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Abstract

Many nonnative invasive grasses alter fire regimes to their own benefit and the detriment of native organisms. In southern
Arizona the nonnative Lehmann lovegrass (Eragrostis lehmanniana Nees) dominates many semiarid grasslands where native
grasses were abundant. Managers are wary of using prescribed fire in this fire-prone community partly due to the perceived
effects of a grass/fire cycle. However, examples of the grass/fire cycle originate in ecosystems where native plants are less fire-
tolerant than grasses and the invasive plant does not mimic the physiognomy of the native community. We investigate the effects
of prescribed fire and livestock grazing on a semiarid grassland community dominated by a nonnative invasive grass. Lehmann
lovegrass does not appear to alter the fire regime of semiarid grasslands to the detriment of native plants. Prescribed fire reduced
the abundance of Lehmann lovegrass for 1 to 2 yr while increasing abundance of native grasses, herbaceous dicotyledons and
fall richness, and diversity. Effects of livestock grazing were less transformative than the effects of fire in this long-grazed area,
but grazing negatively affected native plants as did the combination of prescribed fire and livestock grazing. Although Lehmann
lovegrass produces more fuel than native plants, fire frequency in semiarid grasslands appears to be limited by the paucity of
above-average precipitation, which constrains high fuel loads. In addition, many native grasses tolerate high temperatures
produced by Lehmann lovegrass fires. Consistent with previous research, fire does not promote the spread of Lehmann
lovegrass, and more importantly human alteration of the fire regime is greater than the nominal effects of Lehmann lovegrass
introduction on the fire regime.

Resumen

Muchos de los pastos invasores exóticos alteran el régimen del fuego para su propio beneficio y en detrimento de los organismos
nativos. En el sur de Arizona, el pasto exótico Eragrostis lehmanniana Nees es dominante en muchos pastizales semiáridos en
los que los pastos nativos fueron abundantes. Existe una aprensión en el uso del fuego en estas comunidades susceptibles a
incendios en parte debido a los efectos percibidos de un ciclo de pasto/fuego. Sin embargo, los ejemplos del ciclo pasto/fuego son
originarios de ecosistemas en los que las especies nativas son menos tolerantes al fuego que los pastos y en los que la fisonomı́a
de la planta invasora es diferente al de la comunidad nativa. Se investigaron los efectos de quemas prescriptas y el pastoreo del
ganado en una comunidad de pastizal semiárido dominada por un pasto exótico invasor. E. lehmanniana no aparenta cambiar
el régimen del fuego de pastizales semiáridos en detrimento de las plantas nativas. Las quemas prescriptas redujeron la
abundancia de E. lehmanniana durante uno o dos años favoreciendo el aumento en la abundancia de pastos nativos,
dicotiledóneas herbáceas, y la riqueza y diversidad en el otoño. Los efectos del pastoreo del ganado fueron menos
transformadores que los efectos del fuego en esta área pastoreada desde hace mucho tiempo, pero tanto el pastoreo sólo o en
combinación con el fuego afectaron a las plantas nativas negativamente. Si bien E. lehmanniana produce más combustible que
las plantas nativas, la frecuencia del fuego en pastizales semiáridos parece estar limitada por la escasez de precipitaciones
anuales superiores a la media que restringen la generación de altas cargas de combustible. Además, muchos pastos nativos
toleran las altas temperaturas de los fuegos inducidos por E. lehmanniana. En consonancia con investigaciones previas, el fuego
no promueve la propagación de E. lehmanniana, y de mayor importancia es el hecho de que la alteración humana del régimen
del fuego es mayor que los efectos nominales de la introducción de E. lehmanniana.
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INTRODUCTION

The introduction of nonnative species and land-use impacts are
two prominent disturbances that threaten biodiversity (Wilcove

et al. 1998). The effects of nonnative invasive species on native
plant communities and fire regimes are well documented,
particularly the effects of grass introductions (D’Antonio and
Vitousek 1992; Brooks et al. 2004; Zouhar et al. 2008).
Management strategies also can influence the preservation of
biodiversity by altering extirpation and extinction rates (Pimm
and Lawton 1998). In southern Arizona, the introduction of
Lehmann lovegrass (Eragrostis lehmanniana Nees) coupled with
more than a century of intensive management has resulted in a
loss of biodiversity on multiple trophic levels (Bock et al. 1986).

Many nonnative plants have the ability to change the fire
regime by altering the frequency, type, extent, timing, intensity,
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and/or severity of fires (Zouhar et al. 2008). These specific
aspects of the fire regime can be increased, as in the case of the
grass/fire cycle, or decreased, as evidenced by the invasion of
the succulent Carpobrotus edulis (L.) L. Bolus potentially
limiting fire frequency and spread (Brooks et al. 2004). Many
examples describe or extrapolate the effects of nonnative
invasive species in nongrass dominated ecosystems, shrublands,
and woodlands (D’Antonio and Vitousek 1992; Brooks et al.
2004; Zouhar et al. 2008). The native plants are slower
growing and less tolerant of fire than invasive grasses, and in
general the physiognomy of the invasive plants and the native
community do not match. Few studies have directly examined
alteration of fire regimes due to invasive grasses in fire-prone
grasslands where there is a better match in physiognomy. Fewer
have measured medium to long-term cover in postfire
communities of invasive plants in grasslands, directly linking
the entire positive feedback cycle (D’Antonio and Vitousek
1992; Rossiter et al. 2003).

During the late 19th century a large increase in the extent
and intensity of livestock grazing began to degrade rangelands
in southern Arizona (Crider 1945). A prolonged drought
further compounded the shortage of forage and regularly
occurring wildfires were suppressed to preserve remaining
forage. The combination of these three factors, overgrazing,
drought, and fire suppression, dramatically and irreversibly
altered many native plant communities in as little as 20 yr
(Turner et al. 2003). Lehmann lovegrass, a South African
native, was initially seeded on 69 000 ha in southern Arizona to
decrease erosion rates and it continues to spread to several
neighboring states in the southwestern United States and
northern Mexico (Anable et al. 1992; Schussman et al. 2006).
Lehmann lovegrass has displaced once-abundant native species
in many areas of southern Arizona and in some locations the
species dominates stands that appear monotypic (Anable et al.
1992).

The historic fire regime in these semiarid grasslands was
variable. Because fuels are limited by above-average precipita-
tion (Crimmins and Comrie 2004), fire frequencies would vary.
Estimates of the historic fire regime in the southwest United
States would depend on location and precipitation, and could
vary from ‘‘fairly frequent’’ (Bahre 1991) to every few decades
(Wright and Bailey 1982) to possibly nonexistent (Buffington
and Herbel 1965). Extent was variable ranging from small to
very large because fuels were continuous across some valleys
(Bahre 1991). Seasonality of fire was likely in the late spring
to early summer when ‘‘monsoon’’ thunderstorms produce
abundant lightning and fuel moisture is low (McPherson 1995).
The modern fire regime in most semiarid grasslands in the
United States is reduced in frequency and extent, with
frequencies ranging from every few decades to complete
elimination in some areas (Van Auken 2000).

Many other invasive grasses in the grass/fire cycle literature
are not similar in physiognomy to the native vegetation they
replace (D’Antonio and Vitousek 1992; Brooks et al. 2004;
Zouhar et al. 2008). Examples of this phenomenon are
numerous: cheat grass (Bromus tectorum L.) is invading
shrublands in the western United States (Whisenant 1990);
red brome (Bromus madritensis L. ssp. rubens [L.] Husnot) is
invading desert shrublands in the southwest United States
(Brooks 1999); Gamba grass (Andropogon gayanus Kunth) is

much taller and creates higher fuel loads than the native
Australian grasses it replaces (Rossiter et al. 2003); and
buffelgrass (Pennisetum ciliare [L.] Link syn. Cenchrus ciliaris
L.) is invading woodlands in Australia (Miller et al. 2010) and
deserts shrublands in southwest North America (Esque and
Schwalbe 2002). All of these grasses are in many ways different
from the native community and it is predictable that this
difference accounts for the altered fire regime.

In contrast, in southern Arizona Lehmann lovegrass has a
similar morphology to the native vegetation. The invasion
of Lehmann lovegrass into semiarid ecosystems provides a
valuable reference point in the dynamics of invasive grasses and
alteration of fire regimes. Lehmann lovegrass is tolerant of fire,
but unlike the physiognomic mismatches in much of the grass/
fire literature (see table 1 in Brooks et al. 2004 for other
examples), native grasses in southern Arizona also are tolerant
of fire and are morphologically similar to Lehmann lovegrass.
Nonetheless, logic suggests a positive-feedback cycle because
Lehmann lovegrass produces more biomass than native plants,
is more water-use efficient, remains photosynthetically active
throughout the year, has a lower decomposition rate than
native grasses, and its seed germination is enhanced by fire
(Cox 1984; Ruyle et al. 1988; Sumrall et al. 1991; Frasier and
Cox 1994; Fernandez and Reynolds 2000). However, actual
demonstration of a positive-feedback cycle requires evidence
that invasion by Lehmann lovegrass 1) alters fuel loads and
therefore, 2) alters the fire regime. Further, the subsequently
altered fire regime must, 3) decrease native plant cover and 4)
increase nonnative plant cover (D’Antonio and Vitousek 1992).
Lehmann lovegrass can produce more biomass than native
grasses, thus postulate 1 has been established (Fernandez and
Reynolds 2000). We evaluate the conditions under which this
fire-tolerant nonnative grass alters a potentially high-frequency
fire regime by measuring if native plant cover decreases after
fire (postulate 3) and nonnative plant cover increases (postulate
4) in the medium- to long-term. We also use previous fire
research to estimate if the fire regime is different in Lehmann
lovegrass compared to native-dominated stands (postulate 2).

In addition, using previously documented patterns of
Lehmann lovegrass spread and recovery after disturbances,
we evaluate the effectiveness of common management tech-
niques to restore and rehabilitate native plant populations.
Because Lehmann lovegrass initiates growth before native
grasses each spring, prescribed fires during the historical fire
season (early summer) could be selectively detrimental to
Lehmann lovegrass. In addition, intensive grazing of recently
burned Lehmann lovegrass plants may further reduce domi-
nance of lovegrass, to the benefit of native grasses.

MATERIALS AND METHODS

Study Site
All treatments were performed on the Santa Rita Experimental
Range (SRER) 50 km south of Tucson, Arizona, in semiarid
grasslands dominated by Lehmann lovegrass (lat 31.7484, long
110.837). The SRER has large amounts of historical and recent
data on semiarid rangelands and has been a site of significant
research on Lehmann lovegrass (McClaran et al. 2003). This
site has been grazed for over 100 yr, but a perimeter fence was
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constructed to exclude livestock grazing 1 yr before the study
began. Mesquite (Prosopis velutina Woot.) had previously
encroached the site, but all trees were removed in the 1950s and
have recolonized the site in limited quantities. The site is a
semiarid mesquite savanna and is dominated by Lehmann
lovegrass, while perennial native grasses are sparsely distribut-
ed individuals or are limited to small patches (2–10 m diameter)
or in areas with increased soil moisture, i.e., washes. Subshrubs
compromise a minority of cover. Soils are a Baboquivari-
Combate complex with the majority of the site containing the
Baboquivari soil series. Topsoils are generally dark yellowish
brown loamy sand from 0 cm to 8 cm with 5–10% surface
gravel, and subsoil is a brown coarse sandy loam to reddish
brown coarse sandy clay loam from 8 cm to 150 cm
(Breckenfeld and Robinett 2003). Precipitation in the Sonoran
Desert is bimodal with peaks in the winter and summer.
Average annual precipitation at the site is approximately 45 cm,
with approximately 20 cm in the winter (October through
April) and 25 cm occurring during summer (May through
September) ‘‘monsoons.’’

Methods
The 24 plots consisted of 0.25-ha (50 3 50 m) areas with a
minimum 40-m buffer between plots for purposes of safety and
to ensure independence of plots. Plots were fenced to provide
control such that livestock grazing was allowed only after fires
were completed. Treatment year and type were randomly
assigned to each block and plot. Prescribed-fire and livestock
treatments were applied to half the plots in summer of 2005
and again on the remaining 12 plots in summer of 2006. Plots
were sampled during fall 2004 through fall 2008.

Objectives were met using a two-factor design with full-
factorial treatment structure; treatments included fire and
livestock grazing. Specifically, fire treatments included early
summer prescribed fires (late June), when Lehmann lovegrass
actively grows while native grasses are dormant, and unburned
treatments. The experiment also included two levels of
livestock grazing (present and absent) and livestock grazing
was confined to the plots. Livestock treatments were initiated
after prescribed fires were completed and eight livestock grazed
plots for 2–7 d depending on whether the plot was previously
treated with fire. The objective was that all plots would have
over 80% utilization rate. If the plot was previously treated
with fire, biomass was low thus the duration of grazing
necessary to obtain a utilization rate greater than 80% was 2–
4 d. If the plot was unburned, biomass was higher and duration
was 4–7 d. The burning-and-then grazing treatment was
additive, livestock grazing followed burning by approximately
7 wk, and livestock were confined to the plots. The entire
experiment was repeated during a second year to account for
interannual variability in production, which increases statistical
power to detect treatment effects. This design yielded eight
treatment combinations (2 fire 3 2 grazing 3 2 yr), each of
which is replicated three times, totaling 24 plots.

Community composition was described every fall and spring
during the two peaks in biomass, which correspond to the
region’s bimodal rainfall distribution, with peaks in the
summer and winter. To estimate plant species composition,
we used the point-intercept method. Plant cover was recorded

every 0.5 m along eight randomly located 25-m long transects.
In 2004 a total of 400 points were collected from each plot.

Production data (aboveground biomass) were collected every
fall, which corresponds to peak standing biomass of grasses.
We randomly located 10 quadrats (0.5 m2), which were clipped
(to 2.5 cm) and separated by physiognomic type: grass, litter,
and forbs (herbaceous dicotyledons ‘‘dicots’’). The samples
were then dried (at 60uC for at least 24 h) and weighed for
aboveground biomass (to the nearest 0.1 g). Litter was defined
as detached or loosely attached plant material, which included
some easily removed standing dead litter. Some standing dead
litter that was not loosely attached was counted as grass
biomass. Production of woody plants was not collected,
because they did not significantly contribute to fine fuel loads
and/or were not abundant in this semiarid grassland.

After completing a pretreatment power analysis, sampling
effort was increased. Small-scale variation was high due to the
presence of bare patches; for example biomass (measured in
0.5 m2 quadrats) in 2004 ranged from 0 to over 600 g ? m22 for
grasses and litter. Thus for all subsequent data-collection events
(2005–2008) the number of points measured was increased
from 400 to 500, and biomass sampling increased from 10 to
15 quadrats.

Analysis
Data met assumptions for analyses after square-root transfor-
mation. To test postulates 3 and 4, cover type (Lehmann
lovegrass, native grasses, shrubs, dicots, litter, and bare ground)
was analyzed with a multiple regression with year, season of
sampling, treatment, precipitation, and year treatments were
implemented as explanatory variables. Multiple regression
analyses were used to detect differences in cover between
treatments for different cover types across all years, seasons,
precipitation, and year treatments were implemented. Analysis
of variance (ANOVA) was used to detect differences between
treatments within a single combination of year, season, and
year of treatment, which also aids in testing postulates 3 and 4.

A repeated measures ANOVA (RMANOVA) was used to
test differences in biomass between physiognomic groups
(grasses, litter, and dicots) and treatments. The effects of
treatments on plant species richness between fall and spring
sampling seasons were analyzed using multiple regression, and
a RMANOVA was used to detect differences in richness
between treatments.

A multiple regression was used to examine the effects of
varying proportions of Lehmann lovegrass, season of sampling,
treatment, year of treatment, and also included appropriate
interactions as explanatory variables with Shannon’s diversity
as the response variable. The relationship between diversity and
proportion of Lehmann lovegrass was revealed with a
regression analysis.

RESULTS

Lehmann Lovegrass Cover and Grass/Fire Cycle
There is no evidence to suggest a postfire increase in nonnative
grass cover (postulate 4). Despite profound differences in
precipitation between years of treatment, burning treatments
did not significantly increase Lehmann lovegrass cover from
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2004 to 2008, nor was there a significant increase in Lehmann
lovegrass cover from 2004 to 2008 (Fig. 1). There were limited
but not statistically significant increases in Lehmann lovegrass
cover between 2004 and 2008 on individual plots treated with
the combination of fire and livestock grazing as well as on
grazed plots, but again these were not statistically significant.

It is possible that on average plots had a near carrying
capacity of Lehmann lovegrass, since the average cover of
Lehmann lovegrass was 50% of total cover and 72% of relative
plant cover. Thus, we analyzed cover of Lehmann lovegrass on
plots with below average cover. Even when restricted to this
subset of plots, there was no significant positive feedback with
treatments (P 5 0.17), thus we find no evidence of an increase
in nonnative grasses after fire (postulate 4).

Cover
Precipitation had the most consistent and significant effect on the
cover of Lehmann lovegrass, native grasses, shrubs, dicots, litter,
and bare ground (multiple regression P , 0.0001, , 0.0001,
5 0.0268, , 0.0001, , 0.0001, and , 0.0001, respectively).
Our data suggest the opposite of postulates 3 and 4 occurred;

burning and burning-and-then grazing treatments implemented
in 2005 decreased the cover of Lehmann lovegrass for 2 yr
(Fig. 1A, opposite of postulate 4) and the burning treatment
increased the cover of native grasses (Fig. 2A, opposite of
postulate 3), but not the burning-and-then-grazing treatment
(Fig. 2A, solid line with squares). The cover of bare ground
significantly increased for 3 yr (data not shown). Treatments did
not change the cover dicots. The increase in native grasses was
found in both annual and perennial species; however, individual
species (Urochloa arizonica [Scribn. & Merr.] O. Morrone and
F. Zuloaga, Panicum hirticaule J. Presl., Aristida ternipes Cav.,
Bouteloua curtipendula [Michx.] Torr., and Heteropogon
contortus [L.] P. Beauv. ex Roem. & Schult.) were not abundant
enough across plots to detect statistically significant differences
between treatments (mean abundance 6.0%, 1.8%, 1.5%,
1.2%, and 1.1%, respectively). This scarcity also did not allow
us to test for differences in biomass between patches of native
and invaded grassland.

Treatments implemented in 2006 did not have significant
and persistent effects on the cover of Lehmann lovegrass
(Figs. 1B and 1D), native grasses (Figs. 2B and 2D), shrubs,

Figure 1. Relative plant cover of Lehmann lovegrass on plots treated with prescribed fire (solid lines, filled circles), livestock grazing (dashed lines,
open squares), both prescribed fire and livestock grazing (solid line, filled squares), or were untreated (dashed lines, open triangles) on the Santa
Rita Experimental Range 50 km south of Tucson, Arizona. Treatments were implemented in 2005 (left column) or 2006 (right column) and indicated
by grey lines. Bars represent standard error. Proportion was measured in both the fall (top row) and spring (bottom row). Asterisk indicates a
significant difference between two or more treatments.
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dicots, and bare ground (data not shown). This was due to near
record high summer precipitation causing rapid growth on
treated plots.

Precipitation
Annual precipitation in all but 1 yr was below the historical
average (Fig. 3). However, summer precipitation was above
average in the 3 yr of the study after treatments were
implemented. The most marked decline in winter precipitation
occurred in 2005–2006, which was the driest on record (85-yr
history), at greater than 80% below average. The historically
low precipitation in the winter of 2006 was followed by an
unusually large, 35%, increase in summer precipitation late
that summer (sixth wettest September). Thus, plots treated
during summer 2005 experienced below-average precipitation
for 1 yr. In contrast, plots treated in summer 2006 experienced
above-average summer precipitation soon after treatments were
implemented.

Biomass
On average, 50% of aboveground biomass was composed of
litter, grasses made up 48%, and dicots were only 2% (Fig. 4).

Figure 2. Relative plant cover of native grasses on plots treated with prescribed fire, livestock grazing, both prescribed fire and livestock grazing, or
were untreated. Treatment symbols and layout are described in Figure 1.

Figure 3. Precipitation from 2004 to 2008 at nearby ‘‘Forest’’ rain
station on the Santa Rita Experimental Range, 50 km south of Tucson in
southern Arizona. Summer precipitation (black fill) was from May to
September while winter (grey) was from October to April. Average
rainfall (44.4 cm) was calculated from long-term data spanning 1923–
2008.
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Average biomass on untreated plots was about 350 g ? m22.
Aboveground biomass of dicots most closely followed summer
precipitation (Figs. 4E and 4F). Production of litter on un-
treated plots remained relatively stable throughout the study
(Figs. 4C and 4D, dashed line with triangles). Grass biomass on
untreated plots corresponded most closely with winter precip-
itation (Figs. 4A and 4B, dashed line with triangles).

The aboveground biomass of grasses, dicots, and litter
changed throughout the study period, regardless of treatment
(Table 1), partly due to variation in precipitation. Treatments
were most effective at reducing litter, followed by grasses and
had limited positive effect on the biomass of dicots (Table 1;
Fig. 4). Grasses treated in 2005 showed a significant decrease
in aboveground production, but this effect was not present on

Figure 4. Biomass of grasses (top row), litter (middle row), and dicots (bottom row) treated with prescribed fire, livestock grazing, both prescribed
fire and livestock grazing, or were untreated. Treatment symbols are described in Figure 1. Data were square root transformed for analyses, thus y-
axis and standard error bars are in geometric scale.
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plots treated in 2006 (Fig. 4A vs. 4B). Grasses treated in 2005
showed a significant decrease in production with treatment
intensity: burned and subsequently grazed plots had the lowest
biomass, followed by burned plots, plots that were only treated
with grazing were higher and untreated plots had the highest
biomass (Fig. 4A). This effect was short-lived; 2 yr after
treatment biomass on all plots was not significantly different.

Burning treatments had the longest-lasting effect on the
biomass of litter, as plots that were burned or burned and
grazed in 2005 had a significantly lower biomass than
unburned plots for the duration of the study. However, plots
treated in 2006 only showed a significant decline in litter
production for 2 yr, due to above-average rainfall shortly after
treatments were implemented.

Richness and Diversity
Throughout the 5 yr of this study, a total of 136 species were
documented during fall sampling events and 134 species during
the spring, with 56 species common between the two seasons.
Richness in the spring was modestly correlated with richness
the previous fall (r2 5 0.53). Rainfall patterns produced the
greatest differences in richness, i.e., low value of richness across
all treatments in spring 2006 was due to winter precipitation
being 80% below average. At the end of the study, differences
in richness between treatments, on average, were not signifi-
cant.

The rarest species, all species encountered only once (n 5 52)
out of over 100 000 total points, were removed before diversity
analyses. Many of these specimens were damaged or impossible
to accurately identify. Shannon’s and Simpson’s diversity
measures were highly correlated (r2 5 0.89), so only reports
of Shannon’s index are given. Diversity on all plots was
negatively correlated with proportion of Lehmann lovegrass for
all four treatments (P , 0.028). Diversity and richness varied
between years for plots treated in 2005 and 2006 (RMANOVA
P , 0.004, , 0.0007, respectively). Treatments were effective
at altering diversity (Table 2), with burned-and-then-grazed
plots showing the largest, most consistent and most frequent
declines in diversity and richness (data not shown). Diversity
was also positively correlated with precipitation (Table 2),
which caused significant variation between years.

Richness varied with season of sampling; more species were
observed in fall than spring, possibly due to more consistent
summer precipitation throughout the study period (Fig. 3).
Richness in the spring was not significantly affected by
treatments the previous summer, possibly because 8 mo and
two rainy seasons (summer and winter) had elapsed between
the treatments and spring sampling.

DISCUSSION

Scientists and practitioners are concerned about a positive
feedback cycle between fire and nonnative invasive grasses
in areas throughout the world. In a semiarid grassland in
southwestern North America, fire did not contribute to

Table 1. Results of repeated measures ANOVA of biomass of different physiognomic groups (herbaceous dicotyledons, grasses, litter) treated with
prescribed fire, livestock grazing, or the combination thereof. Bold indicates significance at P , 0.05.

Within

Treatments applied 2005 Treatments applied 2006

F df (num, den) P F df (num, den) P

Dicots

time 20.951 1.65, 13.231 0.0001 50.51 4, 5 0.0003

time ? trmt2 0.971 4.96, 13.231 0.47 1.42 12, 13.52 0.2665

Grasses

time 125.27 4, 5 , 0.0001 29.07 4, 5 0.0012

time ? trmt 5.54 12, 13.52 0.0019 0.52 12, 13.52 0.8654

Litter

time 49.86 4,5 0.0003 20.23 4, 5 0.0027

time ? trmt 3.67 12, 13.52 0.0126 3.54 12, 13.52 0.0156
1Sphericity assumption violated, Greenhouse-Geisser adjustment used.
2trmt indicates treatment.

Table 2. Results of multiple regression with diversity (Shannon’s
index, H) as response and proportion of Lehmann lovegrass, season of
sampling (fall or spring), year of treatment (2005 or 2006), treatment,
year, and seasonal precipitation (winter and summer see Fig. 2) as
explanatory variables. Estimates of the regression coefficient are given
when appropriate. Bold indicates significance at P , 0.05.

Effect Estimate F df P

Prop LL1 20.888 186.85 1 , 0.0001

Season 20.127 57.2 1 , 0.0001

Year of trmt 0.058 23.45 1 , 0.0001

Treatment 10.48 3 , 0.0001

Year 20.022 5.85 1 0.0165

Precipitation 0.022 146.08 1 , 0.0001

Season ? prop LL 0.086 1.07 1 0.3

Season ? year 20.028 9.53 1 0.0023

Season ? precip 20.008 21.65 1 , 0.0001

Prop LL ? trmt — 6.43 3 0.0004

Year ? trmt — 3.14 3 0.0264

Year of trmt ? trmt — 1.75 3 0.16

Trmt ? precip — 0.62 3 0.6

Precip ? prop LL 0.002 0.12 1 0.72
1Prop LL indicates proportion of Lehmann lovegrass; trmt, treatment; precip, precipitation.
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increased cover of the dominant nonnative invasive grass alone
or in combination with livestock grazing.

Fire led to increased cover of native grasses (Fig. 2A), if a
grass/fire cycle were to develop the opposite would result
(postulate 3), although this response was highly contingent on
pre- and post-treatment patterns of precipitation. In addition,
fire led to a decrease in cover of the invasive Lehmann lovegrass
(Figs. 1A and 1C), the opposite of postulate 4. Timing and
extent of precipitation had significant impacts on community
response to treatments, in an expected manner. Specifically, fire
produced greater reductions in cover, and the recovery from
fire took longer when treatments were implemented in 2005,
which was a dry year, than in 2006, which received above-
average precipitation. Notably, precipitation was variable to
the extreme during the course of this study, with record
seasonal drought followed by near-record abundance (Fig. 3).
This variation in rainfall had a significant effect on biomass,
richness and diversity between years, especially in the spring
when winter rainfall was sparse. Such variable patterns of
climate extremes are likely to increase in the future (Field et al.
2007; Seager et al. 2007).

The ability of a nonnative species to alter the fire regime
depends in some cases on the match in physiognomy between
the introduced organism and the community it occupies. We
suggest employing a nuanced approach when discussing
positive feedbacks and the grass/fire cycle to acknowledge that
nonnative grasses differ in their ability to impact fire regimes.
This approach is analogous to the effects of nonnative species
on communities in general: a few invasive species are
transformative, while most are insipid (Pimentel 2002). The
grass/fire cycle can be modeled by a gradient in which
nonnative grasses transform the occupied plant community’s
fire regime at one extreme, whereas they cannot persist in the
presence of fire at the other extreme. This nonnative grass does
not appear to be altering the fire regime, and is not creating a
grass/fire cycle in semiarid grasslands in southern Arizona
(Bock and Bock 1992), which is consistent with results from a
semiarid grassland in Hawaii (Daehler and Goergen 2005),
where the invasive and native grasses also have similar
physiognomy.

Changes in fire frequency and extent may not occur in the
presence of nonnative invasive grasses because historical fires in
semiarid grasslands had a large extent and relatively high
frequencies, possibly ranging from every few years (Bock and
Bock 1978; Frost 1998) when rainfall does not limit production
of fine fuel to several decades (Bahre 1991; McPherson 1995)
where and when rainfall is low. Fire in semiarid ecosystems
correlates with annual to decadal climate patterns, at least on
regional scales (Westerling and Swetnam 2003). In addition,
increased fire occurrence and extent are not associated with
drought conditions in semiarid areas, but rather with periods of
above-average precipitation (Crimmins and Comrie 2004). In
short, semiarid grasslands are fuel-limited communities. Thus,
although nonnative grasses produce more biomass than native
grasses (postulate 1), this increase in fuel would have to act as a
surrogate for above-average precipitation to overcome the
paucity of years with above-average precipitation and therefore
to account for increased fire frequency or extent (postulate 2).
In this study grass biomass decreased with decreasing
precipitation (Figs. 4A and 4B), which lends some evidence

against postulate 2, an altered fire regime due to increased
biomass, but this is certainly not sufficient evidence to reject
this postulate. The pattern of Lehmann lovegrass increasing
fuels and subsequently altering the fire regime is currently
undocumented and requires further investigation.

Although two studies have demonstrated increased postfire
abundance of Lehmann lovegrass (Cable 1965; Martin 1983),
our research is consistent with many more studies that find a
lack of evidence to support a grass/fire cycle, postulates 3 and 4
(Humphrey and Everson 1951; Pase 1971; Cox et al. 1988;
Bock and Bock 1992; Biedenbender and Roundy 1996;
McGlone and Huenneke 2004; Geiger 2006). In addition, the
low diversity found in invaded plots can occur without the
effects of fire. The unusual but regionally influential results
reported by Cable (1965) and Martin (1983) may be attributed
to their comparison of fire-tolerant nonnative grasses to fire-
intolerant native grasses, and their measurement of plant
density instead of cover. Increased plant density is consistent
with enhanced seedling germination of Lehmann lovegrass as a
result of canopy removal (Sumrall et al. 1991). However, this
increase in density does not translate into community change
beyond the transient seedling phase, as the postfire survival of
individual native grasses is twice as high as the survival of
Lehmann lovegrass (McDonald 2009). Lehmann lovegrass
produces more biomass and grows faster than native grasses,
albeit at the cost of lower postfire survival on an individual
plant basis. Thus, the vast majority of evidence points to the
absence of a positive feedback with Lehmann lovegrass and
fire.

Nonnative grasses can alter the severity and intensity of a fire
regime in some ecosystems by creating conditions to which
native plants are poorly adapted (Brooks et al. 2004; Zouhar et
al. 2008). Although Lehmann lovegrass produces more biomass
than native grasses, and could increase fire temperatures
(Wright and Bailey 1982) to a greater extent than native
grasses, these conditions apparently are not outside of historic
variability to which native species evolved. Fire behavior is
highly erratic over large and small scales due to site and fuel
characteristics, and this variation undoubtedly exceeds varia-
tion due to above-ground biomass (Daubenmire 1968; Wright
and Bailey 1982). If fire temperatures were elevated in these
fires they were not extreme enough to kill native grasses. Native
grass cover increased after fire because the postfire survival of
native grasses exceeds that of Lehmann lovegrass and many
native grasses can withstand intense fires produced by a variety
of conditions (McDonald 2009).

Practitioners are well aware that grazing some semiarid grass
species with livestock soon after fire can be detrimental to long-
term grass survival (Bunting et al. 1998) and a 2-yr rest in arid
and semiarid areas is recommended (Stoddard et al. 1975). In
more mesic areas fire can be used to increase grass production
and posttreatment grazing is desired (Fuhlendorf and Engle
2001). However, the purpose of these postfire grazing
treatments was to induce a higher mortality on Lehmann
lovegrass than by burning alone, since Lehmann lovegrass
emerges from dormancy faster and can produce more biomass
per unit time than native grasses. Postfire grazing treatments
were not effective at further reducing Lehmann lovegrass
abundances (Fig. 1A, solid line with squares) and postfire
grazing was detrimental to native grasses in most cases
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(Fig. 2A, solid line with circles vs. solid line with squares).
These results accord with previous research: livestock preferen-
tially graze native grasses over Lehmann lovegrass in mixed-
species communities (Martin 1983). In contrast, burning
without grazing was relatively beneficial to native grasses.
Postfire grazing treatments had no detectable effect on herba-
ceous dicots, a result that may be attributable to the small and
transient populations of this guild of species. These results add to
the growing literature that grazing benefits Lehmann lovegrass
to the detriment of native grasses and grazing may enhance, but
is not completely responsible for, its dominance and spread (Galt
et al. 1969; Wright and Dobrenz 1973; Fourie and Roberts 1976
cited in Cox et al. 1990; Cox and Ruyle 1986; Anable et al.
1992; McClaran and Anable 1992).

IMPLICATIONS

Early summer fire can be applied to large areas at relatively low
cost and represents one of the very few management options
that selectively reduces abundances of Lehmann lovegrass,
albeit temporarily. The addition of grazing after fire did not
induce further mortality on Lehmann lovegrass and negated the
positive effects of burning on native grasses and dicots. The
absence of a positive feedback cycle between fire and Lehmann
lovegrass suggests that managers can benefit from a diverse
assemblage of grasses on their range. Fire does not appear to
promote a grass/fire cycle in this system where the invasive
grass and the native grasses have similar morphological types.
Fire can be an effective management tool because it can
increase native grass cover, decrease Lehmann lovegrass cover,
and reduce subshrubs, although these results can be short-lived.
Depending on management goals and climate patterns, a return
interval of approximately every 5 yr to several decades could
provide ample time for biomass and subshrub recovery after
fire. Shorter intervals could decrease subshrub abundances, but
run the risk of not providing enough livestock forage during a
drought, if livestock grazing were part of a management plan.
Longer intervals could allow increases in Lehmann lovegrass
because it outcompetes native grasses in the absence of fire.
Additional research would be necessary to test these hypoth-
eses. Perhaps most importantly, it is increasingly clear that the
introduction of Lehmann lovegrass in southern Arizona alters
the fire regime of rangelands significantly less than other
human alterations (Barhe 1991; McPherson 1995; McPherson
and Weltzin 2000).
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