et al. 2004).

In 2010, 5 years after the fire in the burned site, we estab-
lished two plots: one was located in the wildfire site, and 
the other was located within the unburned area (see Fig. 1). 
The two plots were 83 × 130 m, and were approximately 
11 km apart (32°37′46″N, 112°51′18″W for the burned 
plot and 32°41′49″N, 112°50′22″W for the unburned plot). 
The burned plot was chosen as the closest fire-affected site 
to our primary, unburned study site, that had been estab-
lished for a more extensive study (cf., Mudrak et al. 2014; 
Schafer et al. 2012). The two plots were oriented so that the 

longer side ran north–south. We used a GPS to locate the 
corners of each plot and stakes were placed to delineate the 
boundaries in the field. The two study plots we worked in 
are located near to an active military training area, which 
produces an increased risk of ignition due to the active use 
of explosives and firearms.

We acknowledge that this work was conducted in a sys-
tem impacted by natural (uncontrolled) conditions. Also, 
we are only comparing one burned with one unburned site. 
However, much can be learned in “natural experiments”, 
especially in systems where controlled experiments mim-
icking natural processes are essentially impossible to con-
duct (cf., Sagarin and Pauchard 2012). Additionally, since 
replication in point pattern analysis is at the level of the 
individual object, each object represents a response to the 
process being explored (Wiegand and Moloney 2014). 
Greater generality would be gained by studying more sites, 
but the approach taken here provides very useful insights 
into the movement of fire through Larrea-dominated 
systems.

Shrub measurements

Within each of the sampling plots, we geo-referenced all 
Larrea individuals using a sub-meter Trimble Geo-XT 
2003 GPS unit. We defined a “living shrub” as the collec-
tion of stems and green branches, with overlapping cano-
pies, located on a single soil mound. The average canopy 

Fig. 1  The study area within 
the Sonoran Desert in Arizona, 
USA that depicts the boundary 
of the wildfire occurred in 2005. 
The location of the unburned 
and burned plots is indicated 
with a circle and triangle, 
respectively. Note that the 
aerial image in not scaled to the 
dashed box in the larger map. 
Image taken from Maricopa 
County Historical Aerial Pho-
tography database, URL http://
gis.maricopa.gov/Index.html

http://gis.maricopa.gov/Index.html
http://gis.maricopa.gov/Index.html
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area of a living shrub ranged from 2 to 4 m2 (Mudrak 
et al. 2014). Similarly, a “dead shrub” was defined to be 
the burned stump or dried collection of branches and stems 
on a single soil mound. The living status of each shrub 
was visually assessed in the field. We recorded two attrib-
utes per shrub: location (x, y coordinates) and status (liv-
ing or dead, assuming that living shrubs survived the fire 
and dead shrubs were killed by the fire). Differential cor-
rection for the location and elevation data was applied by 
using the nearest base provider to obtain a spatial accuracy 
of 30–50 cm [CORS, MCDOT Buckeye (AZBK), AZ, 
National Geodetic Survey, NOAA 1997]. Before analysis, 
all UTM coordinates were transformed so that the origin 
was located at the SW corner of the each plot.

Data analysis and null models

With the aim of investigating how Larrea shrubs were 
distributed across the landscape in each of the study plots 
prior to and post-fire, we conducted univariate and bivariate 
spatial analyses. Univariate analyses were used to examine 
the spatial patterns of a single category of point (i.e., living, 
dead or living + dead shrubs), whereas bivariate analyses 
were used to characterize the spatial relationships between 
living and dead shrubs within the burned plot.

Univariate analyses

We used g(r), the pair correlation function (PCF), for the 
univariate analyses (Stoyan and Stoyan 1996; Wiegand 
and Moloney 2014). Although Ripley’s K function (Ripley 
1981) is more familiar to ecologists, the PCF is generally 
more useful, since it characterizes spatial relationships as 
a function of distance, rather than as a function of neigh-
borhood point density. This avoids the problem of “virtual 
aggregation” produced by Ripley’s K, which makes it dif-
ficult to interpret point pattern analyses correctly (Wiegand 
and Moloney 2014).

For the unburned plot, which we considered to be the con-
trol pattern, we calculated the PCF for all Larrea individuals. 
We also computed the PCF for the living and dead shrubs 
combined within the burned plot, hypothesizing that this pat-
tern should represent pre-burn conditions, and be similar to 
the pattern in the unburned plot, if the spatial structure was 
essentially the same prior to the fire. We followed up with 
two additional univariate analyses, complementing the 
information provided by the PCF analysis: G(r), the nearest 
neighbor distribution function, and H(r), the spherical con-
tact distribution. G(r) is a summary statistic of the cumula-
tive distribution of the distance from the points of a pattern 
(e.g., shrubs) to their nearest neighbors. This provides infor-
mation about the variability of the point pattern that is being 
investigated, especially if the pattern comprises areas of low 

density (e.g., areas with isolated points). It is also useful in 
detecting subtle details of local clustering (Wiegand et al. 
2013). H(r) is related to G(r), but instead measures the dis-
tribution of the distances from test locations to the nearest 
points in the pattern (see Diggle 2003). This function is use-
ful for characterizing the “holes” in a pattern, as it measures 
the size of the gaps. We computed these two functions for 
the shrubs in the unburned plot, as well as for the living and 
dead shrubs combined in the burned plot. For these three 
univariate analyses [i.e., PCF, G(r), and H(r)], we used com-
plete spatial randomness (CSR) as the null model for detect-
ing aggregation or inhibition among the shrubs. CSR is the 
simplest and most commonly used null model, and assumes 
no interaction between events in a given pattern (e.g., ran-
dom distribution). For a completely random point process, 
g(r) = 1 for all values of r. Values of g(r) > 1 indicate aggre-
gation (clustering) at distance r, whereas values <1 indicate 
regularity or segregation. Significance tests were calculated 
by conducting 199 Monte Carlo simulations to create 95 % 
CSR confidence envelopes. Values of the PCF falling outside 
of the envelopes are considered to be statistically different 
from random. We apply a conservative approach to interpret-
ing significance and do not consider slight departures from 
the significance envelopes to be significant (Baddeley et al. 
2014). We also consider patterns exhibiting a series of adja-
cent values lying outside the envelopes as being of greater 
significance than isolated values. We also have not applied 
goodness-of-fit tests in the current study since our analyses 
are exploratory in nature, we do not have a priori expecta-
tions of the critical scales of interaction, and we are not 
making claims of significance for small departures from the 
Monte Carlo simulations envelopes (cf., Baddeley et al. 2014 
vs. Loosmore and Ford 2006).

We used the pcf command in the spatstat R package to 
compute the PCF values, with r = 20 and a precision of 
0.1 (Baddeley and Turner 2005). Confidence envelopes 
for G(r) and H(r) were created using the same protocol as 
in the PCF analysis. Values of G(r) below the theoretical 
expectation suggest an inhibitory pattern of over-disper-
sion, whereas values above suggest clustering at scale r. 
Similarly, values of H(r) below the theoretical expectation 
indicate a clustered pattern, whereas values above suggest 
an over-dispersed pattern. We used the commands Gest and 
Hest within the spatstat R package to calculate G(r) and 
H(r), respectively (Baddeley and Turner 2005).

In a second set of analyses, we calculated the PCFs, 
G(r), and H(r) separately for the living and dead shrubs 
within the burned plot to characterize the impact of the 
fire on the spatial structure of the system. For this, we used 
random labeling (RL) as the null model. RL assumes ran-
dom assignment of labels (e.g., living or dead) to the fixed 
locations of the shrubs, holding the proportion of each type 
of label equal to that of the observed pattern. Under RL, 
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the locations of the objects in the pattern arise from a uni-
variate spatial point process, and the marks (e.g., living or 
dead) are determined a posteriori by some phenomenon 
(e.g., wildfire) (Goreaud and Pelissier 2003). This form of 
analysis investigates whether or not the shrub class (“liv-
ing” or “dead”) was randomly distributed within the given 
spatial structure of the living and dead shrub combined 
(Wiegand and Moloney 2004). Confidence envelopes were 
created using the same protocol described above, but speci-
fying RL as the null model.

Bivariate analyses

We conducted bivariate analyses to characterize the spa-
tial relationship between living and dead shrubs within the 
burned plot. For this, we used random labeling (RL) as the 
null model. We used a multi-type PCF approach [which is 
essentially a crossed g(r) analysis] to investigate at which (if 
any) spatial scales the two classes of shrub were aggregated 
or segregated. Values of cross g(r) above the confidence 
envelopes indicate aggregation and below indicate segrega-
tion among shrubs of the different classes. The 95 % confi-
dence envelopes were created by running 199 Monte Carlo 
simulations of RL (pcfcross command in the spatstat R 
package; Baddeley and Turner 2005). We also calculated two 
additional bivariate functions to complement the cross PCF: 
the cross G(r) and the mark connection function ρ(r). The 
cross G(r) function (gcross command in the spatstat R pack-
age) characterizes the nearest neighbor distance between the 
two shrub classes, with the results dependent upon which 
class is treated as the focal class and which is the neighbor 
class. When living shrubs are used as the focal class, we 
determine the nearest neighbor distances to the dead shrubs 
and vice versa. The ρ(r) function qualitatively analyzes the 
process (i.e., wildfire) that distributes the marks “living” ver-
sus “dead” over the univariate pattern. In this context, for 
a marked point pattern with living and dead individuals at 
distance r, ρli-de(r) is defined as the probability that the first 
point is of type living, and the second of type dead, and ρde-

li(r) is defined as the probability that the first point is of type 
dead, and the second of type living (markconnect command 
from the spatstat R package; Baddeley and Turner 2005). 
Confidence envelopes for cross G(r) and ρ(r) were created 
using the same protocol as in the cross PCF analysis.

Fire modeling approach

We used NetLogo, a multi-agent-based modeling environ-
ment (Wilensky 1999), to develop a fire model based only 
on the spatial data of Larrea shrubs in the Sonoran Desert 
(n = 640). No other information was included in the model. 
We set the locations of shrubs in the model to be identical 

to the pre-fire pattern observed in the burn plot (i.e., living 
and dead shrubs combined). Fires were initiated using a sin-
gle shrub selected at a random location. The probability that 
additional shrubs would ignite P(r) was determined as a func-
tion of the distance r from the original ignition point or from 
another burning shrub. P(r) varied within a radial distance of 
10 m, following a negative exponential decay curve defined 
as:

where a = 1 (the probability of being burned at distance 
0 from an already-burning shrub) and b is the decay rate 
of the probability curve. The cutoff distance of 10 m was 
determined from the results of the bivariate analyses as 
being a reasonable distance beyond which there would be 
little, if any, fire spread. The result of each model simula-
tion was a set of shrubs at the observed field locations with 
a mark of living or dead. We performed 2,000 simulations 
for 16 values of parameter b (i.e., from 0.045 to 0.12 with 
0.005 increments) to determine which one resulted in a 
mean number of dead shrubs within 10 % of the observed 
number in the field (i.e., 495 ± 50 dead shrubs). We pro-
vided the standard error (SE) associated to each mean, for 
each b value as measure of precision of the mean estimate. 
Of the successful parameter b values, we took the 0.025 
and 0.975 percentiles of the simulated PCF distribution to 
create the 95 % confidence envelopes and compared it with 
the observed PCF for living and dead shrubs.

We also investigated the impact of the choice of initial 
ignition points on fire spread within our burned plot to 
explore how variable the resulting effects were due to the 
spatial configuration of shrubs occurring in the plot, and 
to obtain a general idea of where the fire front might have 
originated. We ran simulations using a value for parameter 
b that met our criterion above (i.e., b = 0.08 as described in 
“Results”), and allowed each shrub to act as the initial igni-
tion point for 30 simulations. We then calculated the aver-
age percentage of burned shrubs for each initially ignited 
shrub and plotted these averages in a spatially explicit way, 
representing a “fire severity map” given the location of the 
starting ignition point. This analysis provides insights into 
the variability of predicted fire patterns for the simulation 
model based on initial conditions of ignition.

Results

There were 713 Larrea shrubs within the unburned Son-
oran plot (with no dead shrubs) and 640 living and dead 
shrubs within the burned plot, the latter comprising 145 liv-
ing Larrea shrubs and 495 dead shrubs (Fig. 2a, b).

P(r) =

{

a ∗ e
−b∗r

r < 10m

0 r ≥ 10m



478 Oecologia (2015) 178:473–484

1 3

Spatial patterns

Within the unburned plot (control pattern), the PCF analysis 
indicated that Larrea individuals were hyper-dispersed at 
distances <2.0 m, but were randomly distributed at broader 
spatial scales (Fig. 2c). Similarly, for the combined pattern 

of living and dead shrubs in the burned plot, the PCF 
showed a hyper-dispersed distribution at distances <2.0 m, 
but a random spatial distribution at broader distances 
(Fig. 2d). The nearest neighbor distribution function G(r) 
also provides evidence of a hyper-dispersed pattern at short 
distances for Larrea individuals in the unburned plot and 

Fig. 2  Observed spatial pattern 
of Larrea tridentata within an 
a unburned (n = 713) and b 
burned (n = 640) area. b Closed 
circles indicate dead shrubs 
(n = 495) and open circles indi-
cate living shrubs (n = 145). 
Spatial summary characteristics 
of shrubs distribution. In the 
unburned plot c g(r), e G(r), and 
g H(r) and within the unburned 
plot (d, f, h, respectively) 
the pre-burn spatial pattern. 
c–h The gray-shaded areas 
represent the 95 % confidence 
envelopes. Solid lines are the 
observed value of the function 
and dashed lines correspond 
to the theoretical expectation 
under CSR
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for the combined pattern of living and dead shrubs in the 
burned plot, as there were fewer neighboring shrubs than 
expected by chance (Fig. 2e, f). H(r) was also consistent 
with the PCF results, as it confirmed the inhibitory pattern 
at short distances for the Larrea shrubs in the unburned 
plot, as well as for the living and dead shrub combined 
in the burned plot, by exhibiting larger void sizes than 
expected by chance (Fig. 2g, h). This hyper-dispersed pat-
tern observed within the burned and unburned plot likely 
represents the natural spacing between Larrea shrubs, and 
it is closely related to the average area of an individual 
shrub canopy, ranging from 2 to 4 m2.

In the burned plot, the Larrea shrubs that survived the 
fire exhibited evidence of a clustered distribution at dis-
tances >2.5 m (Fig. 3a, c). The distributional pattern of 
the dead shrubs was similar to the pattern observed in the 
unburned plot and for the living and dead shrubs consid-
ered together in the burned plot (Fig. 3b, d). The PCF func-
tions calculated separately for living and dead shrubs were 
consistent with G(r) for living individuals and with G(r) for 
dead shrubs. The G(r) for living individuals alone showed 
that there were more shrubs at distances >2.5 m in the sur-
rounding neighborhood than expected by chance (Fig. 3e), 
and the G(r) for dead shrubs showed a random pattern 
(Fig. 3f). Also, H(r) showed a slower rate of increase than 
the expectation at intermediate scales, which indicates that 
there are fewer voids with radii between 5 and 15 m than 
expected, suggesting a clustered pattern at intermediate 
scales for living shrubs (Fig. 3g). For dead shrubs, H(r) 
indicated a random distribution (Fig. 3h).

Regarding the spatial relationship between living and 
dead shrubs within the burned plot (bivariate analyses), 
the cross PCF suggested segregation at intermediate scales 
(~5 m) from living to dead shrubs and vice versa (Fig. 4a, 
b). The cross G(r) showed that both classes of shrubs (liv-
ing and dead) tended to be surrounded by dead shrubs, 
since from living to dead we observed a non-significant 
trend, whereas the pattern from dead shrubs to living was 
statistically significant (Fig. 4c, d). The mark connection 
function ρ(r) suggests that the probability for a dead shrub 
to be surrounded by a living shrub is significantly lower 
than expected under RL within ca. 10 m (Fig. 4e, f). This 
result suggests that the highest likelihood for an unburned 
shrub of catching fire is within10 m of a burned shrub.

Fire model

We found one value of parameter b (i.e., b = 0.08) that 
yielded a mean of 473 burned shrubs and a SE = 3.91 (see 
Table 1 in bold type; Fig. 5a). Using b = 0.08 in simula-
tions, model-simulated data for living shrubs exhibited a 
more clustered pattern (higher PCF values) at finer scales 
(i.e., <10 m), compared to the observed PCF distribution. 

However, at broader scales (i.e., >10 m), the values of the 
observed PCF fell within the 95 % confidence envelopes 
created by the PCF of the simulated data (Fig. 5b). This 
indicates that the fire model did not reproduce the observed 
pattern of living shrubs at short distances accurately, but it 
did at greater distances. For model-simulated dead shrubs, 
we found that the PCF differed from the observed pattern 
across all spatial scales, creating a more clustered pattern 
along the entire range of scales, compared to the observed 
distribution in the field (Fig. 5c).

The initial location of the ignition source affected the 
relative number of living and dead shrubs produced across 
the entire plot. Thus, if a fire starts in areas where shrubs 
were very close to each other, the fire-spread risk (i.e., high 
number of burned shrubs within the plot) is higher, relative 
to those areas where shrubs were spaced farther apart from 
each other. This suggests that the wildfire front may have 
hit the area from the lower half of our study plot. We found 
that the likelihood of fire spread from shrubs in the lower 
half of the plot (Fig. 6) was high (relative to the upper half), 
burning about 75 % of the shrubs, which was the actual 
proportion of burned shrubs in the field. It is interesting to 
also note that the large void in the center of the plot tended 
to act as a fire barrier in the model, creating a different burn 
pattern for fires initiated in the upper half of the plot (i.e., 
relatively low fire spread) compared to the lower half (see 
Fig. 6).

Discussion

We found a consistent spatial pattern comparing the 
unburned plot with the pattern of living and dead shrubs 
considered jointly in the burned plot, indicating that the 
sites had similar spatial patterns before fire. Larrea shrubs 
were randomly distributed at broader scales, but hyper-dis-
persed at finer scales (i.e., <2.0 m). This hyper-dispersed 
pattern likely represents the natural spacing between the 
shrubs, given the average size of an individual shrub, rang-
ing from 2 to 4 m2 (Mudrak et al. 2014). This pattern is also 
commonly found when there is competition for resources 
(e.g., water and nutrients), and with other species (Yea-
ton et al. 1977; Fonteyn and Mahall 1978; McDonough 
1963). In this area, Larrea competes with Ambrosia sp. 
(another common perennial shrub; Fonteyn and Mahall 
1978, 1981), leading to spatial segregation between the 
two species, which in turn results in a random distribution 
for Larrea (Schenk et al. 2003). Larrea is a keystone spe-
cies that predominantly determines community structure 
in SW deserts, and it can be viewed as a better competitor 
compared to other perennial shrubs (Mahall and Callaway 
1992; Schenk et al. 2003). Another possible explanation of 
the hyper-dispersed pattern of Larrea at finer scales might 
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be due to the spatial distribution at seedling emergence: 
clumped at short distances (<2 m), but randomly distrib-
uted at greater distances (Bowers et al. 2004), suggesting 
that competition within seedling clumps would lead to 
hyper-dispersion. Similar results have been shown for other 
shrub species in Mediterranean shrublands in Spain, where 

seedlings of Ulex parviflorus (gorse) were aggregated in 
the early stages, but segregated when plants grew to matu-
rity (Raventós et al. 2010).

In the burned plot, we found that the 145 living shrubs 
were clustered at distances >2.0 m, whereas the 495 dead 
shrubs followed a hyper-dispersed pattern at finer scales 

Fig. 3  Observed spatial pattern 
of a living and b dead Larrea 
shrubs within the burned site. c 
Pair correlation function g(r) for 
living shrubs (dotted line), dead 
shrubs (dashed line), and living 
and dead combined (solid line). 
G(r) for d living (dotted line) 
and e dead (dashed line) shrubs 
contrasted with living and dead 
shrubs combined together (solid 
lines). H(r) for f living shrubs 
and g dead shrubs (solid lines). 
c–g The gray-shaded areas 
represent the 95 % confidence 
envelopes created from RL
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and were randomly distributed at broader scales (similar 
to the unburned plot). These findings may give us a proxy 
of the burning pattern of the fire itself, suggesting that fire 
acted as a mediator for the change of the spatial pattern. 
Thus, fire burned Larrea shrubs in an overall random way, 
killing a large proportion of shrubs, while leaving a small 
number of living individuals behind that were scattered 
among several small clusters (see Fig. 6). The fact that the 
pattern of the dead shrubs was similar to the pre-fire pattern 
(dead + living shrubs), and the pattern of the living shrubs 
was not, is most likely due to small clusters of shrubs 
escaping fire. The removal of a small number of points 
(living shrubs) might have left the pattern of dead shrubs 
indistinguishable from the pre-fire pattern. However, the 
observed distribution of the living Larrea shrubs after fire 
may represent a short-term phase, which will potentially 
change to a more regular distribution over time because of 
competition with their surrounding neighbors (see Kenkel 
1988).

Another potential scenario is that, once the fire has 
removed some shrubs from the system, the structure and 
function of the entire plant community may be permanently 
affected (considering the low post-fire recovery rate of Lar-
rea; Abella 2009). Indeed, invasive grasses like Bromus 
sp. and Schismus sp. can take advantage of the removal of 

Fig. 4  Bivariate analyses 
showing transitions from living 
to dead shrubs (left side) for 
a g(r), c G(r), and e ρ(r), and 
from dead to living shrubs 
(right side), for b g(r), d G(r), 
and f ρ(r) within the burned 
area. For all panels, the gray-
shaded areas represent the 95 % 
confidence envelopes created 
from RL

Table 1  Parameter b values (decay rate) used in the fire model to 
examine the relationship between the observed number of burned 
shrubs in the field and the model

The b value (0.080, in bold type) met the criterion of yielding a mean 
number of burned shrubs encompassing the actual number of burned 
shrubs ± 10 % in the field. The standard error (SE) indicates the pre-
cision of the mean estimate for each parameter b value

Parameter b Mean no. of burned shrubs SE

0.045 637.4 0.32

0.050 635.5 0.55

0.055 631.8 0.90

0.060 627.4 1.01

0.065 617.2 1.42

0.070 592.3 2.30

0.075 550.5 2.98

0.080 472.5 3.91

0.085 380.8 4.18

0.090 286.1 4.00

0.095 205.7 3.51

0.100 130.2 2.75

0.105 73.3 1.82

0.110 40.1 1.05

0.115 25.3 0.67

0.120 16.5 0.46
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Larrea and occupy the “empty spots”, which still represent 
islands of fertility, leading to a broader and more uniform 
invasion. But, more importantly, as these exotic species are 
the primary fuel that carries fire in SW American deserts 
(Brooks et al. 2004; McDonald and McPherson 2013), the 
chances of repeated fires are greater in burned areas than in 
unburned ones (D’Antonio and Vitousek 1992; Brooks and 
Lusk 2008). This may imply a shift of the fire regimes from 
rare fires (i.e., Sonoran Desert) into an increased severity 
and frequency of wildfires, likely reducing the abundance 
of less fire-tolerant species (McLaughlin and Bowers 1982; 
Brown and Minnich 1986; Burquez-Montijo et al. 2002).

Fire model

We were successful in fitting a fire model based on spread 
as a function of the distances separating shrubs that did a 
reasonably good job of matching the observed number of 
burned and living shrubs. However, the spatial pattern of 
the simulated data only partially agreed with the observed 
PCF for both living and dead Larrea shrubs. The spatial 
data from the fire model overestimated the value of the 
PCF (especially at short distances), producing a more clus-
tered pattern compared to what we observed in the field. 
Additionally, the fire model provided basic information 
regarding the potential locations where the fire front may 
have first arrived at our plot, discarding those locations 
with lower probability of fire spread (colder colors of map 

in Fig. 6). Although quite simple in design, the modeling 
approach we used presents a first step in determining how 
best to model fire spread for these kinds of systems.

More complex fire models might also include other envi-
ronmental factors, such as wind conditions, temperature 
and relative humidity, topography, and vegetation cover 
(Adou et al. 2010; Sunderman and Weisberg 2012), espe-
cially after an above-normal wet season (Brown and Min-
nich 1986). These were the conditions in 2005 when fire 
burned the site considered here. It is important to mention 
that our fire model did not include any input regarding 
shrub features. While information on shrub size would no 
doubt increase the accuracy of our model, we had no infor-
mation on the size of burned shrubs before the fire. How-
ever, our research group is currently working on techniques 
to accurately determine shrub size and volume using aer-
ial imagery, aiming at using images of multiple sites (i.e., 
higher replication) before and after wildfires, to develop 
much-improved models.

In summary, we found a change in the spatial pattern of 
Larrea shrubs surviving the fire that shifted to a more clus-
tered distribution. This was consistent for the three sum-
mary statistics we used: PCF, G(r), and H(r). The novel 
post-fire spatial structure of the Larrea shrublands might be 
favorable for the establishment of exotic species (especially 
Bromus sp. and Schismus sp. grasses). This may, therefore, 
act to increase the abundance fine fuel, making the grass–
fire cycle stronger (D’Antonio and Vitousek 1992; Brooks 

Fig. 5  Results from one run 
of the fire simulation model 
showing a the spatial pattern 
created by the fire model using 
parameter b = 0.08. Closed 
points indicate dead shrubs 
and open points indicate living 
shrubs. The star indicates the 
shrub that was initially ignited 
in this model run. Observed 
PCFs (solid lines) for b living 
and c dead shrubs plotted with 
the 95 % confident envelopes 
(gray-shaded areas) created 
from the simulated data (using 
2,000 simulation for parameter 
b = 0.08) for each class of 
shrub (i.e., living and dead)
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et al. 2004). We think that fire modeling of Larrea shrub-
lands based on proximity (radial distance) from burning 
shrubs is a good starting point for exploring the relationship 
between the burning pattern of fire and the spatial distribu-
tion of shrubs. However, with the recent development of 
digital image analysis and its application to ecology, using 
aerial photographs or high-resolution satellite images, cou-
pled with more detailed simulation models, we may be able 
to develop an improved understanding of fire dynamics at 
broader spatial scales with better predictions.
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