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Anthropogenic activities have resulted in novel disturbance regimes which have unknown impacts on
biodiversity. A notable example is the establishment of fire regimes in ecosystems that have not histor-
ically burned. These new disturbance regimes leave behind a complex spatial matrix with varying pat-
terns of landscape heterogeneity. Research on novel disturbance regimes often ignores remnant
vegetation within disturbed habitats, even though landscape variation in a disturbed area can influence
population and community dynamics. Our objective was to understand the influence of spatial heteroge-
neity, characterized by varying levels of isolation and remnant vegetation, within a landscape disturbed
by a novel fire regime in the Mojave Desert where wildfire was exceedingly rare to non-existent in this
landscape prior to recent times. We found that community patterns of both ground-dwelling arthropods
and small mammals varied based on the amount of remnant vegetation and isolation levels within
burned habitats. Ground-dwelling arthropod abundance and richness measurements were highest in
burned habitats that had remnant long-lived vegetation present, whereas small mammal abundance
and richness measurements were highest in continuous expanses of unburned habitat. We also found
that the negative impacts of fire on arthropods and small mammal communities in isolated, burned hab-
itats were masked by the presence of long-lived perennial vegetation. Our study highlights the impor-
tance of incorporating habitat heterogeneity into future studies of novel disturbance regimes and
provides evidence for the utility of restoration plantings in desert ecosystems.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction land covers that are historically atypical of the affected landscape
Disturbance is a key component of ecological systems, altering
landscapes across a wide range of scales (Turner, 2010). Distur-
bances can be defined as ‘‘any relatively discrete event that dis-
rupts the structure of an ecosystem, community, or population
and changes resource availability or the physical environment’’
(White and Pickett, 1985). Naturally occurring events such as fires,
floods, hurricanes, and volcanic eruptions are agents that fre-
quently disrupt continuous expanses of natural habitat (Dale
et al., 2000; Schelhaas et al., 2003). However, human activities
have directly or indirectly altered disturbance components such
as their frequency, size, and/or severity in many ecosystems (see
Turner, 2010 for disturbance component details). The resulting
novel disturbance regimes often leave behind a mosaic of diverse
(Dale et al., 2000; Turner, 2010).
Post-disturbance spatial heterogeneity has been shown to influ-

ence the structure and dynamics of populations and communities
across multiple landscapes (Prugh et al., 2008; Tews et al., 2004).
Disturbance theory predicts that spatial heterogeneity can influ-
ence the persistence of species, the stability of populations, and
the coexistence of interacting species (summarized in Chesson
(2000)). Most commonly, a positive correlation with diversity
and habitat heterogeneity is hypothesized to result from an
increase in ecological niches and resources (habitat heterogeneity
hypothesis; Bazzaz, 1975; summarized in Tews et al. (2004)). A
meta-analysis by Tews et al. (2004) found strong evidence for a
positive correlation between habitat heterogeneity and diversity
for multiple taxonomic groups, and these patterns suggest that
habitat heterogeneity may mitigate the negative impacts of distur-
bances (Benton et al., 2003; Caswell and Cohen, 1991).

While it is well-documented that spatial heterogeneity within
landscapes can influence population and community dynamics,
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the explicit influence of spatial heterogeneity within the disturbed
landscape that results from novel disturbance regimes is largely
unknown. Rather, the focus of studies exploring the impacts of
novel disturbance regimes has typically been with the disturbance
components, such as disturbance size and/or timing (e.g. Gibson
et al., 2005; Miller et al., 2012; Poff and Allan, 1995). Studies inves-
tigating how novel disturbance regimes influence population and
community dynamics focus on effects across the entire disturbed
habitat (e.g. Franklin et al., 2005; Vamstad and Rotenberry, 2010)
but do not consider spatial heterogeneity within the remaining dis-
turbed landscapes. This gap partially stems from the fact that small
scale disturbances were long recognized as sources of spatial het-
erogeneity while the occurrence of large ‘‘catastrophic’’ distur-
bances often associated with novel disturbance regimes were
recognized as homogenous areas or were considered destroyed
(Turner, 2010). Because of this, habitat heterogeneity is often
incorporated into small-scale disturbance studies, but heterogene-
ity within landscapes experiencing large-scale disturbances is
uncharacterized. However, even severe disturbances typically do
not homogenize the landscape. Thus, understanding the impacts
of novel disturbance regimes on biodiversity therefore necessitates
explicitly incorporating resulting patterns of spatial heterogeneity
into studies of affected landscapes.

Fire regimes have significantly altered many ecosystems
(Franklin et al., 2005; Vamstad and Rotenberry, 2010) and are
one of the most studied disturbances where components are being
altered by human activities. Altered fire regimes have been shown
to cause shifts in the relative dominance of vegetation types (e.g.
Franklin et al., 2005; Vigilante and Bowman, 2004) which can alter
higher trophic levels and lead to biodiversity loss (e.g. Bradstock
et al., 1997; Wardell-Johnson et al., 2007). Fires may leave behind
remnant vegetation in the landscape, creating a mosaic of patch
types that vary in resource availability, species composition, vege-
tation structure, and ecosystem processes within a region. Post-fire
spatial habitat heterogeneity has been shown to influence the
recovery of plants and wildlife (Freckleton, 2004; Parr et al.,
2004; Vandvik et al., 2005). However, despite the evidence of the
importance of post-disturbance spatial heterogeneity, the influ-
ence of spatial heterogeneity within landscapes experiencing a
novel disturbance regime is largely ignored.

In the Mojave Desert, wildfire was exceedingly rare to non-exis-
tent prior to recent times (Brooks and Matchett, 2006). However,
fires are now increasingly common due to the invasion of non-
native grass species which have been facilitated by climate change
and on-going nitrogen soil deposition from urban California (Allen
et al., 2009; Lenihan et al., 2003). This increase somewhat mirrors
the increase in fire frequency seen in other southern California eco-
systems and in many forested landscapes (e.g. Flannigan et al.,
2000; Brooks et al., 2004), although many frequently burned eco-
systems have experienced a historical fire regime. Despite the his-
torical regime and that species in other systems exhibit
adaptations to fire, the Mojave Desert ecosystem provides a strik-
ing case study that can be used as a standard for other systems that
are experiencing fires more frequently or at larger scales.

Our objective was to quantify the influence of spatial heteroge-
neity on arthropod and small mammal community patterns within
burned habitats in the Mojave Desert. Within our study landscape,
the variation within burned habitats (i.e. heterogeneity) was cre-
ated by the amount and configuration of remnant vegetation in
burned habitats and the distance of the burned habitats from con-
tinuous expanses of unburned habitats (isolation level). Fires in the
Mojave ecosystem have left behind a mosaic of varying levels of
remnant vegetation, making it important to quantify the influence
of spatial heterogeneity on multiple taxa. Arthropods generally
have short generation times and have been documented to
respond to changing food availability (de Groot et al., 2007) and
habitat structure (Pearson, 2009), making those ideal candidates
for monitoring community responses to small changes in habitat
(Longcore, 2003). Small mammals are a key component of desert
ecosystems (Brown et al., 2000) as they are important consumers
of plant materials (Price and Joyner, 1997) and are a significant
portion of the prey base for a variety of carnivores. Furthermore,
seed predation by small mammals has shown to significantly influ-
ence desert ecosystem structure and dynamics (Longland, 2007;
Montiel and Montana, 2003). Within the Mojave Desert, Vamstad
and Rotenberry (2010) found changes in small mammal diversity
between burned and unburned habitats, yet abundance was not
significantly different. Nevertheless, their study was taxonomically
and spatially limited as it focused solely on small mammals and
ignored spatial heterogeneity within burned sites. Specifically,
the study did not consider whether burned areas included remnant
unburned vegetation that could harbor organisms intolerant of
burned areas and how isolated this vegetation was from unburned
areas.

We measured abundance and richness for both ground-dwell-
ing arthropods and small mammals across five burned habitats
that naturally vary in remnant vegetation and relative isolation
to answer the following two questions in a system experiencing
a novel disturbance regime: (1) does spatial heterogeneity created
by remnant vegetation and isolation levels within burned land-
scapes influence arthropod and small mammal community pat-
terns; and (2) do taxonomic groups respond similarly to patterns
of remnant vegetation and isolation levels in these landscapes?
We expected that arthropod and small mammal communities
would respond positively to increasing amounts of remnant vege-
tation in the burned landscape, but both taxonomic groups would
exhibit lower abundance and richness in all burned habitats when
compared to continuous expanses of unburned habitat, especially
in burned habitats that were isolated from unburned habitats.
We did not expect either taxonomic group to respond to heteroge-
neity positively as predicted by the habitat heterogeneity hypoth-
esis as there is no recent evolutionary history of these groups with
fire or other large disturbance events, making it likely that the
burned matrix could not be effectively utilized by most species.
We anticipated that this was particularly likely for rare and spe-
cialized species that may not be able to recover quickly or utilize
burned habitats as they are naturally low in abundance and/or
have specific habitat requirements. However, spatial heterogeneity
introduced by fire may simultaneously increase the diversity of
generalists that may be more capable of using resources in the
new burned landscape.
2. Methods

2.1. Study site

Our study site is located in the northwestern region of Califor-
nia’s Joshua Tree National Park (Fig. 1) and is part of the Mojave
Desert scrub biome (Brown, 1994). The study site is characterized
by slow-growth, long-lived perennial species such as California
juniper (Juniperus californica), Joshua tree (Yucca brevifolia),
blackbrush (Coleogyne ramosissima), and Muller’s live oak (Quercus
cornelius mulleri). Our study took place in the spring (April–June) of
2012. Mean monthly maximum temperatures for April, May, and
June are 30.2 �C, 34.9 �C, and 38.0 �C, respectively, and mean
monthly minimum temperatures are 7.4 �C, 12.2 �C, and 15.0 �C,
respectively (NCDC, 2013). Mean monthly precipitation for April,
May, and June are 2.54 mm, 8.38 mm, 1.02 mm, respectively
(NCDC, 2013). Our 2012 sampling season was dry, receiving
0.25 mm of precipitation in June only; however, this ecosystem is
accustomed to dry years.



Fig. 1. Map of study site in reference to California. Dark sections represent burned habitats. Letters represent habitat type as follows: (A) unburned habitat, (B) 2006 burned
habitat without remnant vegetation, (C) 2006 burned habitat with remnant scattered vegetation, (D) 1995 burned habitat that is close to the unburned habitat without
remnant vegetation, (E) 1995 burned habitat that is isolated from the unburned habitat without remnant vegetation and (F) 1995 burned habitat that is isolated from the
unburned habitat with remnant patches.
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We surveyed ground-dwelling arthropods and small mammals
in two disturbed landscapes; one that burned in 1995 and one that
burned in 2006. The burned landscapes varied in the amount, con-
figuration, and isolation of remnant vegetation (see Table 1 and
Fig. 2a–e for detailed habitat descriptions and visualizations). Pre-
liminary vegetation surveys allowed us to characterize five distinct
burned habitat types within the two burned landscapes. Within
the 1995 burn, we surveyed three burned habitat types: (1) burned
habitat that was isolated from unburned habitat that contained
remnant habitat patches, (2) burned habitat that was isolated from
unburned habitat that did not contain remnant habitat patches,
Table 1
Description of burned habitat types in the 2006 burn (a) and the 1995 burn (b). See Figs.

Habitat type Description of burned

2006 Burn (401 ha)
Burned; close, with scattered vegetation Burned habitats that c

throughout the burne
clumped configuration
habitat

Burned; close, without remnant vegetation Burned habitats that d
regrowth. The habitat

1995 Burn (2234 ha)
Burned; isolated, with patches (patches are considered

different from scattered remnant vegetation)
Burned habitats that c
remnant, long-lived pe
These habitats are con
from any unburned ar
habitat

Burned; isolated, without patches Burned habitats witho
considered isolated fro

Burned; close, without patches Burned habitats witho
considered close to th
and (3) burned habitat that was close to the unburned habitat that
did not contain remnant habitat patches. We did not have burned
habitat that was close to the unburned habitat with remnant veg-
etation within the 1995 burn area. We defined habitat patches as
dense clusters of remnant, long-lived perennial vegetation that
were at least 200 m2, making them large enough to fit a sampling
plot (described in Section 2.2).

We determined the relative isolation of habitats using our larg-
est bodied organism, Merriam’s kangaroo rat, Dipodomys merriami,
since home range is typically proportional to body size in mam-
mals (Swihart et al., 1988). We defined ‘‘close’’ burned habitats
1 and 2a–e for visual representation of habitat types.

habitats

ontain remnant, long-lived perennials. Remnant vegetation is scattered
d area, usually standing alone, and the vegetation does not exhibit a dense,

(i.e. not patches). The habitats are between 25 m and 175 m from unburned

o not contain remnant, long-lived perennials. All vegetation is considered
s are between 25 m and 175 m from unburned habitat

ontain remnant habitat patches. Habitat patches are defined as dense clusters of
rennial vegetation that are at least 200 m2 – similar in size to the sampling plots.
sidered relatively isolated from unburned habitat, being between 600 and 750 m
ea. Arthropod and small mammal sampling only took place within the burned

ut any long-lived perennial vegetation left after the burn. These habitats are
m unburned habitat, being between 600 and 750 m from unburned area
ut any long-lived perennial vegetation left after the burn. These habitats are
e unburned habitat and are between 150 and 300 m to unburned area



Fig. 2. (a–e) Aerial photographs of varying types of habitat heterogeneity, described at the amount, clustering, and relative isolation of perennial vegetation, at our study
locations. Darker vegetation is long-lived perennial vegetation. The above photographs represent (a) unburned habitat, (b) burned habitat with habitat patches, (c) burned
habitat with scattered, remnant vegetation, (d) burned habitat without remnant vegetation, and (e) the unburned/burned habitat border. Images from Google Earth (Google
Inc., 2009).
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as burned habitats within the lifetime dispersal distance of kanga-
roo rats (300 m, Jones, 1989) to the edge of unburned habitat. We
defined ‘‘far’’ or ‘‘isolated’’ burned habitats as burned habitats at
least twice the lifetime dispersal distance from the edge of
unburned habitat (600 m, Jones, 1989). In the 1995 burn, all habi-
tats sampled were defined as either ‘‘close’’ and ranged from 150 m
to 300 m form the burn/unburned edge or ‘‘far’’ (isolated) and ran-
ged from 600 m to 750 m from the burn/unburned edge.

Within the 2006 burn, we surveyed two more burned habitat
types: (1) burned habitat with scattered remnant vegetation and
(2) burned habitat without remnant vegetation. We defined scat-
tered vegetation as remnant perennial vegetation that did not
exhibit a dense, clumped configuration (i.e. not patches). Both
2006 burn habitats were defined as ‘‘very close’’ as the topography
of the landscape limited our sampling area to 25–175 m from the
burn/unburned edge. We surveyed 12 replicates of each of the five
burned habitat types. In addition, we surveyed 24 unburned con-
trol sites. We classified unburned habitats as large expanses of
undisturbed habitat that were at least the size of the largest burn
in our study, 2234 ha.

2.2. Data collection

We surveyed vegetation, ground-dwelling arthropods, and small
mammal communities within the five burned habitats and within
the unburned habitat. We measured vegetation composition using
the point intercept method (Caratti, 2006). We randomly placed five
50-m transects in each habitat type and ten 50-m transects in the
unburned habitat, totaling 35 vegetation transects. Along each tran-
sect, we marked 50 random, computer-generated locations between
0.0 m and 50.0 m. At each measurement, we dropped a meter stick
and recorded all vegetation as well as bare ground and litter that
touched the meter stick. We identified perennial plants to the spe-
cies level and annual plants to the genus level.

We surveyed ground-dwelling arthropods using dry, un-baited
plastic pitfall traps. Pitfall traps were 11 cm wide at the mouth,
14 cm deep, 1.0 L in volume, and included a tight-fitting funnel
that inhibited arthropod escape once they had fallen into the trap.
We placed a 1–2 cm elevated board measuring approximately
20 cm � 20 cm � 0.5 cm over the pitfall trap to prevent sand from
blowing into the trap. We set four pitfall traps at each sampling
plot in a 2 � 2 arrangement five meters apart before sunset. We
checked the traps immediately after sunrise, and we identified
ground-dwelling arthropods to the family level except for
the family Formicidae where species were grouped as either
Formicidae-granivores or Formicidae-nectivores.

We surveyed small mammals using perforated Sherman live-
traps (model LFATDG-P 300 � 3.500 � 900). For each sampling plot,
we set traps 8–10 m apart in a 5 � 2 configuration at dusk and
checked the traps the following morning. We had more
Sherman-live traps than pitfall traps; however, the pitfall traps
are able to capture multiple individuals per trap. We avoided Full
moon effects on small mammal activity (Price et al., 1984) by
suspending sampling on weeks with full moons. We used bait that
consisted of a mixture of rolled oats and peanut butter. At the time
of capture, we identified each small mammal to species level using
a number of recorded morphologic measurements as described by
Jameson and Peters (1988). We corrected for detectability of small
mammals and arthropods using a jack-knife estimator (see Section
2.3). In total, we surveyed five habitat types each with 12 sampling
plots along with 24 sampling plots in the unburned habitat,
totaling 840 Sherman-live traps and 336 pitfall traps.
2.3. Data analyses

We classified vegetation as invasive grass species, ephemeral
plant species (annuals), quick-growth, short-lived perennials, or
slow-growth, long-lived perennials (see Appendix A.1 for the spe-
cies list). Percent cover for each vegetation type, along with bare
ground and litter cover, was calculated as explained by Caratti
(2006), and averaged for each habitat type. We ran Kruskal–Wallis
rank-sum tests to test for differences in vegetation cover within
each burn area. We then ran a post-hoc multiple comparison tests
following Siegel and Castellan’s (1988) methods to determine
which vegetation types were responsible for the differences at
the a 6 0.05 significance level.

To assess the adequacy of our a priori habitat classifications, we
used a non-parametric test, the multi-response permutation proce-
dure (MRPP), to validate differences between vegetation composi-
tions among habitat types. The MRPP tests for differences between
two or more groups of sampling units by calculating the chance-
corrected within-group agreement (A), a test statistic that
describes within group homogeneity compared to a random expec-
tation (McCune and Grace, 2002). We ran a MRPP test based on
vegetation types and litter coverage, followed by an Indicator Spe-
cies Analysis to identify vegetation that corresponded to particular
habitat types. The MRPP analysis assigns indicator values to each
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species to identify the sampling group that the species have the
highest positive association with (Dufrene and Legendre, 1997).

We corrected for both arthropod and small mammal richness
detectability using a jack-knife estimator (Colwell and
Coddington, 1994; Palmer, 1990). We summarized arthropod and
small mammal abundance and corrected species richness at each
sampling plot and averaged across habitat type. We ran Kruskal–
Wallis rank-sum tests for each burn area for both arthropod and
small mammal metrics. We then ran post-hoc multiple comparison
tests following Siegel and Castellan’s (1988) methods to determine
which vegetation types were responsible for the differences at the
a 6 0.05 and the a 6 0.10 significance levels.

To further quantify differences in arthropod and small mammal
species composition between habitat types, we used the MRPP to
test for differences in habitat association in both taxonomic groups
(see Appendix A.2 for the arthropod family and small mammal spe-
cies list). We ran three different MRPP tests for each taxon in each
burn by categorizing habitats by their habitat type (Table 1), their
burned/unburned classification, and by the presence/absence of
long-lived perennial vegetation. (Note that this final classification
groups burned habitats containing remnant vegetation with
unburned habitat). For tests that were significant at the a 6 0.10,
we ran an indicator species analyses to understand which species
were changing based on the MRPP classifications. All data analyses
were carried out using the statistical software, R (R Core Team,
2012; see Appendix A.3 for function and package information).
3. Results

Long-lived perennial vegetation cover was highest in unburned
habitats, and litter cover was highest in burned habitats for both
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following Siegel and Castellan’s (1988) methods. Error bars represent one standard erro
burns at the a 6 0.05 (Fig. 3a and b). We found that habitat types
were significantly different based on vegetation type cover in both
the 2006 burn and the 1995 burn (MRPP results; A2006 = 0.4105,
p2006 = 0.001; A1995 = 0.2763, p1995 = 0.001). Long-lived perennials
and quick-growth perennials had a significant positive association
with the unburned habitat in both burns (Indicator Species Analy-
sis; long-lived perennials p2006 = 0.003; quick-growth perennials
p2006 = 0.001; long-lived perennials p1995 = 0.001; quick-growth
perennials p1995 = 0.012; Table 2). Invasive species had a significant
positive association with burned habitats without remnant vegeta-
tion in the 2006 burn (Indicator Species Analysis; p = 0.022;
Table 2).

We did not find significant differences in arthropod family-level
abundances between habitat types for either the 2006 burn
(p = 0.122) or the 1995 burn (p = 0.5608; Fig. 4a and b). However,
we found significant differences in corrected arthropod family-level
richness between habitat types for the 2006 burn (Kruskal–Wallis
rank sum test; p = 0.041, Fig. 3a) and the 1995 burn (Kruskal–Wallis
rank sum test; p = 0.0002; Fig. 3b). In the 2006 burn, we did not
find significant differences for in arthropod abundance or richness
based on habitat type. However, we did find trends that the burned
habitat with scattered vegetation maintained higher arthropod
richness than both the burned habitat without remnant vegetation
and the unburned habitat at the a 6 0.10 level. In the 1995 burn,
the unburned habitat had significantly lower arthropod richness
than all burned habitats except for the isolated burned habitat
with remnant habitat patches at a 6 0.05 (Fig. 4a and b).

We found significant differences in arthropod community
composition in the 2006 burn based on habitat type (MRPP results;
p = 0.017) and on the presence of long-lived perennial vegetation
(MRPP results; p = 0.040; Table 3). Arthropod compositional
differences were mainly driven by the families Scarabaedae (scarab
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Table 2
List of vegetation types that are positively associated with particular habitat types in each burn based on the indicator species analyses. Perennials are highly significantly
associated with unburned habitats as expected based on a priori habitat classifications.

2006 Burn 1995 Burn

Vegetation type Habitat type Vegetation type Habitat type

Long-lived perennials Unburned** Long-lived perennials Unburned***

Litter Burn, no vegetation Litter Burn, far without patches
Invasive species Burn, no vegetation* Invasive species Unburned�

Quick-growth perennials Unburned*** Quick-growth perennials Unburned*

Annuals Unburned** Annuals Burn, far with patches***

* p 6 0.05.
** p 6 0.01.

*** p 6 0.001.
� p 6 0.10.
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Fig. 4. (a–d) Mean richness and abundances for arthropods (a, b) and small mammals (c, d) in the 2006 burn (a, c) and 1995 burn (b, d). Richness levels are corrected for
detectability using a jack-knife estimator (Colwell and Coddington, 1994; Palmer, 1990). Results differ more by taxonomic group than by burn year. Significant differences
between habitats is assessed at the a 6 0.05 level based on a post-hoc multiple comparison test following Siegel and Castellan’s (1988) methods. Error bars represent one
standard error. The symbol, �, after the x-axis label indicates additional trends found at the a 6 0.10 level. Arthropod richness in the 2006 burn (a) was higher in the burned
habitat with scattered vegetation than both the burned habitat without remnant vegetation and the unburned habitat at the a 6 0.10 level. Arthropod richness in the 1995
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beetles; generalist) and Stenopelmatidae (Jerusalem crickets; det-
ritivore generalist); both families had a significant positive associ-
ation with the burned habitat without remnant vegetation
(Indicator Species Analysis; p = 0.037 and p = 0.018, respectively;
Table 4). Pholcidaes (web-building spiders) and unknown beetle
larvae had a positive association with the burned habitat with scat-
tered remnant vegetation within the 2006 burn (Indicator Species
Analysis; p = 0.10 and p = 0.001, respectively; Table 4).

Within the 1995 burn, we found differences at the a 6 0.05 level
in arthropod community composition based on habitat type and
burned/unburned classifications; we found a trend for differences
in community composition based on the presence of perennial veg-
etation (MRPP results; Table 3). Nectivorous-Formicidae (nectivore
specialists) had a significant positive association with the unburned
habitat and perennial vegetation (Indicator Species Analysis;
p = 0.003; Table 4). Granivorous-Formicidae (detritus generalists)
had a significant positive association with the burned habitat that
was close without habitat patches (Indicator Species Analysis;
p = 0.011; Table 4). Ixodida (ticks and mites) and unknown beetle
larvae had significant positive associations with isolated burned
habitat without habitat patches (Indicator Species Analysis;
p = 0.001 and p = 0.001, respectively; Table 4). Pholcidae had a sig-
nificant positive association with the burned habitat without peren-
nial vegetation (Indicator Species Analysis; p = 0.002; Table 4).

We did not find any significant differences in small mammal
abundance or corrected richness values within the 2006 burn
(Kruskal–Wallis rank-sum test; p = 0.389 and p = 0.751, respect-
fully; Fig. 4c and d), although there was a non-significant trend
of increasing abundance and richness with increasing vegetation.
However, we found significant differences in small mammal abun-
dance (Kruskal–Wallis rank-sum tests; p 6 0.001) and corrected
richness (Kruskal–Wallis rank-sum tests; p = 0.006) among habitat
types in the 1995 burn. Within the 1995 burn, the isolated burned
habitat without remnant habitat patches had lower small mammal
abundance compared to all other habitat types at a 6 0.05 (Fig. 3d).
Small mammal richness was lower in the isolated burned habitat
without remnant habitat patches than the isolated burned habitat
with remnant habitat patches and in the continuous unburned
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habitat at a 6 0.10 level (Fig. 3d); however, the isolated burned
habitat without remnant patches does not differ in richness from
the isolated burned habitat with remnant patches at a 6 0.05.

We found marginal differences in small mammal community
composition based on the presence of long-lived perennials in
the 2006 burn (MRPP results; p = 0.086; Table 3). Peromyscus
maniculatus (a generalist) had a significant positive association
with the burned habitat without remnant perennial vegetation
(Indicator Species Analysis; p = 0.013; Table 4) and Onychomys
torridus (an omnivore/predator) had a positive association with
all habitats with remnant perennial vegetation (Indicator Species
Analysis; p = 0.086; Table 4).

For the 1995 burn, we found significant differences in small
mammal community structure based on habitat type (MRPP
results; p = 0.039; Table 3) and whether the site was burned or
unburned (MRPP results; p = 0.067; Table 3). D. merriami (general-
ist granivore), O. torridus, and Ammospermophilus leucurus (diurnal
generalist) had positive associations with the unburned habitat
(Indicator Species Analysis; p = 0.021, p = 0.011, and p = 0.081,
respectively; Table 4). Peromyscus truei (a habitat specialist) had
a significant positive association with the isolated burned habitat
that contains remnant habitat patches (p = 0.045; Table 4), while
Peromyscus crinitus had a significant positive association with iso-
lated burned habitat that does not contain remnant habitat patches
(Indicator Species Analysis; p = 0.003; Table 4).
Table 3
Multi-response permutation procedure (MRPP) test results for differences in small
mammals and ground-dwelling composition. Habitat type categories are based on
habitat classifications as described in Table 1 plus unburned habitat. The burned–
unburned classification groups all habitats into either burned or unburned categories.
Perennial presence is a binary classification based on whether the habit contains
remnant, long-lived perennial plants. Burned/unburned classifications are generally
less adequate at explaining community structure when compared to classifications
representing changes in vegetation composition.

Small mammals Arthropods

Comparison A Comparison A

2006 Burn
Habitat type 0.012 Habitat type 0.048*

Burned–unburned �0.004 Burned–unburned 0.015
Perennials presence 0.018� Perennials presence 0.024*

1995 Burn
Habitat type 0.038* Habitat type 0.086***

Burned–unburned 0.017� Burned–unburned 0.028**

Perennials presence 0.011 Perennials presence 0.011�

* p 6 0.05.
** p 6 0.01.

*** p 6 0.001.
� p 6 0.10.
4. Discussion

Anthropogenic influences have created many novel disturbance
regimes, leaving behind a complex spatial matrix with high habitat
heterogeneity. Within the Mojave Desert, a landscape experiencing
a novel fire regime, we found that both ground-dwelling arthro-
pods and small mammal communities responded to habitat heter-
ogeneity within burned landscapes based on the amount of
remnant vegetation and isolation levels, suggesting the importance
of incorporating spatial heterogeneity into studies of novel distur-
bance regimes. However, we found that the taxa surveyed
responded differently to landscape heterogeneity. Within the
arthropod group, most taxa favored burned habitats, while most
small mammal species favored continuous expanses of unburned
habitat. An unexpected important finding of our study was that
the presence of remnant long-lived perennial vegetation within
burned habitats buffered against the impact of the burn with
respect to faunal biodiversity.

Classifying habitats as simply ‘‘burned’’ or ‘‘unburned’’ had the
lowest ability to detect differences in community structure across
both burns and both taxa (Table 3). The best predictors of differ-
ences in community structure were habitat type descriptions
where both remnant vegetation and isolation levels (when applica-
ble) were considered. The only time habitat type did not differ in
community composition was for the small mammals in the 2006
burn where the habitats were considered very close to the
unburned habitat which may have masked the ability to detect dif-
ferences in community structure.

Community responses to habitat type differed more by taxo-
nomic group rather than burn year. We found that arthropods pre-
ferred burned habitats with remnant vegetation while small
mammals preferred continuous expanses of unburned habitat
regardless of burn year. However, the species that responded to
particular habitat types differed. Thus, while abundance and rich-
ness values may have similar trends, different species may respond
to environmental characteristics that change with increasing time
since burn. Succession can play a large role in the resulting com-
munity (summarized in Lugo (2009)), and our data suggests that
species may become more habitat-specific through time as there
are more species associating with habitat types in the 1995 burn
compared to the 2006 burn.

Long-lived perennial plant cover corresponded to expectations
based on our a priori habitat classifications where the unburned
habitat contained significantly more long-lived perennial plant
coverage than all burned sites, and burned sites with remnant veg-
etation contained intermediate amounts of perennial plant cover-
age (Fig. 3a and b). Invasive grass cover was higher in all burned
habitats compared to the unburned habitat within the 2006 burn.
The dominance by invasive grasses was not revealed in the 1995
burn since most annuals were dead, and the invasive grass species
would have been recorded as litter cover; thus we see high litter
cover in all burned habitats. This observation is consistent with
the invasive grass fire cycle hypothesis, where burned desert hab-
itats shift to invasive grasslands because invasive grasses promote
frequent fires and are also the first species to colonize recently
burned areas (Brooks et al., 2004).

Contrary to our predictions, arthropod richness responded to
remnant vegetation as predicted by the habitat heterogeneity
hypothesis, where the highest richness corresponded to areas that
contain remnant long-lived vegetation within burned habitats (i.e.
high habitat heterogeneity, Fig. 4a and b). Arthropod family rich-
ness and composition were influenced by a combination of dis-
tance to unburned habitat and/or perennial vegetation presence
in all burned habitats (Fig. 3a and b; Table 3). Arthropods generally
have fast generation times which may allow them to recover
quickly to an altered fire regime relatively quickly, creating a typ-
ical response based on the habitat heterogeneity hypothesis. Fur-
thermore, arthropod richness has been shown to respond
positively to spatial complexity in areas that are naturally dis-
turbed by fire (Gardner et al., 1995).

Most generalist arthropod families were positively associated
with all burned habitat types while specialist species were positively
associated with the unburned habitat or burned habitats with long-
lived perennial vegetation. Formicidae-nectivore, was positively
associated with unburned habitats and long-lived perennial pres-
ence (Table 4). Nectivores rely heavily on flowering vegetation for
resources, but since it was a dry year, nectivores may have been
restricted to habitats with long-lived perennials for consistent
resources. Generalist detritivores and two predator families, Ixodida
and Pholcidae, were positively associated with burned habitats
(Table 4). Detritivores may respond to an increase in their food
source (litter coverage), and Pholcidae (a sit-and-wait spider), may



Table 4
Indicator Species Analysis results from MRPP tests. Each taxonomic group is listed with the habitat type that it is positively associated with. Only those species with significant
relationships at the a 6 0.10 level are given below. Habitat type categories are based on classifications as described in Table 3.

Family Habitat type Burned–unburned Perennials–no perennials

Arthropods burn 2006
Pholcidae Burn, scattered vegetation� – Perennials
Scarabaeidae Burn, no vegetation* – No perennials*

Stenopelmatidae Burn, no vegetation* – No perennials*

Unknown beetle larva Burn, scattered vegetation* – No perennials

Arthropods burn 1995
Diptera Unburned Unburned* Perennials
Formicidae (Granivore) Burn, close without patches* Unburned Perennials
Formicidae (Nectivore) Unburned** Unburned*** Perennials***

Ixodida Burn, far without patches*** Burned* No perennials*

Pholcidae Burn, far without patches Burned** No perennials*

Unknown beetle larva Burn, far without patches*** Burned* No perennials*

Species Habitat type Burned–unburned Perennials–no perennials

Small mammals burn 2006
Peromyscus maniculatus – – No perennials*

Onychomys torridus – – Perennials�

Small mammals burn 1995
Dipodomys merriami Unburned* Unburned** –
Peromyscus truei Burn, far with patches* Unburned –
Onychomys torridus Unburned* Unburned** –
Ammospermophilus leucurus Unburned� Unburned* –
Peromyscus crinitus Burn, far without patches** Burned –

* p 6 0.05.
** p 6 0.01.

*** p 6 0.001.
� p 6 0.10.
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respond to the increase in detritivores, their food source. Further-
more, spiders have been shown to readily recolonize habitats after
a fire due to their ballooning dispersal behavior (Buddle, 2000).

Alternatively, the positive association between arthropod rich-
ness and burned habitats may contain artifacts due to pitfall trap
sampling of ground-dwelling arthropods. Unburned habitats may
contain more shrub-dwelling rather than ground-dwelling
arthropods, but pitfall traps are biased towards the latter. Higher
detection of ground-dwelling arthropods would downplay
shrub-dwelling arthropods where they are most abundant, and
create an apparent increase in arthropod richness in burned habitats
where ground-dwelling arthropods dominate. Future studies
examining changes in both ground and shrub-dwelling arthropods
within these landscapes are needed to determine if this shift exists.

Arthropod abundances did not differ by habitat type regardless
of burn year (Fig. 4a and b). Within all habitat types, there may be
enough resources to support arthropod survival, but the arthropod
families that were present changed based on habitat type. There-
fore, we were able to detect differences in richness and composi-
tion of ground-dwelling arthropods based on habitat type, but
we were unable to detect differences in total arthropod abundance.

Small mammal abundance and richness values were highest in
continuous expanses of unburned habitat, while burned habitats
with remnant vegetation maintained moderate occupancy metrics
(Fig. 4c and d). A review by Tews et al. (2004) found only a few
studies exhibited a negative relationship with natural and/or dis-
turbance-induced habitat heterogeneity, and the majority of the
studies were mammals, suggesting that mammals may respond
to habitat heterogeneity atypically compared to other taxonomic
groups. The relationship between diversity and heterogeneity
may be influenced by how the landscape is defined in structural
variability and by the scale of the study, and we may not be mea-
suring true heterogeneity as perceived for mammals. Nevertheless,
our study found that the presence of remnant patches may mask
the negative impacts of isolation levels in burned habitats
(Fig. 3d). A study by Estrada et al. (1994) found similar results
where fences containing native vegetation mitigated the negative
effects of agricultural disturbances on small mammals, suggesting
the importance of remnant vegetation within disturbed habitats
for small mammal conservation.

We did not find differences in small mammal occupancy met-
rics within the 2006 burn (Fig. 3c). Due to the topography of the
landscape, we were restricted to surveying burned habitats that
were very close to the unburned habitat. The proximity to the
unburned habitat may have reduced our ability to detect differ-
ences in small mammal abundance and richness levels. Still, small
mammal community structure differed based on long-lived peren-
nial vegetation presence (Table 3). These results suggest that the
presence of perennial vegetation is a more useful habitat descrip-
tor than simply whether a habitat burned when the habitat is very
close to large, unburned areas.

The majority of small mammal species were positively associ-
ated with unburned habitat, indicating that large expanses of
long-lived perennial vegetation are needed to promote small mam-
mal diversity. Disturbances have been shown to have negative
effects on small mammals through the creation of patchy food
sources and an increase in predation pressure due to the reduction
of shrub cover (Simonetti, 1989). Exceptions were a few species
that have unusual habitat requirements that were more likely to
be covered in burned habitats (Table 4). A less common mammal
species, P. truei, was positively associated with burned habitats
with remnant habitat patches. Some of the remnant habitat
patches included Piñon pine habitats containing Mueller’s live
oak, a key resource for P. truei (Linzey and Hammerson, 2008).
P. crinitus, a species typically found in areas with bare rock
(Linzey et al., 2008), was positively associated with isolated burned
habitats without remnant vegetation.

Understanding the distribution and abundance of organisms is a
fundamental goal of ecology; however, dramatic human altera-
tions of disturbance regimes have created an increased need to
understand how communities are structured in novel landscapes.
Our study shows that there are many factors—patterns of spatial
heterogeneity, time since disturbance, and choice of focal taxa—
that can influence how disturbances affect community structure
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and how those effects are perceived. Thus, we encourage both
researchers and land managers to consider many variables within
their system, including habitat heterogeneity, to provide a more
holistic and unified understanding of the effects of altered distur-
bance regimes. From a desert restoration point of view, we encour-
age the promotion of long-lived native perennial vegetation within
isolated habitats as perennial vegetation may mitigate the negative
impacts of isolation within disturbed habitats.
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