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ABSTRACT 

In southern Arizona two grasses, Lehmann lovegrass (Eragrostis lehmanniana 

Nees) and Buffelgrass (Pennisetum ciliare (L.) Link), are altering native plant and animal 

communities. I examined the effects of these two grasses on native plant and animal 

communities. Specifically, I used prescribed fire and livestock grazing to alter the 

abundance of Lehmann lovegrass. In addition I used prescribed fire to investigate the fire 

behaviors produced by buffelgrass. Last, I examined effects of prescribed fire and 

livestock grazing on pollinators.  

 Native grasses, like the proverbial Tortoise, are surviving at a slow and steady 

rate, while Lehmann lovegrass, like the Hare, races as it grows, takes a break when 

burned, and then races again to catch up. Because of this pattern, Lehmann lovegrass 

does not appear to alter the fire regime of semi-arid grasslands to the detriment of native 

plants. Prescribed fire reduced the abundance of Lehmann lovegrass while increasing 

abundance of native grasses and herbaceous dicotyledons. Effects of livestock grazing 

were less transformative than the effects of fire, but grazing negatively affected native 

plants as did the combination of prescribed fire and livestock grazing. 

In contrast, Buffelgrass fires are more intense than fires in surrounding 

ecosystems, even in communities with comparable fuels. Compared to previously 

described buffelgrass stands and also across different desert ecosystems, buffelgrass fuel 

loads were higher than reported in most other studies. There is a strong negative 

relationship between buffelgrass cover and native plant cover. In addition, buffelgrass 

appears to be invading favorable microsites rather than species-poor communities and 
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radiating from these sites. If a buffelgrass-fueled fire were to begin in the Sonoran Desert, 

native plant communities could be irrevocably altered. 

The bee community did not respond to land-use treatments. The absence of 

response likely resulted from treatments that were applied at scales less than the flight 

range of a bee. Resources beyond treated areas may have been sufficient to support the 

bees. Bee communities differed between years and at small and medium scales. Although 

Lehmann lovegrass reduces plant richness, land uses that decreased Lehmann lovegrass 

abundance and increased native plant richness did not affect the bee community.  
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CHAPTER 1. INTRODUCTION 

Nonnative invasive species are found on every continent, are a significant threat 

to biodiversity and cause hundreds of billions of dollars in damages each year (Pimental 

2002). Several key nonnative invasive species have become established in the Sonoran 

Desert and southern Arizona in the past century coincident with alterations in land uses 

(Tellman 2003). In the late 19th century plant production on Arizona rangelands was 

extremely low due to large-scale overgrazing coupled with a lengthy drought (Bahre 

1991). In the 1930’s and 1940’s two grasses, Lehmann lovegrass (Eragrostis 

lehmanniana Nees) and buffelgrass (Pennisetum ciliare (L.) Link), were introduced into 

southern Arizona to reduce erosion and provide forage for livestock. These two grasses 

subsequently spread throughout much of southwestern North America, altering 

ecosystems as they spread.  

These invasive grasses have the potential to alter the fire regime of the 

communities they now dominate to the detriment of native plants and animals. This 

grass/fire cycle is well documented across the globe (D’Antonio and Vitousek 1992).  

Lehmann lovegrass is invading semi-arid grasslands in southern Arizona where fires 

were historically prevalent (Wright and Bailey 1982). In contrast, buffelgrass is invading 

shrub and cactus communities of the desert, which rarely experienced fire (Wright and 

Bailey 1982). Managers in both of these ecosystems view fire negatively because of the 

perceived threat of the grass/fire cycle. Fire is known to be detrimental to a variety of 

Sonoran Desert plants (McLaughlin and Bowers 1982) including the charismatic Saguaro 

(Carnegia gigantea (Engelm.) Britton & Rose, Rogers 1985). In contrast, semi-arid 
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grasslands historically experienced fire and fire is an important process in maintaining 

these ecosystems, thus the absence of fire in this ecosystem is likely unwarranted 

(McPherson 1997).  

In this dissertation I describe the fire ecology of Lehmann lovegrass and 

buffelgrass in these contrasting communities: semi-arid grasslands and the Arizona 

Upland subdivision of the Sonoran Desert. In Appendix A I compare the post-fire 

survival of Lehmann grass plants to native grasses. I describe the medium-term effects of 

restoration techniques (prescribed fire and livestock grazing) on semi-arid grasslands 

dominated by Lehmann lovegrass in Appendix B. In Appendix C I elucidate the fire 

temperatures buffelgrass-fueled fires can create and the potential effects on native plants. 

I also describe the fire behaviors produced from buffelgrass-fueled fires in Appendix D. 

Last, in Appendix E I investigate the effects of prescribed fire and livestock grazing on 

pollinator communities, as relatively little is known about these land-use effects on this 

beneficial animal community.  

Chapter 2 summarizes the methods, results and conclusions of this research.  
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CHAPTER 2. PRESENT STUDY 

 The methods results and conclusions of this dissertation are presented in the 

papers appended to this dissertation. The following is a summary of the important results 

of each appendix.  

Appendix A- “Survival of Lehmann lovegrass and native grasses after fire: promoting the 

absence of a grass/fire cycle through proverbs.” 

 Many nonnative invasive grasses have altered fire regimes to the benefit of the 

introduced species. In southern Arizona managers are reluctant to use fire as it may 

benefit the introduced Lehmann lovegrass (Eragrostis lehmanniana Nees) and possibly 

promote a nonnative grass/fire cycle. A few studies demonstrate Lehmann lovegrass 

responds favorably to fire, however other studies indicate that longer-term community 

change does not occur after fire. Given these contradictory results I investigate the effects 

of fire on the survival of individual grasses on plots dominated by Lehmann lovegrass, 

native grasses or a mixture of the two.  

These plots were treated with prescribed fire in 2005 or were untreated. Post-fire 

survival of all established grasses was measured on 54, 1-m radius plots. Over 1700 

grasses were mapped and monitored for 2 years after treatments were implemented. 

Native grasses had a higher survival, and in some cases nearly double that of Lehmann 

lovegrass on burned and unburned plots. While a number of Lehmann lovegrass 

seedlings germinated after fire treatments, the percent of established Lehmann lovegrass 

plants did not increase two years after treatments.  
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Native grasses, like the proverbial Tortoise, are surviving at a slow and steady 

rate, while Lehmann lovegrass, like the Hare, races as it grows, takes a break when 

burned, and then races again to catch up. But in this tale, the abundance of Lehmann 

lovegrass did not increase two years after fire. These results imply that a grass/fire cycle 

involving Lehmann lovegrass might be absent in southern Arizona, and fire can be a 

useful tool for rangeland restoration and rehabilitation.  

Appendix B –“The grass/fire cycle in a semi-arid grassland: response of an invasive grass 

and native plants to fire and grazing suggest the absence of a positive feedback cycle.” 

Many nonnative invasive grasses alter fire regimes to their own benefit and the 

detriment of native organisms. In southern Arizona the nonnative Lehmann lovegrass 

dominates many semi-arid grasslands where native grasses used to be 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 are 

atypical in fire-prone communities. I investigate the effects of prescribed fire and 

livestock grazing on a semi-arid plant community dominated by a nonnative invasive 

grass.  

In 2005, 24 0.25-ha plots were established on the Santa Rita Experimental Range 

50 km south of Tucson, Arizona. Half the plots were treated in 2005 with prescribed fire, 

livestock grazing, the combination of prescribed fire and livestock grazing or were left 
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untreated. The other half were similarly treated in 2006 to account for interannual 

variation.  

Lehmann lovegrass does not appear to alter the fire regime of semi-arid 

grasslands to the detriment of native plants. Prescribed fire reduced the abundance of 

Lehmann lovegrass for 1-2 years while increasing abundance of native grasses, 

herbaceous dicotyledons and fall plant 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 semi-arid 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. 

Appendix C- “Fire behavior characteristics of buffelgrass-fueled fires and changes in 

plant community composition.” 

Buffelgrass (Pennisetum ciliare (L.) Link) is a textbook example of the grass/fire cycle 

and the species has the potential to transform the shrublands of the Sonoran Desert into a 

fire-prone grassland. Effects of a buffelgrass invasion have been documented from 

Australia to North America, pointing to an end result of large-scale wildfires. In heavily 
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populated areas such as Nogales, Sonora and Tucson and Phoenix, Arizona buffelgrass 

populations are not large enough to cause large-scale wildfires, but populations are 

growing exponentially. Although much research has been conducted on buffelgrass, 

relatively little is known about fire behaviors produced by a buffelgrass-fueled fire.  

We measure fire-behavior characteristics in four prescribed fires in southern 

Arizona. We also determine which abiotic and biotic characteristics best predict fire 

behavior. Given that buffelgrass is known to decrease native plant richness in other 

ecosystems, we evaluate the relationship between buffelgrass abundance and native plant 

cover.  

Buffelgrass fires are more intense than fires in surrounding ecosystems, even in 

communities with comparable fuels. There is a strong negative relationship between 

buffelgrass cover and native plant cover. In addition, buffelgrass appears to be invading 

favorable microsites rather than species-poor communities and is radiating from the 

former sites. Finally, if a buffelgrass-fueled fire were to begin in the Sonoran Desert, 

native plant communities could be irrevocably altered. If management goals include 

restoration or preservation, we suggest control of any population of buffelgrass before 

fuels accumulate sufficiently to support fire spread or before native plants decline in 

abundance. 

Appendix D- “Most native Sonoran Desert plants don’t stand a chance: the nonnative 

invasive buffelgrass produces copious fuels and creates high peak fire temperatures.” 
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Buffelgrass is creating a grass/fire cycle in many parts of the world and altering 

plant and animal communities. Fuel loads of buffelgrass were measured across several 

sites in southern Arizona, USA. Prescribed fires also were conducted in buffelgrass-

dominated fields to measure fire temperatures and quantify relationships between 

temperature and fuel load.  

We directly recorded fire temperatures up to 871 °C and indirectly recorded 

temperatures up to 900 °C. There was no relationship between fuel load and temperature, 

likely because increased fuel was insufficient to contribute to additional fire intensity 

beyond minimum fuel loads. Compared to previously described buffelgrass stands and 

also across different desert ecosystems, buffelgrass fuel loads were higher than reported 

in most other studies. Nonnative grasses posing significant fire hazards in the Great Basin 

and Mojave Deserts are annuals, whereas buffelgrass is a perennial plant that highlights a 

novel management threat: interannual variation in buffelgrass biomass is much lower 

than other invasive grasses. As a result, buffelgrass creates a more consistent year-to-year 

fire hazard than annual grasses.  

Managers have used herbicide to reduce buffelgrass fuel loads; however even 

after 3 years of decomposition, stands of dead buffelgrass can support fire spread. 

Allometric relationships provide an accurate estimate of buffelgrass biomass of 

individual plants, but not fuel loads within stands. Based on fuel-load data, buffelgrass 

creates a grass community with more fuel than nearby semi-arid grasslands. Thus, 
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buffelgrass produces nonnative grasslands at relatively low elevations of the Sonoran 

Desert with more biomass than grasslands in more mesic environments.  

Appendix E- “Fire, livestock grazing and an invasive grass: Response of pollinators to 

multiple disturbances in southern Arizona.” 

Pollination is crucial to the survival of many plants and animals. Threats to plants 

and pollinators are numerous and include land uses, habitat loss and fragmentation and 

introduction of nonnative organisms. The Sonoran Desert is home to numerous 

pollinators, especially bees (Hymenoptera: Apoidea), but is also faced with many 

ecological challenges. I elucidated the response of the bee community to small-scale 

land-use treatments in a semi-arid grassland of southern Arizona dominated by the 

nonnative, invasive Lehmann lovegrass.  

The plant community was significantly affected by these treatments, with an 

increase in dicotyledons and native grasses and a decrease in Lehmann lovegrass and 

shrubs due to fire. Grazing had only moderate effects. The bee community did not 

respond to these treatments. The absence of response likely resulted from treatments that 

were applied at scales less than the flight range of a bee. In addition, resources beyond 

treated areas may have been sufficient to support the bees. Bee communities differed 

between years and at small (1-4 ha) and medium (15 ha) scales. The annual abundance of 

bees closely matched the annual abundance of wildflowers, highlighting that these two 

guilds use similar cues. Although Lehmann lovegrass reduces plant richness, small-scale 
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land uses that decrease Lehmann lovegrass abundance and increase native plant richness 

did not affect the bee community. 
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Abstract 

Many nonnative invasive grasses have altered fire regimes to the benefit of the 

introduced species. In southern Arizona managers are reluctant to use fire as it may 

benefit the introduced Lehmann lovegrass (Eragrostis lehmanniana Nees) and possibly 

promote a nonnative grass/fire cycle. A few studies demonstrate Lehmann lovegrass 

responds favorably to fire, however other studies indicate longer-term community change 

does not occur after fire. Given these contradictory results I investigate the effects of fire 

on the survival of individual grasses on plots dominated by Lehmann lovegrass, native 

grasses or a mixture of the two. Native grasses had a higher survival, and in some cases 

nearly double that of Lehmann lovegrass on burned and unburned plots. While a number 

of seedlings germinated after fire treatments, the percent of established Lehmann 

lovegrass plants did not increase two years after treatments. Native grasses, like the 

proverbial Tortoise, are surviving at a slow and steady rate, while Lehmann lovegrass, 

like the Hare, races as it grows, takes a break when burned, and then races again to catch 

up. But in this tale, the abundance of Lehmann lovegrass did not increase two years after 

fire. These results imply that a grass/fire cycle involving Lehmann lovegrass might be 

absent in southern Arizona, and fire can be a useful tool for rangeland restoration and 

rehabilitation.  

Introduction 

 Many nonnative invasive grasses respond positively to fire, and in some cases increase 

the frequency, extent and intensity of fires (D’Antonio and Vitsousek 1992, Brooks et al. 

2004, Zouhar et al. 2008). The response to fire of the nonnative invasive Lehmann 
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lovegrass (Eragrostis lehmanniana Nees) is of concern among land managers who want 

to reintroduce fire to semi-arid grasslands in the southwestern US. Fire used to be 

common in the semi-arid grasslands but is currently rare, and the paucity of fire is 

causing undesirable changes in community composition (Bahre and Shelton 1993, Turner 

et al. 2003). Given the historical presence of fire in semi-arid grasslands and the utility of 

fire as a management tool, the absence of fire is unwarranted for most sites (McPherson 

1997).  

Managers in southern Arizona are reluctant to use fire as a management tool, even in 

remote areas. The fact that Lehmann lovegrass encroaches into patches of native grasses 

after fire (Cable 1965, Martin 1983), coupled with the general pervasiveness of the 

grass/fire cycle, might explain this reluctance. However, there are significant constraints 

on interpretation of these studies. In Cable’s (1965) study, Lehmann lovegrass 

encroached into stands of the native Black grama (Bouteloua eriopoda (Torr.) Torr.), a 

species that is neither fire tolerant nor characterized by rapid post-fire recovery (Reynolds 

and Bohning 1956). Also both Cable (1965) and Martin (1983) measured the density of 

Lehmann lovegrass after fires, thus confounding post-fire recruitment with survival of 

established plants. 

Curiously, many studies have shown marginal or no increases in Lehmann lovegrass 

populations in response to fire (Humphrey and Everson 1951, Pase 1971, Cox et al. 1988, 

Bock and Bock 1992, Bidenbender and Roundy 1996, McGlone and Huenneke 2004, 
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Geiger 2006). Furthermore Lehmann lovegrass populations have increased in the absence 

of fire as well (Anable et al. 1992, McClaran and Anable 1992). 

Given these possibly contradictory reports it appears that two distinct processes might be 

occurring after a fire. First, Lehmann lovegrass seedlings recruit into burned areas in 

greater numbers than native grasses. But second, short-term gains in density are not 

translating into community change directly after a fire.  

In this paper I tested the idea that established Lehmann lovegrass plants have a low 

survival in response to fire, compared to native grasses. This would counter the idea of 

the grass/fire cycle in semi-arid grasslands dominated by Lehmann lovegrass, where 

invasive grasses should respond positively to fire. I also examined if burned grasses have 

reduced survival several years after a fire, consistent with the pattern illustrated for some 

grasses that post-disturbance survival is overshadowed by high mortality in subsequent 

years (Canfield 1957). Last, I investigated whether fire produced a change in community 

composition of areas dominated by native grasses, Lehmann lovegrass or a mixture of the 

two.  

Methods 

This study occurred on pasture 1 of the Santa Rita Experimental Range 50 km south of 

Tucson, Arizona in a semi-arid grassland (lat. 31.7484, long. -110.837). This grassland is 

dominated by caespitose grasses and the nonnative invasive grass Lehmann lovegrass 

occupies approximately 50% of cover. The site has a long history of livestock grazing 

(>100 yr) but livestock were excluded two years before treatments. Subplots were 
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selected because they were either dominated by Lehmann lovegrass (hereafter ‘lovegrass’ 

subplots), by native grasses (‘native’ subplots) or an approximately equal mixture of the 

two (‘mixed’ subplots). Subplots were not randomly selected and were generally small 

islands (3-8 m diameter) surrounded by a sea of Lehmann lovegrass.   

I mapped the location of all established grasses (basal diameter >1.5 cm) on 1-m radius 

subplots (3.14 m2) using a compass mounted on a meter stick. The meter stick was 

stationed at a permanent benchmark in the center of each subplot. This method allowed 

for quick but accurate measurement of numerous plants in each year. A set of 3 subplots 

was replicated 3 times in each of six 50- x 50-m plots (3 x 3 x 6) for a total of 54 

subplots. Half of the 6 plots were randomly treated with prescribed fire after the initial 

sampling in the summer of 2006, which coincides with the historic fire season for the 

region (McPherson 1995). 

Grasses were measured at the estimated center of the bunch to the nearest 1 cm and even 

(not odd) degree. ‘Individuals’ were defined as a distinct group of tillers of the same 

species that formed an approximately circular shape. Some number of ‘individual’ 

grasses may have fragmented (i.e. split into two ‘individuals’) and conversely some 

‘individuals’ may have been two distinct grass plants that coalesced over time.  

Plants were relocated in the summers of 2007 and 2008. I estimated survival by plotting 

the 2006 and 2007 locations in a GIS platform (ArcMap 9.0) and selecting all 2007 

grasses within 7 cm of the 2006 grasses. The 7-cm search radius allowed for 4° of error 

between the estimated center of each grass in each year at 1.0 m distance, which is a 
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tolerable error rate between observers. The grasses that matched in 2007 were then 

matched to the 2008 cohort. 

Survival was defined as two grasses of the same species having locations within 7 cm 

between years. In addition, when analyzing raw data, matches were allowed at a many-to-

many relationship and then only the closest grass of the same species was assumed to be 

the survivor. Thus, all surviving grasses used for analyses matched on a one-to-one 

relationship.  

Analysis 

Survival rate was calculated as the percent of grasses that survived from year-to-year. 

survival rates of native grasses and Lehmann lovegrass with and without burning 

treatments over the two years of this study were examined with ANOVA analyses. I 

analyzed relative abundance data of Lehmann lovegrass over time using a multiple 

regression. Specifically, I used the relative abundance of Lehmann lovegrass as a 

response variable and year, treatment, species type (native or non-native), subplot type 

(native, mixed and Lehmann) and appropriate interactions as explanatory variables. Last, 

I used a regression to determine the relationship between increasing search radius on the 

number of potentially matching plants.  

Results  

The total number of grass plants increased over time (n=1723, 1958, and 2108 grass 

plants in 2006, 2007, and 2008 respectively). Precipitation at a nearby rain gauge 
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increased in each year, but was near the 80-year normal throughout the study (Fig. 1). In 

2007, 39.6% of grasses survived while in 2008, 22.2% of the original grasses survived, 

across all treatments. Native grasses comprised 42.3% of all individuals and Lehmann 

lovegrass was the only nonnative plant found in this study. The most prominent native 

grasses were Heteropogon contortus (L.) P. Beauv. ex Roem. and Schult., Bouteloua 

curtipendula (Michx.) Torr., Digitaria californica (Benth.) Henr., Bouteloua spp., 

Aristida ternipes Cav., Leptochloa dubia (Kunth) Nees, and Lycurus phleoides Kunth 

(Table 1).   

Native grasses had a higher survival rate than Lehmann lovegrass and untreated grasses 

had a higher survival rate than burned grasses (Fig. 2). These results are similar for the 

combination of these two factors; i.e., native grasses on unburned plots had higher 

survival rates than Lehmann lovegrass on burned or unburned plots (Fig. 3).  

The proportion of burned grasses surviving two years after fire was not significantly 

different from the survival of untreated grasses in either 2007 or 2008 (Fig. 4). There was 

no significant effect of fire on survival two years after treatment (p=0.39).   

The location data for 15.3% of grasses in 2007 and 4.0% in 2008 matched, however the 

species did not match. The effect of ‘mismatching’ species would be noticed more on 

native and mixed subplots than on lovegrass-dominated subplots because of a 

significantly lower diversity on lovegrass subplots (Shannon’s (H) index 0.67, 0.71, 0.36,  

respectively, p=0.017). Thus, the survival of Lehmann lovegrass plants was decreased on 

subplots dominated by Lehmann lovegrass by 15.3% and 4.0%, respectively, but only 
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when analyzing the effects of subplot on treatment. Furthermore, plants that were 

mismatched based on species identification were farther away from species that correctly 

matched (mean 4.4 vs. 3.3 cm, p=0.01). This is partly an effect of using a 7-cm search 

radius as indicated by the significant positive relationship between search radius and the 

number of plants that matched (Fig. 5, p<0.0001, R2adj.=0.99).  

After accounting for the effect of ‘mismatching’ species on Lehmann subplots, there was 

no significant difference in survival between the native, mixed and Lehmann subplots in 

2007 and 2008 (p=0.92 and p=0.18, respectively). Thus, the following analyses which 

incorporate subplot type are correctly compared. 

Using the entire data set (n=1723, 1958, and 2108 grasses in 2006, 2007 and 2008 

respectively), which would allow for recruitment into the population, the relative 

abundance of Lehmann lovegrass did not significantly increase on any of the Lehmann, 

mixed or native subplots. Furthermore, multiple regression of year and treatment by the 

relative abundance of Lehmann lovegrass indicated both year and treatment terms were 

significant (p=0.019 and p=0.018). One year after burning the relative abundance of 

Lehmann lovegrass was not significantly different but might have decreased (p=0.087); 

however it was not significantly different from control plots two years after treatment 

(p=0.175). There are no significant (p>0.05) interactive effects between species type 

(native or Lehmann lovegrass), treatments, or subplot type (native, mixed or lovegrass). 

However, Lehmann lovegrass might be more resilient to mortality when resembling 
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monospecific stands (subplot x species interaction, p=0.082), unless it is burned (subplot 

x treatment interaction, p=0.071).  

Discussion 

Similar to the proverb, these native grasses are the Tortoise and Lehmann lovegrass is the 

Hare. Native grasses are growing at a slow and steady rate, and they have an advantage at 

surviving fire. Lehmann lovegrass, playing the part of the Hare, takes a ‘break’ when it is 

burned.   

The grass/fire cycle may not be as prevalent in these semi-arid grasslands as managers 

believe and as indicated in previous research (e.g., Anable et al. 1992). Fire does not 

cause the spread of Lehmann lovegrass into areas dominated by native plants, a finding 

consistent with Geiger (2006). However, fire does create opportunities for numerous 

Lehmann lovegrass seeds to germinate, because Lehmann lovegrass seeds depend on 

high amounts of light to trigger germination, when adequate rainfall occurs (Sumrall et 

al. 1991, Roundy et al. 1992). As noted previously, this advantage in establishment does 

not translate into community change. Established native grasses have a higher survival 

than Lehmann lovegrass and burned plants recover relatively quickly, in less than two 

years, after fire. Also, relative abundance of Lehmann lovegrass did not increase two 

years after fire. It is therefore likely that many Lehmann lovegrass seedlings do not 

survive more than one year (CJM pers. obs.), a pattern consistent with herbaceous 

perennials (Harper 1977).  
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The primary causes of widespread conversion from native to Lehmann lovegrass 

dominated semi-arid grasslands are likely not fire or livestock grazing (McClaran et al. 

2003). The dominance is likely due to Lehmann lovegrass having a higher water-use 

efficiency (Frasier and Cox 1994, Fernandez and Reynolds 2000), higher reproductive 

rate, especially during winter (Huang and Geiger 2008), delayed germination and a more 

viable seed bank (Abbott and Roundy 2003) than native grasses. Lehmann lovegrass also 

has a high establishment rate on bare, nutrient poor soils, which is why it was selected for 

introduction in southern Arizona in the 1930’s (Cox et al. 1988).  

As establishment in semi-arid and arid environments can be episodic and/or cyclical 

(Brady et al. 1989, McClaran et al. 2003) it is possible, but not likely, that fire may 

provide a mechanism for numerous seedlings to become established only during above-

average precipitation patterns. However, annual rainfall was near normal for the duration 

of this study and seasonal rainfall did not provide opportunity for establishment; i.e., 

above-average rainfall in the summer of 2006 was followed by below-average rainfall in 

the winter of 2006-2007. 

Estimates of survival are based on a 7-cm radius, as described previously, and with this 

method there is a direct tradeoff when decreasing search radius which increases precision 

but decreases estimated survival. Thus, these estimates are most useful for comparative 

purposes within this study. Despite differences in methods, these results were similar to 

other studies. Grass survival in semi-arid grasslands in New Mexico averaged about two 

years and nearly 40% survival between years (Wright and Van Dyne 1976). Over a 
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longer time period those few grasses that survive the initial establishment lived for 

several years to more than a decade (Wright and Van Dyne 1976) and in extreme cases 

more than a century (Webb 1996). In another study, survival of native grasses was more 

variable than reported here, with a few species having similar rates of survival (Canfield 

1957).  

In southern Arizona, we are left with the usual predicament; the slow and steady Tortoise 

will not be winning the race until the Hare takes a break. Land managers interested in 

maintaining a diversity of grasses in semi-arid grasslands have at least two options. They 

can work to slow down the Hare and fire is a reasonable tool in this endeavor. Or 

managers can assist the Tortoise, using various restoration techniques (Biedenbender and 

Roundy 1996). The reintroduction of fire in areas dominated by Lehmann lovegrass is 

appropriate given that semi-arid grasslands historically experienced fire, native grasses 

survive fire well, Lehmann lovegrass has a low survival after fire, and the numerous 

Lehmann lovegrass seedlings that sprout after fire do not change post-fire vegetation 

patterns several years after fire. Fire should be reintroduced as close to the regime with 

which semi-arid grasslands developed, early summer fires at approximately 10-year 

intervals, with considerable variation around this mean, as native grasses may be 

damaged by fires that occur outside this regime (McPherson and Weltzin 2000, Jensen 

and McPherson 2008).  
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Table and Figures 
 

Table 1. Relative proportion of grasses that survived in each year and the relative 
proportion of all grasses recorded in each year on 1-m radius plots located on the Santa 
Rita Experimental Range 50 km south of Tucson AZ.  

 
 Relative abundance of 
survivors  

Overall relative 
abundance 

Species  2006 2007 2008  2006 2007 2008
Lehmann lovegrass 57.4 49.0 46.3  57.4 44.4 38.1
Heteropogon contortus 15.3 18.5 18.4  15.3 24.1 28.2
Bouteloua curtipendula 12.7 14.4 14.5  12.7 13.9 14.2
Digitaria californica 8.1 12.1 15.3  8.1 7.1 7.2
Bouteloua spp.1  3.8 2.9 2.4  3.8 4.5 5.1
Aristida ternipes 1.7 1.9 1.8  1.7 3.2 5.6
Leptochloa dubia 0.7 1.0 1.1  0.7 2.6 1.6
Lycurus phleoides 0.1 0.1 0.3  0.1 0.1 0.0
        

n 1723 682 380 1723 1958 2108
 

 
 

1-Bouteloua chondrosioides and B. filiformis were not identified separately. 
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Figure 1. Precipitation during the 3 years of the study and in the previous year (2005) at 
nearby Box Springs canyon at the Santa Rita Experimental Station 50 km south of 
Tucson, AZ. Line indicates 80-year average for the station.  
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Figure 2. Percent survival of individual native and Lehmann lovegrass (LL) plants and 
survival of burned (B) and untreated (U) grasses measured from 2006 through 2008 on 
pasture 1 of the Santa Rita Experimental Range 50 km south of Tucson, AZ. Letters 
indicate significant differences for each pair (p<0.05).  
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Figure 3. Percent survival of native grasses (N) and Lehmann lovegrass (LL) measured 
from 2006 through 2008 on burned (B, grey bars) and unburned (U, open bars) plots on 
pasture 1 of the Santa Rita Experimental Range 50 km south of Tucson, AZ. Letters 
indicate significant differences in each year (p<0.05).  
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Figure 4. Survival of Lehmann lovegrass and native grasses one and two years after 
burning treatment (B, grey bars) or unburned (U, white bars). Fire treatment was applied 
in 2006, survival was measured in 2007. Survival in 2008 was measured from the 
remaining grasses that survived in 2007. Asterisk indicates significant difference 
(p<0.011). 
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Figure 5. The number of matching grasses, based on location, as a function of search 
radius. Plants were located on pasture 1 of the Santa Rita Experimental Range 50 km 
south of Tucson, AZ. Data are from plants mapped in 2006 and again in 2007 on 1-m 
radius plots. 

 Search radius (cm)

3 4 5 6 7 8 9 10 11

N
um

be
r o

f m
at

ch
in

g 
pl

an
ts

400

600

800

1000

1200

1400

1600

 

 

  



40 
 

APPENDIX B 

THE GRASS/FIRE CYCLE IN A SEMI-ARID GRASSLAND: RESPONSE OF AN 
INVASIVE GRASS AND NATIVE PLANTS TO FIRE AND GRAZING SUGGEST 

THE ABSENCE OF A POSITIVE FEEDBACK CYCLE 

 

Christopher J. McDonald 
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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 semi-arid grasslands where native 

grasses used to be 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 are atypical in fire-prone communities. I investigate the effects of 

prescribed fire and livestock grazing on a semi-arid plant community dominated by a 

nonnative invasive grass. Lehmann lovegrass does not appear to alter the fire regime of 

semi-arid grasslands to the detriment of native plants. Prescribed fire reduced the 

abundance of Lehmann lovegrass for 1-2 years 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 semi-arid 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.  
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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 and/or severity of fires. 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 potentially limiting fire 

frequency and spread (Brooks et al. 2004). Many examples describe or extrapolate the 

effects of nonnative invasive species in non-grass dominated ecosystems, shrublands and 

woodlands (D’Antonio and Vitousek 1992, Brooks et al. 2004, Zouhar et al. 2008), plants 

which generally are slower growing and less tolerant of fire than grasses. Few studies 

have directly examined alteration of fire regimes due to invasive species in fire-prone 

grasslands; fewer have measured medium to long-term cover in post-fire communities of 



43 
 

invasive plants in these ecosystems, 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 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 years (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 U.S. 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, CJM pers. obs.).  

The invasion of Lehmann lovegrass into semi-arid ecosystems provides a valuable 

reference point in the dynamics of invasive grasses and alteration of fire regime. 

Lehmann lovegrass is very tolerant of fire, but unlike the relatively fire-intolerant shrubs 

in much of the grass/fire literature, native grasses in southern Arizona also are tolerant of 

fire. Nonetheless, Lehmann lovegrass should alter the fire regime because it 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, Frasier and Cox 1994, 
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Sumrall et al. 1991, Fernandez and Reynolds 2000). Logic suggests a positive-feedback 

cycle, but 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). I evaluate under 

which conditions this fire-tolerant nonnative grass alters a potentially high-frequency fire 

regime. 

In addition, using previously documented patterns of Lehmann lovegrass spread 

and recovery after disturbances, I evaluate the effectiveness of common management 

techniques 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 dominance of lovegrass, to the benefit of native grasses. These 

techniques, fire and livestock grazing, can be applied to large areas at relatively low cost 

and represent among the very few management options that might reduce abundances of 

Lehmann lovegrass across its invaded range. 

Methods 

All treatments were performed on the Santa Rita Experimental Range (SRER) 50 

km south of Tucson, Arizona in semi-arid grasslands dominated by Lehmann lovegrass 

(lat. 31.7484, long. -110.837). The SRER has large amounts of historical and recent data 
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on semi-arid rangelands and has been a site of significant research on Lehmann lovegrass 

(McClaran et al. 2003). 

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, 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). Livestock treatments were initiated after 

prescribed fires were completed and eight livestock grazed plots for 2-7 days depending 

on whether the plot was previously treated with fire. Utilization on all grazed plots was 

high at over 80%. The entire experiment was repeated during a second year to account for 

inter-annual variability in production, which increases statistical power to detect 

treatment effects. This design yielded 8 treatment combinations (2 fire x 2 grazing x 2 

years), each of which is replicated 3 times, totaling 24 plots.  

The 24 plots consisted of 0.25-ha (50- x 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 fall 2004 

through fall 2008. 
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Community composition was described every fall and spring during the two peaks 

in biomass, which correspond to the region’s bimodal rainfall distribution. To determine 

plant species composition we used the point-intercept method to estimate plant cover. In 

2004 a total of 400 points were collected from each plot. Plant cover was recorded every 

0.5 m along eight randomly located transects.  

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, separated (by physiognomic type: grass, litter and forbs 

(herbaceous dicotyledons ‘dicots’), dried (at 600 C for at least 24 hours), and weighed for 

aboveground biomass (to the nearest 0.1 g). 

After completing a pretreatment power analysis, sampling effort was increased. 

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 transformation. 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.  
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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. Cover type (Lehmann lovegrass, native grasses, 

shrubs, dicots, litter and bare ground) was analyzed with a multiple regression with year, 

season of sampling, treatment 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 and year treatments were 

implemented. ANOVA analysis was used to detect differences between treatments within 

a single combination of year, season and year of treatment.  

Results 

Annual precipitation in all but one year was below the historical average (Fig. 1). 

However, summer precipitation was above average in the 3 years of the study after 

treatments were implemented. The most marked decline in winter precipitation occurred 

in 2006, which was the driest on record (85-year 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 (6th wettest 

September). Thus, plots treated during summer 2005 experienced below-average 

precipitation for 1 year. In contrast, plots treated in summer 2006 experienced above-

average summer precipitation soon after treatments were implemented.  
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Biomass 

On average, 54.3% of aboveground biomass was composed of grasses, litter made 

up 42.4% and dicots were only 3.5% (Fig. 2). Average biomass on untreated plots was 

about 350 g/m2. Aboveground biomass of dicots most closely followed summer 

precipitation (Fig. 3). Production of litter on untreated plots remained relatively stable 

throughout the study. Grass biomass on untreated plots corresponded most closely with 

winter precipitation (Fig. 3). 

The aboveground biomass of grasses, dicots and litter changed throughout the 

study period, regardless of treatment (Table 1). Treatments were most effective at 

reducing litter, followed by grasses and had no effect on the biomass of dicots (Fig. 2). 

Grasses treated in 2005 showed a significant decrease in aboveground production, but 

this effect was not present on plots treated in 2006 (Fig. 2). 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, and plots 

that were only treated with grazing. This effect was short-lived; two years 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 2-3 years. However, plots treated in 2006 only showed a significant 

decline in litter production for 1 year.  

Richness 



49 
 

Throughout the 5 years 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=0.53). 

Average richness varied through time for plots treated in both 2005 and 2006 

(p<0.0007). Treatments influenced average richness on plots treated in 2006, with the 

combination of burning and grazing showing the largest decrease (p=0.048, Fig. 4). 

However, treatments did not affect richness on plots treated in 2005 (p=0.36). Richness 

also varied with season of sampling; more species were observed in fall than spring and 

this difference was greater on plots treated in 2006 than those treated in 2005 (p=0.034 

vs. p=0.090, respectively). Season of sampling and year had a strong interactive effect for 

plots treated in 2005 and 2006 (p=0.0028 vs. p=0.055, respectively). 

Treatments significantly affected richness in the fall, with a reduced richness 

immediately after the combination of burning and grazing treatments were implemented 

(Table 2, Fig. 4). Overall, richness in the spring was not significantly affected by 

treatments (Table 2, Fig. 4); however richness was lowest on burned-and-then-grazed 

plots compared to other treatments. 

Diversity 

The rarest species, all species encountered only once (n=52), were removed 

before diversity analyses. Shannon’s and Simpson’s diversity measures were highly 

correlated (r2=0.89), so only reports of Shannon’s index are given. Diversity on untreated 
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plots was negatively correlated with proportion of Lehmann lovegrass and both types of 

burned plots also exhibited a decline in diversity (Fig. 5). Diversity varied between years 

for plots treated in 2005 and 2006 (RMANOVA p<0.004). Treatments were effective at 

altering diversity, with burned-and-then-grazed plots showing the largest, most consistent 

and most frequent declines in diversity (Fig. 6, Table 3). Season of sampling and 

treatment year also significantly altered diversity and the interaction between these 

factors had an important effect on diversity (Table 3). Specifically, high diversity was 

associated with ample seasonal precipitation (season*year interaction), and treatments 

were more effective at increasing diversity as the proportion of Lehmann lovegrass 

increased (proportion LL*treatment). 

Cover 

Treatments altered the abundance of Lehmann lovegrass, native grasses, shrubs, 

dicots, and bare ground, but not the cover of litter (Table 4). Relative plant cover and 

total cover of Lehmann lovegrass decreased in response to fire for 1-2 years post 

treatment (Table 4, Fig. 7). Treatments implemented in 2005 were more effective at 

reducing the relative cover and possibly the total cover (p=0.07) of Lehmann lovegrass 

compared to treatments implemented in 2006. In contrast, burning increased the relative 

and total cover of native grasses (Fig. 8). This effect was more pronounced on plots 

treated in 2006 than in 2005. This increase was found in both annual and perennial native 

grasses; however, individual species (Urochloa arizonica (Scribn. & Merr.) O. Morrone 

and F. Zuloaga, Panicum hirticaule J. Presl., Aristida ternipes Cav., Bouteloua 
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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 (Table 5). 

The cover of dicots increased for 1-2 years following 2005 treatments and the 

absolute cover of bare ground increased 3 times relative to untreated plots after both 

burning treatments (Figs. 9 and 10, respectively). Litter cover was variable between years 

and all three treatments reduced the relative cover of litter for 1 year compared to 

untreated plots (Fig. 11). However, treatment effects were not as influential as differences 

in abundance between seasons (Table 4).  

Lehmann lovegrass cover and grass/fire cycle 

Despite profound differences in precipitation between years of treatment, there 

was no significant increase in Lehmann lovegrass cover from 2004 to 2008, nor did 

treatments significantly increase Lehmann lovegrass cover (Fig. 7). There were limited 

but not statistically significant increases in Lehmann lovegrass cover (relative and total) 

on individual plots treated with the combination of fire and livestock grazing as well as 

on grazed plots.  

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, I analyzed the cover of Lehmann lovegrass on plots 

with average cover less than the mean. Even when restricted to this subset of plots, there 

was no significant positive feedback with treatments (p=0.17). 
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Discussion 

Scientists and practitioners are concerned about a positive feedback cycle between 

fire and nonnative invasive grasses in areas throughout the world. In a semi-arid 

grassland in southwestern North America, fire did not contribute to increased cover of the 

dominant nonnative invasive grass alone or in combination with livestock grazing. 

Fire led to increased cover of native grasses, although this response was highly 

contingent on pre- and post-treatment patterns of precipitation. 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. 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 on the match 

between the introduced organism and the community it occupies. I 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 (Pimental 2002). The 

grass/fire cycle can be modeled by a gradient in which nonnative grasses transform the 
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occupied plant community’s fire regime at one extreme, whereas they cannot persist in 

the presence of fire at the other extreme.  Nonnative grasses do not appear to be altering 

the fire regime of semi-arid grasslands in southern Arizona (Bock and Bock 1992), which 

is consistent with results from semi-arid grasslands in Hawaii (Daeler and Goergen 

2005).  

Changes in fire frequency and extent may not occur in the presence of nonnative 

invasive grasses because historical fires in semi-arid grasslands had a large extent and 

relatively high frequencies, ranging from 2-10 years (Barhe 1991, McPherson 1995). It 

would be difficult to increase the frequency of fire solely with additional fuels provided 

by a nonnative grass in systems with such markedly frequent and variable fire regimes. 

Although nonnative species can produce significantly greater biomass than native grasses 

(Cox et al. 1988) and this biomass tends to decompose slowly, fire in semi-arid 

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 semi-arid areas, but rather with periods of above-

average precipitation (Crimmins and Comrie 2004). Thus, although more biomass is 

produced by nonnative grasses, 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 to account for increased fire frequency. This pattern is currently 

undocumented. 
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Although two studies have demonstrated increased post-fire abundance of 

Lehmann lovegrass (Cable 1965, Martin 1983), our research is consistent with many 

more studies that have shown little or no increase in Lehmann lovegrass abundance in 

response to fire (Humphrey and Everson 1951, Pase 1971, Cox et al. 1988, Bock and 

Bock 1992, Biedenbender and Roundy 1996, McGlone and Huenneke 2004, Geiger 

2006). 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 post-fire survival of individual native grasses is twice as high as the survival of 

Lehmann lovegrass (McDonald Appendix A). Lehmann lovegrass produces more 

biomass and grows faster than native grasses, albeit at the cost of lower post-fire 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. Although 

Lehmann lovegrass produces more biomass than native grasses, and could increase fire 

temperatures to a greater extent than native fuels, 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 
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undoubtedly exceeds variation due to above-ground biomass (Daubenmire 1968, Wright 

and Bailey 1982). The post-fire survival of native grasses exceeds that of Lehmann 

lovegrass and many native grasses can withstand intense fires produced by a variety of 

natural conditions (McDonald Appendix A).  

Practitioners are well aware that grazing with livestock soon after fire can be 

detrimental to long-term grass survival (Bunting et al. 1998) and a two-year rest is widely 

recommended (Stoddard et al. 1975). However, the purpose of these post-fire 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. Post-fire grazing treatments were not effective at further 

reducing Lehmann lovegrass abundances and post-fire grazing was detrimental to native 

grasses in most cases. These results accord with previous research: livestock 

preferentially graze native grasses over Lehmann lovegrass in mixed-species 

communities (Martin 1983). In contrast, burning without grazing was relatively beneficial 

to native grasses. Post-fire grazing treatments had no detectable effect on herbaceous 

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. 1988, Cox and Ruyle 1986, 

Anable et al. 1992, McClaran and Anable 1992). 



56 
 

The absence of a positive feedback cycle between fire and Lehmann lovegrass 

suggests that managers, akin to stock brokers, can benefit from a diverse portfolio of 

grasses on their range. Fire appears to be an effective tool in this endeavor by increasing 

native grass cover and decreasing Lehmann lovegrass cover, although these results can be 

short-lived. Perhaps most importantly, it is increasingly clear that 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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Tables and Figures.  

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.  

 

 Treatments applied 2005  Treatments applied  2006  
Within  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*trmt 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
        
1-Sphericity assumption violated, Greenhouse-Geisser adjustment used  
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Table 2. Results of multiple regression of richness through time (2004-2008) for plots 
treated with prescribed fire or livestock grazing on the Santa Rita Experimental Range, 
50 km south of Tucson, AZ. Plots were sampled both in the fall and the spring. Year 
treated refers to 12 plots receiving treatments in 2005 and another 12 were treated in 
2006. 

  Fall   Spring   
  F df p F df p 
Time  10.76 1 0.0014 4.34 1 0.04 
Year Treated 20.31 1 <0.0001 5.74 1 0.0186 
Treatment 2.75 3 0.0461 0.81 3 0.49 
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Table 3. 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, and year as explanatory variables. Estimates of the 
regression coefficient are given when appropriate.  

Effect Estimate F df p 
Prop LL -0.5866 54.47 1 <.0001 
Season 0.0228 32.99 1 <.0001 
Year  of Trmt 0.0602 13.02 1 0.0004 
Treatment  3.44 3 0.0178 
Year -0.0003 0.00 1 0.9637 
Season*Prop LL -0.2650 16.02 1 <.0001 
Season*Year 0.0228 11.13 1 0.001 
Prop LL*Trmt  3.60 3 0.0144 
Year*Trmt  1.43 3 0.2348 
Year of 
Trmt*Trmt 

 0.33 3 0.8071 
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Table 4. Multiple regression of cover of plants and objects found on plots treated with 
prescribed fire, livestock grazing or the combination thereof. Plots were sampled from 
2004-2008 and treated in either 2005 or 2006 (‘Year of treatment’). Cover was sampled 
in fall or spring (season). Appropriate interactions are also listed.  

  LL Nat Gr. Shrubs Dicots Litter 
Bare 

Ground
Effect df p p p p p p 
Year 1 0.1131 0.0003 0.0133 0.0003 0.9185 <.0001 
Season 1 0.0439 <.0001 0.6211 <.0001 <.0001 0.0985 
Year Trmt 1 0.0013 <.0001 0.4119 0.3162 0.1286 <.0001 
Trmt 3 0.3747 0.0007 0.0031 0.0697 0.7508 <.0001 
Year*Season 1 0.0155 0.4006 0.095 0.0001 0.5747 0.0099 
Year*Trmt 3 0.0624 0.7563 0.0833 0.7629 0.8084 0.6077 
Season*Trmt 3 0.8544 0.5969 0.5652 0.83 0.2006 0.9427 
Year Trmt*Trmt 3 0.2027 0.4591 0.071 0.8612 0.9553 <.0001 
Year*Trmt*Season 3 0.6446 0.6618 0.5587 0.7816 0.9512 0.913 
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Table 5. Percent cover of 5 most abundant native grasses on untreated plots across all 5 
years of sampling 2004-2008. A-denotes annual. 

Species Mean  Range
Urochloa arizonica (A) 6.0 1.4 13.8
Panicum hirticaule (A) 1.8 0.3 3.7
Aristida ternipes 1.5 0.2 3.4
Bouteloua curtipendula 1.2 0.4 2.6
Heteropogon contortus 1.1 0.7 1.7
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Figure 1. Precipitation from 2004-2008 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 through September while winter (grey) was from October 
through April. Average rainfall (44.4 cm) was calculated from long-term data spanning 
1923-2008. 
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Figure 2. Biomass of grasses (top row), litter (middle row) and dicots (bottom row) 
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 
untreated (dashed lines, open triangles). Samples were collected every fall from the Santa 
Rita Experimental Range, 40 km south of Tucson in southern Arizona, and treatments 
were applied in the summer of 2005 (left column) or 2006 (right column), as indicated by 
grey line. Data were square root transformed for analyses, thus y-axis and SE bars are in 
geometric scale.  
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Figure 3. Average above-ground biomass (g/m2) of grasses (dark grey), litter (light grey) 
and dicots (black) on untreated plots on the Santa Rita Experimental Range, 50 km south 
of Tucson, in southern Arizona. Biomass was collected in the fall which is the peak of 
production. 
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Figure 4. Richness of 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 untreated (dashed lines, open triangles) on the Santa Rita 
Experimental Range 50 km south of Tucson, AZ. Richness was measured during the fall 
(top row) or spring (bottom row). Treatments (grey bar) were implemented in 2005 (left 
column) or 2006 (right column). 
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Figure 5. Correlation between Shannon’s diversity index (H) and proportion of Lehmann 
lovegrass of plots treated with prescribed fire (solid line, filled circles), livestock grazing 
(long dashed line, open squares), both prescribed fire and livestock grazing (dotted and 
dashed line, filled squares) or untreated (dotted line, open triangles) on the Santa Rita 
Experimental Range 50 km south of Tucson, AZ.  
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Figure 6. Diversity (Shannon’s index) of 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 untreated (dashed lines, open triangles) on 
the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments were 
implemented in 2005 (left column) or 2006 (right column). Diversity was measured in 
both the fall (top row) and spring (bottom row).  
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Figure 7. 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 untreated (dashed lines, open 
triangles) on the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments 
were implemented in 2005 (left column) or 2006 (right column). Proportion was 
measured in both the fall (top row) and spring (bottom row). 
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Figure 8. Relative plant cover of native grasses 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 untreated (dashed lines, open 
triangles) on the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments 
were implemented in 2005 (left column) or 2006 (right column). Proportion was 
measured in both the fall (top row) and spring (bottom row). 
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Figure 9. Relative plant cover of dicots 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 untreated (dashed lines, open triangles) on 
the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments were 
implemented in 2005 (left column) or 2006 (right column). Proportion was measured in 
both the fall (top row) and spring (bottom row). 
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Figure 10. Relative total cover of bare ground 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 untreated (dashed lines, open 
triangles) on the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments 
were implemented in 2005 (left column) or 2006 (right column). Proportion was 
measured in both the fall (top row) and spring (bottom row). 
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Figure 11. Relative total cover of litter 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 untreated (dashed lines, open triangles) on 
the Santa Rita Experimental Range 50 km south of Tucson, AZ. Treatments were 
implemented in either 2005 (left column) or 2006 (right column). Proportion was 
measured in both the fall (top row) and spring (bottom row). 
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APPENDIX C 

FIRE BEHAVIOR CHARACTERISTICS OF BUFFELGRASS-FUELED FIRES AND 
CHANGES IN PLANT COMMUNITY COMPOSITION 

 

Christopher J. McDonald, School of Natural Resources 

Perry Grissom, Saguaro National Park 
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Abstract 

Buffelgrass is a textbook example of the grass/fire cycle and the species has the potential 

to transform the shrublands of the Sonoran Desert into a fire-prone grassland. Effects of a 

buffelgrass invasion have been documented from Australia to North America, pointing to 

an end result of large-scale wildfires. In heavily populated areas such as Nogales, Sonora 

and Tucson and Phoenix, Arizona buffelgrass populations are not large enough to cause 

large-scale wildfires, but populations are growing exponentially. Although much research 

has been conducted on buffelgrass, relatively little is known about fire behaviors 

produced by a buffelgrass-fueled fire. We measure fire-behavior characteristics in 4 

prescribed fires in southern Arizona. We also determine which abiotic and biotic 

characteristics best predict fire behavior. Given that buffelgrass is known to decrease 

native plant richness in other ecosystems, we evaluate the relationship between 

buffelgrass abundance and native plant cover. Buffelgrass fires are more intense than 

fires in surrounding ecosystems, even in communities with comparable fuels. There is a 

strong negative relationship between buffelgrass cover and native plant cover. In 

addition, buffelgrass appears to be invading favorable microsites rather than species-poor 

communities and is radiating from the former sites. Finally, if a buffelgrass-fueled fire 

were to begin in the Sonoran Desert, native plant communities could be irrevocably 

altered. If management goals include restoration or preservation, we suggest control of 

any population of buffelgrass before fuels accumulate sufficiently to support fire spread 

or before native plants decline in abundance. 
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Introduction 

A significant amount of work has been conducted previously on altered fire regimes and 

invasive species (D’Antonio and Vitousek 1992, Zouhar et al. 2008). Buffelgrass 

(Pennisetum ciliare (L.) Link = Cenchrus ciliaris L.), an invasive grass native from 

Africa to Southern Asia, is dominating undisturbed habitats and altering the grass/fire 

cycle in diverse habitats in Australia (Low 1997, Butler and Fairfax 2003, Clarke et al. 

2005), Mexico (West and Nabhan 2002, Arriaga et al. 2004), Texas (Tjelmeland et al. 

2008), and Arizona (Burgess et al. 1991, Esque et al. 2004). Buffelgrass fits the grass/fire 

model superbly: In the Sonoran Desert of southwestern North America, it is invading 

areas with relatively sparse continuous fuels where fire is nearly absent and native plant 

and animals have few adaptations to survive fire (Humphrey 1974, Rogers 1986, Esque 

and Schwalbe 2002), thereby transforming fire-resistant deserts into fire-prone grasslands 

(Búrquez-Montijo et al. 2002). Buffelgrass, a C4 grass, is invading Sonoran Desert 

communities dominated by C3 and CAM plants, giving buffelgrass a competitive 

advantage, by having a higher growth rate during the summer growing season (Gibson 

1996).  

Fire negatively affects the majority of plants in the Sonoran Desert (Cable 1965, Cable 

1967, Rogers and Steele 1980, Wright 1980, McLaughlin and Bowers 1982, Rogers 

1985, Wilson et al. 1995). Even if fire does not directly kill plants, those plants, 

especially cacti that survive a fire, will have a faster and higher mortality than unburned 
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plants (Humphrey 1974, Bunting et al. 1980, Thomas 2006). In contrast, buffelgrass is 

fire tolerant and often increases in abundance after fire (Butler and Fairfax 2003, Martin-

R et al. 1999).  

It is reported that buffelgrass burns at “very hot” temperatures (Cohn 2005), but relatively 

little is known about the fire behaviors produced from a buffelgrass-fueled fire, especially 

during the historical fire season of the Sonoran Desert, June-July (McPherson 1995). In 

this study we use prescribed fire to investigate the range of fire behaviors in buffelgrass-

dominated desert in southern Arizona. We also determine the biotic and abiotic factors 

that best predict fire behaviors during buffelgrass fires. Because buffelgrass is listed as a 

noxious weed in Arizona, land managers are required to abate the abundance of 

buffelgrass (A.R.S. 3-201 et seq., Plant Services Division 2005) and its impacts on native 

plants.  

In the United States, there are 53 models used to classify natural vegetation as fire 

behavior fuel models (Anderson 1982, Scott and Burgan 2005). Buffelgrass produces 

higher fuel loads than Australian fire behavior models can accommodate (Simmons et al. 

2006). We use observed fire behaviors to determine which fuel models might be 

appropriate in quantifying impacts on native plants. 

Methods 

Study area 
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The areas of interest are in and near the city of Tucson, Arizona. Vegetation is classified 

as Arizona Upland Division of the Sonoran Desert (Brown 1994) that has been invaded 

by buffelgrass. There is a varying amount of native vegetation remaining on the two 

selected field sites, Avra Valley and Saguaro National Park, Rincon Mountain District 

(SNP). Prescribed fires were conducted on former agricultural fields managed by the City 

of Tucson (Tucson Water) in Avra Valley (lat. 32.265, 1ong. -111.282), 45 km west of 

downtown Tucson. Locations with abundant buffelgrass and native vegetation were 

located at SNP (lat. 32.15, long. -110.71). Further details on these study areas are given 

in Appendix D. 

An appropriate field site was selected for prescribed fires in Avra Valley during summer 

2008. The site had two burn units, the smaller of which approximated a 0.5-ha square, 

and the larger of which was a 64 ha square. The larger unit was divided by fuelbreaks 

into three nearly equal 800 m long and 260 m wide, 21-ha strips, each oriented east to 

west.  

To quantify fuel loads in stands of buffelgrass where it has invaded native vegetation, 

five sites were sampled in the west side of SNP. Sampling locations were identified by 

park employees as having spatially continuous buffelgrass cover within a one-hour hike 

from roads.  

The Avra Valley site has different topography, soils, and land-use history than sites at 

SNP, but prescribed burns were conducted in Avra Valley to prevent damage to native 
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vegetation and fauna on SNP and adjacent private lands. All sites had spatially 

continuous cover of buffelgrass and have similar fuel loads.  

Data collection 

In the large burn unit, data on plant community composition and fire behavior were 

collected in five 50- by 50-m plots inside each 21-ha subunit. The plots were not 

randomly located, but located in areas where buffelgrass fuel loads were consistent and 

mesquite (Prosopis velutina Woot.) cover was low, thus creating uniform fire behavior. 

Each subplot was located at an approximately 150-m interval to sample across each strip 

in a systematic manner. Thus, a total of 16 plots were used, 5 in each of 3 strips in the 

larger burn unit, and an additional plot in the small 0.5-ha burn unit. A census of cacti 

was completed after burning.  

Plant cover was estimated using the point-intercept method. Within each plot, 6 transects 

were randomly located oriented north to south. In each transect, plants were identified at 

50 points spaced 0.5 m apart, thus transects were 25 m in length. Only plants shorter than 

1.5 m were recorded, thus precluding mesquite. Post-fire community composition was 

recorded in a similar manner except black and white ash and burned stubble 2.5 and 5 cm 

tall were added. The addition of the post-fire stubble allowed us to measure burn severity 

in a manner similar to standardized methods (USDI 2003), with the exception that we 

eliminated the scorched category (burn severity 4). 
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Preburn plant biomass was estimated in each burn unit during May. All above-ground 

biomass was clipped, dried and weighed in five 0.5-m2 quadrats randomly located in each 

of the 16 subplots.  

Plant community composition was described for buffelgrass stands inside SNP. Data 

collection matched those methods in Avra Valley, with the exception that in several 

buffelgrass patches plot size was reduced from the standard 50 x 50 m to fit the 

buffelgrass patch. If a starting point for a transect fell outside of a patch of buffelgrass it 

was moved to the nearest edge of the population and continued inside the patch. Five 

buffelgrass patches in SNP were located in the vicinity of Freeman Homestead Trail, near 

Lower Tanque Verde Ridge (specifically site “1A”), and northeast of Camino Loma Alta.  

Fuel-moisture content (FMC) samples were collected from several individual plants in 

each sample each at 0915, 1015 and 1520 the day prescribed fires were conducted. These 

9 samples were collected from the interior of each burn unit or nearby representative 

fuels. Most samples were composed of dead cured fuel; one sample included live green 

fuel mixed with dead fuel. All aboveground growth was collected in each sample, and 

live and cured fuels were collected and measured together.  

Weather data were collected by fire crews every 15 minutes for the duration of the fires. 

Measurements of wind speed, wind direction, wind gusts, relative humidity, temperature 

and dewpoint were obtained (USDI 2003). Fine fuel (dead, cured grass) moisture 

(FDFM) content was calculated from weather observations taken on site (Schroeder and 



85 
 

Buck 1970). All burns were conducted on flat ground with no aspect at approximately 

650 m elevation.  

Fire rate of spread (ROS) was estimated with wooden stakes placed in a straight line in 

each subplot at 10-m intervals spanning a length of 50 m. Observers were stationed along 

the north and south side of each subplot to maximize viewing opportunities and record 

the time the fire passed from stake to stake. When observers recorded the ROS on the 

same stakes (9 out of 32 samples) an average between the two values was used. We 

present data based on the best match between the stakes and wind direction and omit data 

when the stakes and wind were close to perpendicular.  

Flame lengths (FL) were measured using pictures taken during each fire. The average and 

peak flame lengths were recorded using standard reference points (i.e. people, t-posts, 

buffelgrass height), for each picture and plot. The peak flame length was measured as the 

longest of any flame in each picture (excluding fire whirls), whereas the average flame 

length was the average heights of all flames in a picture, incorporating the effects of wind 

when necessary.  

Percent of post-fire damaged tissue was estimated on cacti throughout the site. Two 

observers independently estimated damage and an average value was recorded. Tissue 

was counted as damaged if the epidermis was charred or blistered or if photosynthetic 

tissue was light green, yellow or not of a firm texture. In general, only cacti large enough 

to survive extreme temperatures remained; cacti that were thin and short (i.e. Opuntia 
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spp. < 15 cm tall) were almost completely consumed by the fires. Cactus height, diameter 

and nearest fuel load were measured after treatment.  

Observed fire behavior was used to validate the effectiveness of several fuel models in 

the program BEHAVE 4.0 (Andrews et al. 2008). BEHAVE is used to predict fire 

behavior and validate fuel models for managers, firefighters and researchers. We tested 

fuel models in BEHAVE to compare predicted fire behavior to observed behaviors 

(Anderson 1982, Scott and Burgan 2005).  

Analysis 

Fuel loads in Avra Valley and SNP were analyzed with separate ANOVA analyses. Fire 

behavior characteristics were analyzed with a variety of methods. ROS was only 

compared between the last two fires due to low samples sizes in the earliest fires and 

differences between fires were analyzed with an ANOVA. The relationship between 

individual ROS values and wind speed was identified with a regression. Flame lengths 

were analyzed with a Welch ANOVA due to different sample sizes. Fire behavior 

correlations with weather variables were conducted with a regression.  

Plant community data in Avra Valley and SNP were analyzed with ANOVA 

analyses. A regression was used to determine the relationship between buffelgrass cover 

and native plant cover. Relative plant cover is defined as the proportion of cover for each 

plant group by cover of all plants. Differences in post-fire plant cover were analyzed with 

ANOVA. PCA analysis on the plant community was conducted using the variance/co-
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variance matrix. Last, damage to cacti and correlations with plant characteristics were 

analyzed with a regression. 

Results 

On 5/28/08 4 prescribed fires were completed throughout the day to incorporate variation 

in diurnal weather (Table 1). One of the four fires was completed in one 800 m long 

headfire at an average ROS of 0.67 ms-1. All other fires were ignited around each subplot, 

at 250 m in length, and fires appeared to achieve a steady rate of spread within a few 

seconds (see Cheney and Gould 1995).  

Fuel Moisture 

The landowner sprayed a majority of the Avra Valley site with herbicide the summer 

before the fire, so measured FMC was low and most plants were dead. FMC of dead 

plants ranged from 3.6-11.1%, with an average moisture of 7.4%. The FMC of plants 

with some living material was 24.6%.  

Fuel Load 

Average fuel loads were 793 g/m2 and biomass in Avra Valley did not differ between the 

four fires (p=0.25, Table 1). Fuel loads in SNP are given in Table 2. Similarities exist in 

fuel loads between Avra Valley and SNP; only 1 of 5 plots in SNP had significantly 

different (p<0.05) fuel loads compared to all Avra Valley plots. Fuel loads are discussed 

in more detail in Appendix D. 

Fire Behavior 
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ROS at individual plots was positively correlated with wind speed (p=0.0007) and was 

fastest in the last fire of the day (p=0.053), but due to low sample sizes statistical analysis 

was only possible between the last two fires. At individual plots forward ROS was 

variable ranging from 0.40 to 2.34 ms-1 (Table 1). The lowest observation of ROS was 

omitted as an outlier, likely due to an error in data collection. 

Residence time of fires, obtained from video footage, was 30-40 s when winds were calm 

in the morning and shortened to 20-30 s when winds were stronger in the late afternoon.  

There were significant differences in average and peak flame length’s (FL) between plots 

(p=0.046 and p=0.021, respectively). FL of headfires was 1-5 m, with averages listed in 

table 1. The tallest peak FL that was not a fire whirl was 7.5 m. Backing fires were 

possibly different between subunits (p=0.07). Several fire whirls, one up to 28 m tall, 

were observed when winds were light and variable. The most common burn severity class 

was moderately burned followed by heavily burned and bare ground was encountered 

more than any burn severity class (Fig. 1).  

ROS and FL samples differed between plots (from 1-19 and 18-43, respectively), so 

caution should be used when interpreting these results. 

Fire Behavior Correlations 

ROS and FL were positively correlated with wind speed (Fig. 2, p=0.041 and 0.023, 

respectively) and not significantly correlated with air temperature, fuel load, RH, FMC or 
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FDFM. Due to differences in sampling techniques between weather and fire behavior 

data, these fire behavior correlations were conducted at the subunit scale, where n=4. 

Plant community composition  

Over the entire Avra Valley site we found a total of 26 species of plants. Half of all 

species were winter annuals. Pre-burn richness in the four subunits ranged from an 

average of 9 to 12 species and was not significantly different (p=0.14).  

Before the fires the plots were strongly dominated by buffelgrass, with total cover 

averaging 60% (Table 3). Relative buffelgrass cover in each strip ranged from 74 to 90% 

of total plant cover. The cover of buffelgrass was greatest in the smaller burn subunit, 

where 1 plot was sampled.  

The majority of species found in Avra Valley were rare. The combined cover of all plant 

species, excluding buffelgrass, was between 11 and 36% of relative plant cover on any 

single plot. Furthermore, only 5 taxa (Descurainia pinnata (Walter) Britton, Sisymbrium 

irio L., Cryptantha spp., Mentzelia spp. and Amsinckia menziesii (Lehm.) A. Nelson and 

J.F. Macbr. var. intermedia (Fisch. and C.A. Mey.) Ganders) had total cover greater than 

3% on any 1 of the 16 subplots. Besides buffelgrass the next most abundant non-native 

species was S. irio with an average cover of 2.2%. The most abundant perennial plant, 

excluding buffelgrass, was the subshrub Isocoma tenuisecta Greene, which occupied an 

average of 0.6% cover. Table 3 shows the average relative cover for physiognomic 

groups for SNP and Avra Valley, and before and after prescribed fires.   
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We found 26 species in buffelgrass patches in SNP, the same number as Avra Valley. 

Many of these species in SNP were perennial shrubs as opposed to winter annuals in 

Avra Valley (table 3). The common native plants found in SNP were the perennial shrubs 

Encelia farinosa A. Gray ex Torr. (4.1%), Acacia greggii A. Gray  and Jatropha 

cardiophylla (Torr.) Müll. Arg. (both at 2.5%) and the perennial vine Janusia gracilis A. 

Gray (0.6%). Richness across each site ranged from 6 to 12 species; however, average 

richness between Avra Valley and SNP was not significantly different (p=0.39, means= 

9.4 vs. 10.6 species, respectively). Besides buffelgrass the only other nonnative species 

found in SNP was the perennial Lehmann lovegrass (Eragrostis lehmanniana Nees), 

which covered 2% of a single plot. 

There is a strong negative relationship between species richness and buffelgrass cover in 

SNP (p<0.0001, Fig. 3). Furthermore, richness was markedly low at some sites when 

buffelgrass cover was only 40% (Fig. 3). We also found a negative relationship between 

buffelgrass cover and native plant cover (p<0.0001, Fig. 4). Rutman and Dickson (2002) 

provide similar data for buffelgrass cover and native plant cover. We analyzed their data 

and found no relationship between buffelgrass cover and native plant cover (p=0.89). 

However, only 2 plots out of 17 in their study had a cover of buffelgrass higher than 5%. 

The cover of buffelgrass in SNP was on average 16 times higher than observed in the 

Rutman and Dickson study. 

Even though buffelgrass occupied a minority of absolute cover on several plots in SNP, it 

was always a large majority of relative plant cover in SNP and Avra Valley. Although the 
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range of buffelgrass cover in SNP (Table 2) was wider than in Avra Valley, the cover of 

bare ground, litter and rock was also higher in SNP. Thus relative plant cover occupied 

by buffelgrass was similar between the two sites: 71-95% at SNP and 74-90% at Avra 

Valley.  

All the prescribed fires in Avra Valley consumed nearly 100% of the herbaceous fuel. 

Only 5 species of plants were found after the fires, compared to 26 before, and those 5 

species occupied only 0.2% cover. The cover of burned material (ash and stubble) was 

similar to the preburn cover of buffelgrass (Table 4). The cover of burned material did 

not differ among four subunits (p=0.19).  

PCA ordination indicated the strong effect of fire on plant species composition (Fig. 5). 

The two sites overlapped in ordination space before burning, as expected in areas with 

high cover of buffelgrass and low cover of native plants. Two PCA axes explained 96% 

of variance. The first axis corresponds to buffelgrass cover and bare ground, and the 

second axis corresponds with cover of rock and cover of several species of native plants.  

Damaged Cacti 

Of the 147 cactus plants observed post-fire, 82% were found in the third subunit burned. 

Barrel cactus (Ferocactus wislizeni (Engelm.) Britton & Rose) dominated, with 91 plants, 

and the only other genus present was cholla (Opuntia spp.), with 56 individuals. Eighty-

nine percent of tissue was damaged immediately after fires, a value that was not 

correlated with the species (p=0.32), or size of cactus plants (p=0.99 height; p=0.10 

width). Cholla ranged up to 230 cm tall and 348 cm wide and the largest barrel cactus 
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plants were 78 cm wide and 98 cm tall. We were unable to determine mortality directly 

related to the fire because secondary sources, notably ground squirrels, further damaged 

many burned cacti.  

Fire Behavior Fuel Modeling 

In general, the fire behavior prediction program BEHAVE 4.0 (Andrews et al. 2008) does 

a decent job at predicting fire behavior in a buffelgrass dominated community (Table 4). 

Fuel models that best predicted ROS generally overestimated peak FL. Closeness of fit 

varied with wind speed and fuel model. GR6 might be the best fit for landscape-level 

modeling of fire spread because it had the closest match at higher wind speeds when 

suppression accuracy is most critical.  

Discussion  

The invasion of buffelgrass is transforming parts of the Lower Sonoran Desert into 

flammable grasslands. Historically, the lower elevations of the Sonoran Desert 

experienced a near absence of fire activity (Wright and Bailey 1982). Buffelgrass is 

altering the fuel structure of the Sonoran Desert by creating continuous and abundant 

fuels, where none existed, increasing fire frequency (Brooks and Pike 2001) and creating 

fire behaviors much more severe than ever recorded in the Sonoran Desert. Buffelgrass is 

capable of invading even the hyperarid portions of the desert along the Gulf of California 

and is considered a serious potential threat to biodiversity there as well (West and 

Nabhan 2002).  
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As buffelgrass abundances increase and fuel loads become continuous, fire potentially 

will move from the lower Sonoran Desert into montane habitats, and vice versa. Montane 

habitats in SNP and other areas of the Sonoran Desert experience fire intervals at less 

than 10 years (Baisan and Swetnam 1990, Wright and Bailey 1982). Buffelgrass may 

provide a novel linkage between human-ignited fires in urban and suburban areas and 

lightning-ignited fires in high elevations, threatening human and natural communities 

with increased fire frequencies while also contributing to increased fires in montane 

systems during seasons when fire is historically rare or absent.  

Conversion of native desert shrubland to buffelgrass grassland or savanna with frequent, 

intense fire will impact entire communities, including reptiles, birds, and arthropods 

(Bestelmeyer and Schooley 1999, Brooks and Esque 2002, Esque et al. 2003, Flanders et 

al. 2006). The most fire-sensitive plants include the dominant, signature species of the 

Sonoran Desert: columnar cacti such as saguaro, and woody species such as littleleaf 

paloverde (Parkinsonia microphylla Torr.) and creosotebush (Larrea tridentata (D.C.) 

Coville) (Cave and Patten 1984, Wilson et al. 1995, van Devender et al. 1997, Búrquez-

Montijo et al. 2002, Alford et al. 2005). Not only do saguaro suffer high mortality from 

fire, but its relationship with nurse plants complicates and exacerbates the impact of fire. 

Saguaro seedlings depend on nurse plants for survival (Turner et al. 1966), which when 

ignited can elevate saguaro mortality (McLaughlin and Bowers 1982). The absence of 

nurse plants also retards saguaro recolonization of burned areas (Wilson et al. 1995). 

While some native plants can resprout after fire (Cave and Patten 1984, Reynolds and 

Bohning 1956, Rogers and Steele 1980, White 1969, Wright and Bailey 1982), the ability 
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of buffelgrass to resprout is much greater; we observed many buffelgrass plants 

resprouting within 5 days after burning (CJM pers. obs.). 

Significantly, buffelgrass is causing a decrease in the cover and richness of native plants, 

without the influence of fire. Buffelgrass is a fast-growing and water-use-efficient C4 

plant, and more than capable of invading the C3- and CAM-dominated native flora (Ward 

et al. 2006, De la Barrera and Castellanos 2007). Our data suggest buffelgrass does not 

preferentially invade species-poor communities, but rather invades favorable microsites 

and then decreases native plant cover and richness in and around those microsites. This 

pattern of invasive species being the cause of decreased richness is documented across 

many sites (Myers et al. 2000), with other Sonoran Desert nonnative plants (Burquez-

Montijo et al. 2002, Mau-Crimmins 2005) and has been documented in buffelgrass 

populations locally and around the world (Burgess et al. 1991, Franks 2002, West and 

Nabhan 2002, Daehler and Goergen 2005, Jackson 2005, De la Barrera 2008).  

Observed fire behaviors were many times more intense than fires fueled by annual 

grasses in the Mojave Desert (Brooks 1999, Brooks 2002) and in mesquite-acacia 

shrublands (Streeks et al. 2005). However, observed FMC values mirrored those in other 

studies (Bragg 1982, Streeks et al. 2005, Esque et al. 2007). Thus, observed fire 

behaviors will resemble wildfire behaviors from April to July, when buffelgrass FMC is 

low in late-spring but before the summer ‘monsoon’ rains begin. Because buffelgrass can 

burn while growing (Martin-R et al. 1999) it may extend the historical fire season during 

a time when many native plants are actively growing (July-September). 
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Although fuel load is influential in determining fire behavior (Byram 1959), our results 

concur  that fire behavior is more strongly tied to weather conditions than to fuel load 

(Bessie and Johnson 1995, Littell et al. 2009). Because average fuel loads in this study 

were high, and the minimum amount of fine fuel necessary to carry a fire in semi-arid 

ecosystems is 10 to 40 times lower (67 g/m2 Wright 1980; 20 g/m2 Brooks 1999), the 

influence of a majority of buffelgrass fuel on fire behavior could be small. Additional 

fuel could have produced a diminished return on fire intensity and effects on native 

plants. Buffelgrass burns with enough intensity that even low to moderate fuel loads can 

have tremendous negative effects on native vegetation.  

Management Implications 

Fires fueled by nonnative annual plants are easily suppressed by hand tools and back-

pack pumps (Brooks 2002), but buffelgrass-fueled fires require engines, bulldozers, or 

burning out from some distance from the fire to ensure containment. Fire behavior 

influences the tactics that can be used in fighting fires, the size of firefighter safety zones, 

and how many safety zones will be available near the fire. Observed FL’s were great 

enough that firefighters could not fight buffelgrass fires directly with hand tools, but must 

use equipment or fight the fire indirectly, e.g., by burning out from fuel breaks. Fuel 

breaks in grassy fuels are traditionally desired to be about 1.5 times greater than FL 

(Byram 1959) thus viable fuel breaks should be greater than 5 m wide.  

As practitioners focus their attention and resources on the densest buffelgrass patches 

they may miss the opportunity to remove less-dense patches, which would still be very 
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flammable and which serve as nascent foci for subsequent spread (Moody and Mack 

1988). Results of some small fires in buffelgrass patches have been noted (M. Brooks 

cited in Rice et al. 2008, Rutman and Dixon 2002, CJM pers. obs.), and if patterns of 

buffelgrass encroachment persist, large fires are predicted to occur in the near future. 

Decades to centuries could pass before post-fire species composition resembles that 

which existed before a fire in the Sonoran Desert (Abella 2009). Even if fires are 

suppressed, reintroduction of native plants into highly invaded areas could be problematic 

for a multitude of reasons (Allen 1995). Removal of buffelgrass in the early stages of 

infestation before native plants decline in abundance should enhance preservation or 

restoration of native plant and animal communities. Management decisions will be based 

on site-specific ecological and economic factors. Williams and Baruch (2000), 

summarize the effects of buffelgrass on native plants well: “buffelgrass constitutes a 

singular threat to the biological diversity of the Sonoran Desert” (pp. 127-128).  
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Tables and Figures  

Table 1. Weather, fuel, fire behavior and percent buffelgrass cover data for 4 prescribed 
fires conducted in Avra Valley, AZ on 5/28/08. Letters denote significant differences 
(p<0.05). Abbrevistions: FDFM- fine dead fuel moisture, FMC-fuel moisture content, 
ROS- rate of spread, FL- flame length, BG- buffelgrass. 

 Fire        

  1  2  3  4  

Time Start 0930  1145  1255  1420  

Time End 0945  1205  1325  1455  

Air Temp 27  30  32  34  

Wind (km/h) 1.6-4  0-6.4  3.2-6.4  3.2-14.5  

Gusts (km/h) 12.9  0  14.5  27.4  

RH (%) 29  29  21  18  

FDFM 7  4.5  4  2  

FMC 6.7  5.9    9.5  

Fuel Load (gm-2) 1211  896  752  671  

ROS (ms-1) 0.79  0.72  0.64 A 1.34 B 

FL Avg (m) 3.4 A 2.4 B 2.6 B 3 AB 

FL Peak (m) 5.4 A 3.9 B 3.7 B 4.4 AB 

FL Back (m) 1.8  1.3  1.9  2  

% BG Cover 78.7  51.3  57.7  50.8  
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Table 2. Fuel loads and percent buffelgrass cover in plots across Saguaro National Park 
(SNP), Rincon Mountain District near Tucson, AZ. Letters indicate significant 
differences (p<0.05). Sites are Camino Loma Alta Upper and Lower (CLAU and CLAL, 
respectively), 1A and Freemen Homestead Upper and Lower (FHU and FHL, 
respectively). 

 gm-2   
% 
cover 

CLAU 685 A  83 

CLAL 492 A B 57 

FHL 482 A B 49 

SNP 
Mean 381   52 

1A 299  B 48 

FHU 260  B 25 
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Table 3. Percent cover by functional group of plots infested with buffelgrass at Saguaro 
National Park, at plots in Avra Valley before prescribed fires and at the same plots in 
Avra Valley after prescribed fires. Column totals do not add to 100 due to omission of 
several rare groups. 

 SNP     Avra Valley 

  Pre-Fire 
Post-
Fire 

Buffelgrass 52.5 59.6 0.0 

Bare 10.3 15.7 46.4 

Litter 8.5 10.7 1.3 

Rock 12.1 0.0 0.0 

Shrubs 11.7 0.6 0.0 

Annuals  0.0 11.1 0.2 

Succulents 1.8 0.0 0.0 

Ash 0.0 0.0 50.4 

Stubble 0.0 0.0 1.8 
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Table 4. Average differences between 4 fuel model predictions of fire behavior using 
BEHAVE and observed values during prescribed fires. Negative differences represent an 
underestimate of observed values, positive differences represent an overestimate.  

  

 6.4 km/h Wind  

% Difference 

14.5 km/h Wind  

% Difference 

 ROS Peak FL ROS Peak FL 

GR5 -57.6 -22.6 -21.3 38.9 

GR6 -47.4 -5.6 9.5 78.5 

GR7 -25.0 29.3 54.0 146.5 

GR8 157.5 68.2 32.5 189.6 
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Figure 1. Average proportion of burn severity condition classes of 4 prescribed fires in a 
semi-arid grassland in Avra Valley, Arizona. Severity class “scorched” was not used in 
this study. 
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Figure 2. Top: relationship between flame length (FL) and wind speed. Bottom: 
relationship between rate of spread (ROS) and wind speed for 4 prescribed fires 
conducted in Avra Valley, AZ in May 2008. Regression lines for ROS and FL were 
calculated from each of four prescribed fires (n=4). Samples used to calculate 95% 
confidence intervals ranged from 1-30.  
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Figure 3. Cover of buffelgrass at 5 sites in Saguaro National Park, Rincon Mountain 
District (SNP) and the relationship to species richness (p=0.0001). 
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Figure 4. Cover of native plants and buffelgrass at Saguaro National Park (open circles) 
and at Organ Pipe Cactus National Monument (triangles, ORPI). Regression analysis 
indicates a negative relationship at SNP (p<0.0001) but no relationship at ORPI (p=0.89, 
not shown). 
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Figure 5. PCA ordination of native plant and buffelgrass cover in Avra Valley and SNP. 
The plots in Avra Valley are graphed twice: before treatment (triangles) and after 
treatment (circles) with prescribed fire. Axis 1 correlates with buffelgrass cover, bare 
ground and ash, while axis 2 negatively corresponds to cover of several native plants 
(Jatropha cardiophylla, Acacia gregii  and Janusia gracilis) i.e. plots with the most 
native plants are at low values of axis 2. 
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APPENDIX D 

MOST NATIVE SONORAN DESERT PLANTS DON’T STAND A CHANCE: THE 
NONNATIVE INVASIVE BUFFELGRASS PRODUCES COPIOUS FUELS AND 

CREATES HIGH PEAK FIRE TEMPERATURES 

 

Christopher J. McDonald, Perry Grissom (Saguaro National Park) 
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Abstract 

Buffelgrass (Pennisetum ciliare (L.) Link) is creating a grass/fire cycle in many 

parts of the world and altering plant and animal communities. Fuel loads of buffelgrass 

were measured across several sites in southern Arizona, USA. Prescribed fires also were 

conducted in buffelgrass-dominated fields to measure fire temperatures and quantify 

relationships between temperature and fuel load. We directly recorded temperatures up to 

871 °C and indirectly recorded temperatures up to 900 °C. There was no relationship 

between fuel load and temperature, likely because increased fuel was insufficient to 

contribute to additional fire intensity beyond minimum fuel loads. Compared to 

previously described buffelgrass stands and also across different desert ecosystems, 

buffelgrass fuel loads were higher than reported in most other studies. Nonnative grasses 

posing significant fire hazards in the Great Basin and Mojave Deserts are annuals, 

whereas buffelgrass is a perennial plant that highlights a novel management threat: 

interannual variation in buffelgrass biomass is much lower than other invasive grasses. 

As a result, buffelgrass creates a more consistent year-to-year fire hazard than annual 

grasses. Managers have used herbicide to reduce buffelgrass fuel loads; however even 

after 3 years of decomposition, stands of dead buffelgrass can support fire spread. 

Allometric relationships provide an accurate estimate of buffelgrass biomass of 

individual plants, but not fuel loads within stands. Based on fuel-load data, buffelgrass 

creates a grass community with more fuel than nearby semi-arid grasslands. Thus, 

buffelgrass produces nonnative grasslands at relatively low elevations of the Sonoran 

Desert with more biomass than grasslands in more mesic environments.  
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Introduction 

Nonnative invasive species (NIS) are altering fire regimes in many different parts 

of the world (D’Antonio and Vitousek 1992, Brooks et al. 2004). Changes in the fire 

regime caused by NIS in semi-arid and arid lands could be particularly detrimental due to 

long desiccating periods, high ambient temperatures and an abundance of fire-intolerant 

plants. In the Sonoran Desert, buffelgrass (Pennisetum ciliare (L.) Link= Cenchrus 

ciliaris L.) is filling once-barren gaps between native grasses, shrubs, trees and 

charismatic succulents. These bare areas formerly acted as fire breaks in low-elevation 

desert sites (Thomas 1991), but they currently form continuous grass stands that create 

fire hazards in a landscape where fires were historically rare (Wright and Bailey 1982).  

The lower Sonoran desert could be transformed by frequent, high-intensity fires to 

an ‘African’ grassland (Burgess et al. 1991, Rutman and Dickson 2002). Fire harms many 

species native to the Sonoran Desert (Humphrey 1949, Rogers and Steele 1980, Wright 

1980, McLaughlin and Bowers 1982, Brown and Minnich 1986, Búrquez-Montijo et al. 

2002). Effects of a single fire can last for decades (Brown and Minnich 1986, Rice et al. 

2008). The iconic plant of Arizona, the Saguaro cactus (Carnegia gigantea (Engelm.) 

Britton and Rose), suffers very high mortality after intense fires (Rogers 1985). Cacti 

have numerous physiological adaptations that help them thrive in the desert, but some of 

these characteristics ensure low post-fire survival (Thomas 1991, 2006).  

In the southwestern United States, buffelgrass has not fueled large wildfires as of 

this date; however, it has fueled small wildfires in urban areas of Pima County, Arizona, 
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and along roadsides (CJM and PG Pers. obs). Local buffelgrass populations are growing 

at exponential rates (J. Betancourt unpub. data), setting the stage for large wildland fires 

(Brooks and Pyke 2001). Examples of large buffelgrass-fueled wildfires and associated 

declines in native plants have been documented in other areas (Búrquez-Montijo et al. 

2002, Butler and Fairfax 2003).  

Fire temperature has a significant effect on the survival of Sonoran Desert flora 

(Rogers 1985, Thomas 1991). Season of fire and plant physiology also affect plant 

damage and mortality (Wright and Bailey 1982). Buffelgrass fires in the Sonoran Desert 

could be exceptionally detrimental to native plants because they can occur throughout the 

dormant and growing seasons (May-early July and July-September, respectively) 

(Martin-R et al. 1999). 

We document buffelgrass fuel loads at several sites in southern Arizona, USA. 

We also investigate the range of temperatures generated by a buffelgrass fire and assess 

how fire temperature varies with weather conditions. Different ignition times (morning to 

late afternoon) were used as a covariate for relative humidity (RH), wind speed and air 

temperature to gain an improved understanding of potential impacts of such fires on 

native vegetation, buildings and infrastructure, and firefighter safety. We also measured 

temperatures horizontally and vertically from fuels. We compare fire-temperature values 

to other North American deserts.  

We also evaluate the relationship between fuel loads and buffelgrass allometry, 

because allometric measures are simple to determine and traditional methods are slow, 
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destructive and little-used by practitioners. Last, we investigate the effects of herbicide 

application on buffelgrass fuel loads 1.5 and 3 years after treatment. 

Methods 

All vegetation stands were sampled within the Arizona Upland Division of the 

Sonoran Desert (Brown 1994) in southern Arizona. A field site was selected for 

prescribed fires in Avra Valley, Arizona (lat. 32.265, 1ong. -111.282), 30 km west of 

downtown Tucson, Arizona, during the summer of 2008. In the late 1970’s buffelgrass 

was seeded in fallow fields in Avra Valley to prevent the establishment of undesirable 

‘weeds’ after decades of intense agricultural use. Some native plants have recolonized the 

fields, including a variety of annual species, barrel cactus (Ferocactus wizlizeni 

(Engelm.) Britt. et Rose), mesquite (Prosopis velutina Woot.), and cholla (Opuntia spp), 

but buffelgrass is the dominant cover.  

The Avra Valley site had two burn units. The smaller burn unit was 

approximately 0.5 ha and contained one subplot. The larger burn unit was divided into 3, 

21-ha fires by fuelbreaks. Each separate fire contained 5 subplots. The subplots were 

located at roughly 150-m intervals in areas where fuels were relatively continuous. Thus 

a total of 16 subplots were created (3x5+1). Ignition patterns ensured all subplots were 

burned with a running head fire.  

Undisturbed sites with abundant buffelgrass and native vegetation were sampled 

in Saguaro National Park, Rincon Mountain District (SNP, lat. 32.15, long. -110.71) 20 

km east of downtown Tucson, Arizona. Although the Avra Valley site has different 
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topography, soils, and management history then SNP, the prescribed burns were 

conducted in Avra Valley where containment was relatively straightforward and potential 

damage to native vegetation, fauna and adjacent lands was minimized.  

Buffelgrass fuel loads in SNP were evaluated in the vicinity of Freeman 

Homestead Trail, near Lower Tanque Verde Ridge (specifically site “1A”), and northeast 

of Camino Loma Alta. Sites generally had a southerly aspect with highly variable slopes. 

Sites at both Freeman Homestead and Camino Loma Alta were divided into upper and 

lower sections because two distinct patches of buffelgrass were present at each site.  

The decomposition of herbicide-treated stands of buffelgrass was evaluated at two 

sites in the region: (1) near the SNP Freeman Homestead site, where buffelgrass had been 

killed by glyphosate application 3 years prior to our assessment, and (2) at a 2-ha site 

adjacent to the Quail Canyon housing community, where herbicide was applied 1.5 years 

before sampling.  

The Quail Canyon subdivision (lat. 32.288, long -110.841) was located on an east 

aspect of 60% slope 20 km northeast of downtown Tucson, Arizona. The Quail Canyon 

site was used only for evaluating the effects of herbicide on buffelgrass fuels. One 

portion of this site had been sprayed by glyphosate 1.5 years previously while another 

portion was untreated. There was no indication of recent fire in any of the 3 areas we 

sampled. 

Data collection 
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Data on preburn plant biomass were recorded in each burn unit in Avra Valley 

during May 2008 and in SNP during July 2008. Five 0.5-m2 quadrats were randomly 

located within each of the 16 Avra Valley subplots and all aboveground biomass was 

clipped (to 2.5-cm height), dried (at 60°C for 24 hrs) and weighed (to nearest 0.1 g). Fuel 

loads in 8 randomly located 0.5-m2 quadrats were sampled in each site at SNP. For the 

herbicide-treated plots in SNP and Quail Canyon, 15 randomly located quadrats were 

sampled.  

In Avra Valley, allometry data were collected from 40 plants, 10 in each burn 

unit. Attributes quantified included: height (to top of plant), canopy diameter (leaf edge 

to leaf edge) and basal diameter in 1-cm increments. In SNP, variation was greater than 

Avra Valley, so 40 plants were used for allometric measurements at each of the five sites. 

All plants were then clipped, dried and weighed. Biomass was not separated by 

production year, nor was standing litter removed from the samples.  

To measure fire temperature we placed pyrometers (ceramic indicator tiles 

covered in aluminum foil) at 15 randomly located points within each of the 16 subplots in 

Avra Valley. Each indicator tile was marked with tempilstick® indicator ‘crayons,’ 

which produce a distinct melted mark when exposed to a designated temperature (Tempil 

2007). A total of 26 marks were used, ranging from 93-1260°C on each tile, in 

approximately 38°C intervals. Distance to nearest fuel load and amount of fuel was 

marked on the glazed side of each tile. Tiles were placed on the soil surface with the 

glazed side down and the unglazed side facing up, with tempilstick marks covered in foil.  
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To measure the vertical temperature profile, tiles also were placed vertically on 

metal t-posts in the center of each subplot at 0, 30, 60, 120 cm aboveground with the tile 

face perpendicular to the ground. Tiles also were placed along gradients next to large fuel 

breaks and adjacent to individual cactus plants. Tiles were collected after all fires were 

completed and the number of marks that melted was analyzed in the lab.  

Covered and uncovered test tiles were placed in a muffle furnace for 1 minute at 

100°C intervals from 200-900°C to determine differences between indicated temperature 

and oven temperature.  

Analysis 

Differences in biomass within and between sites were analyzed with an ANOVA 

framework. Allometric differences were determined with ANOVA analyses, and a 

multiple regression was used to explore correlations of plant allometry with biomass and 

fuel load. Calibrations of pyrometers in an oven were conducted with a regression 

analysis, and this relationship was used for tiles placed in the field. Relationships 

between temperatures and fuel characteristics were analyzed with regressions. 

Correlations between fuel load, weather and fire temperature were conducted with a 

multiple regression. ANOVA were used to test differences between herbicide treated 

plots and untreated plots.    

Results 
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On 28 May 2008 the smallest burn unit was ignited at 0930. The next prescribed 

fire started at 1145 in the larger burn unit. The third prescribed fire began at 1255, and 

the last fire was ignited at 1420. All fires burned for 15-30 minutes. 

Biomass 

Aboveground biomass in Avra Valley was not significantly different between the 

four burn units (Table 1). Plots in SNP had more variable fuel loads than Avra Valley due 

to site heterogeneity; Avra Valley was flat and sites in SNP had varying slopes and 

aspects. Average biomass in Avra Valley was significantly higher than in SNP (p = 

0.0001), but fuel load did not differ between some individual plots in SNP and Avra 

Valley (Table 1). 

Allometry  

Plants in the smaller burn unit at Avra Valley were taller and had greater basal 

diameter than plants in 2 of the larger subunits (p = 0.013 and 0.0488, respectively). In 

general, plants between the 3 large subunits did not differ in size. Buffelgrass plants in 

SNP were on average nearly 30% shorter than those in Avra Valley (106 cm) (p = 

0.0001) and had a smaller basal diameter than those in Avra valley (p = 0.0006). 

However, basal diameter of buffelgrass plants at the Freeman Homestead Lower site and 

Camino Loma Alta Upper site were not significantly different from plots 1, 2 and 3 in 

Avra Valley.  

Relationship between allometry, biomass and fuel load  
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Basal diameter was strongly correlated with mass of individual plants at SNP 

(p<0.0001, R2 = 0.750, R2 adj. = 0.746). Including both basal diameter and height proved 

only slightly more useful in predicting biomass (p = 0.001 R2  = 0.820, R2 adj. = 0.816). 

Our data suggest there is a positive relationship between biomass and cover of 

buffelgrass at the scale of the plot (p = 0.062); however, the predictive ability of this 

model is low (R2 = 0.41, R2 adj.= 0.33).  

Pyrometer Calibration Experiment: Difference between covered and uncovered tiles 

Uncovered tiles placed in an oven performed well, as most marks melted at their 

indicated temperature (Fig. 1) and the slope of relationship was 0.96. A 1:1 relationship 

would indicate a perfect match between oven temperatures and indicator temperatures. 

The intercept was possibly positive (p = 0.07), indicating a short amount of time was 

required before ceramic tiles heated to adequately melt the marks.   

Tiles covered with foil significantly underestimated oven temperatures (Fig. 1). 

The first tempilstik mark at 93°C did not begin to melt until oven temperatures reached 

500°C. Upon further increases in temperature the slope of this relationship was nearly 

twice as shallow as a 1:1 relationship, at 0.51degrees per degree.  

When tiles were placed in an oven at 900°C for 1 minute the aluminum foil 

melted off the tile and the temperature indicated by the tempilstik mark was similar to the 

oven temperature. One minute is usually longer than the observed residence time of 

prescribed fires in grasslands (McDonald Appendix C, Wright and Bailey 1982, Morgan 

1999). Permanent markings on the back of the tile melted and disappeared at this 
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temperature. Many tiles collected from the field had melted foil and lost their permanent 

marks. If the foil was still intact, the temperature reported was based on the temperature 

of the highest melted mark and the regression relationship between covered and 

uncovered tiles shown in Fig. 1. If the fire burned the foil off the pyrometer, then the 

temperature reported was 900°C. If the foil was only partially burned, which occurred on 

11 of 228 tiles, then we used the average of the indicated temperature and 900°C. 

Temperatures of tiles in the field  

Maximum temperature directly recorded by indicating crayons was 871°C. 

Several tiles indicated high temperatures that could be validated only in the laboratory, 

with estimated temperatures of 900°C. Average temperature of all tiles was 360°C (n = 

228). Higher temperatures were negatively correlated with distance to fuel load (p = 

0.0002), even at distances less than 1 meter (p = 0.02). Average temperature of each of 

the 4 burned areas did not differ (p = 0.22). There was no relationship between recorded 

temperature and direction of fuel load from the tile (p = 0.43).  

Temperatures did not differ with increased height between ground level and 120 

cm aboveground (Table 2). Average temperature across all heights was 696°C. There was 

a negative relationship between temperature and distance from the edge of a fuel bed (p = 

0.028, Table 2). Only two of six tiles located 120 cm from the edge of a fuel break 

recorded above-ambient temperatures. Average fire temperature near cactus plants was 

222°C; although 13 of 19 tiles did not indicate above-ambient temperature due to low 

fuel loads.  
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Fuel loads and temperatures 

After accounting for differences in weather between plots, there was no 

significant relationship between the average fuel load and average fire temperature at the 

plot scale (multiple regression, p = 0.42, Fig 2). At a smaller scale, pyrometers near 

higher fuel loads indicated expectedly higher temperatures, with considerable variation in 

this pattern (regression, p = 0.018, R2 adj. = 0.05).  

Herbicide and fuel loading 

Plots treated with herbicide had reduced buffelgrass biomass at both Quail 

Canyon and SNP (p=0.055 and p<0.0001, respectively). Treated buffelgrass had 30% less 

biomass 1.5 years after treatment and 70% less biomass 3 years after treatment.  

Discussion 

We recorded peak fire temperatures of 871°C and 900°C in buffelgrass-fueled 

fires. Temperatures during the peak fire season (June-July) likely are higher than we 

observed when burning under relatively cool conditions during the fire season. Summer 

high temperatures in the area average 38°C, whereas our prescribed fires occurred at 

temperatures between 27 and 34°C. 

Similarly high peak temperatures were found in a variety of ecosystems. In 

grasslands of southeastern Australia, peak fire temperatures were 467 °C with 150 g m-2 

of fuel and 523 °C with 1100 g m-2 of fuel (Morgan 1999). In a location quite comparable 

to this study, a mesquite-acacia shrubland, peak fire temperature was 700 °C when air 
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temperatures were high (39 °C) but fuel loads were low (120 g m-2) (Streeks et al. 2005). 

In mesquite grasslands in northwest Texas, peak temperatures of 680°C with 785 g m-2 

were recorded but declined to 83°C with 170 g m-2 of fuel (Stinson and Wright 1969). 

Maximum temperatures at 1 cm above ground level ranged from 90 to 400°C in the 

Sonoran Desert where fuel load ranged from 70 to 320 g m-2 (Pattten and Cave 1984). 

Given the high variation between fire temperature and fuel loads, buffelgrass fire 

temperatures could be higher than reported here, with even greater effects on plants and 

soils (Adams et al. 1970, Cave and Patten 1984).  

Aboveground biomass of buffelgrass plots was also higher than observed in 

previous studies. In Mexico, buffelgrass fuel loads ranged from 300 to nearly 500 g m-2 

(Mayeux and Hamilton 1983, Martin-R et al. 1995, 1999). In other parts of SNP, fuel 

loads were 250-280 g m-2 (Esque et al. 2007). Our fuel loads were mostly comparable to 

those found in Australia ranging from 300-1,200 g m-2, where precipitation is nearly 

double that of Tucson (Jackson 2005).  

Buffelgrass fuel loads were comparable to or greater than those in nearby semi-

arid grasslands, despite semi-arid grasslands receiving more rainfall and experiencing 

cooler summer temperatures than the lower Sonoran Desert (Brown 1994). Fuel loads of 

nonnative Lehmann lovegrass (Eragrostis lehmanniana Nees) dominated grasslands 

range from 110 g m-2 (Cable 1976) up to 600 g m-2 (Cox et al. 1990). McDonald 

(Appendix B) reports values intermediate between these two studies. Buffelgrass fuel 

loads exceeded even peak standing crop biomass in native big sacaton (Sporobolus 
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wrightii Munro ex Scribn.) grasslands in Arizona, which ranged from 390 to 515 g m-2 

(Cox 1985). The amount of fuel sufficient to carry a fire in the Sonoran desert is 2-4 

times lower than our most sparse buffelgrass plot (Patten 1978, Wright 1980).  

Buffelgrass production was also higher than other nonnative grasses in the 

southwestern US. In the Mojave Desert fuel loads (including Mediterranean grass, 

Schismus spp. and red brome, Bromus rubens L.) ranged from 6 to140 g m-2 (Brooks and 

Berry 2006) up to 210 g m-2 (Brooks 2000). Fuel loads of 25-125 g m-2 in the Mojave 

Desert created peak fire temperatures of 200°C (Brooks 2002). In sagebrush (Artemesia 

spp.) communities in the Great Basin, cheatgrass (Bromus tectorum L.) production is also 

highly variable, ranging from 40 g m-2 (Hull and Pechanec 1947) to nearly 400 g m-2 

(Klemmedson and Smith 1964). Variation also was affected by disturbance history, with 

production of Bromus spp. in Mojave and Great Basin deserts ranging from 0-62 g m-2 on 

undisturbed sites, while burned sites had 6 -75 g m-2 (Beatley 1969). In the Sonoran 

Desert, wide variation was observed in the production of annuals (including non-natives) 

ranging from 9 to 95 g m-2 (Patten 1978). 

Although herbicide is effective at reducing fuel loads, three years after treatment 

fuel loads were still adequate to support fire spread. More time or effort will be necessary 

to create the fire-resistant landscape common in the Sonoran Desert. A fire with fuel 

loads of red brome much lower than reported in this study (145 g m-2) caused a high 

mortality of saguaro, cholla cactus, and paloverde (Parkinsonia microphylla Torr.) and an 

overall reduction of woody species (Cave and Patten 1984).  



127 
 

Fire temperatures were well above lethal limits for plants (60°C, Wright and 

Bailey 1982) at 1.2 m above ground level and 1.2 m away from a fuel break. Radiant heat 

flux from a fire is one of the principal factors in determining ignition of a structure 

(Cohen and Butler 1998). In this experimental burn, observers were repeatedly forced to 

back away from the flames to take photographs or record fire behavior because of a high 

radiant heat load. Common fuel breaks in rural areas (i.e. trails, unpaved roads, rocky 

slopes) are not sufficient to contain a buffelgrass fire. 

Allometric measurements were useful to estimate biomass of individual plants but 

not fuel loads over a given area. Furthermore, fuel load was not a useful predictor of fire 

temperature at the plot scale. Fire intensity is determined by the interaction between 

weather and fuel load, but weather can be a strong determinant of fire intensity (Bessie 

and Johnson 1995). Apparently even the minimum fuel loads we observed did not 

constrain high fire temperatures.  

Our data support the contention of Wally et al. (2006) that pyrometers 

underestimate actual temperatures. Calibrations can significantly improve the functioning 

of ceramic pyrometers, and pyrometers have advantages over the more accurate, but also 

more expensive, thermocouples. In particular, very large numbers of pyrometers can be 

placed quickly and easily in scattered locations throughout a large fire.  

Buffelgrass fires will be more intense and detrimental to native flora and fauna 

than fires in many other arid and semi-arid ecosystems in southwestern North America. 

Nonnative grasses in the Great basin and Mojave Deserts are annuals, are short and have 
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a small basal diameter, thus production values are much lower than buffelgrass. 

Managers in those ecosystems are certainly aware of the effects of these species on the 

fire cycle (Brooks and Matchett 2006, Rice et al. 2008). Managers in the Sonoran Desert 

will need to become well-educated about buffelgrass as biomass of this perennial does 

not fluctuate as widely as these annuals, thereby creating a more consistent fire hazard.  
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Tables and Figures 
Table 1. Biomass of buffelgrass stands in Avra Valley and Saguaro National Park, 
Rincon Mountain District (SNP), AZ. Plots with the same letter do not differ.  

Buffelgrasss Biomass        
Avra Valley Plots         
  SNP Plots g m-2       
1st strip  1210   A   
2nd strip  896 A B  
Avra Valley 
(mean)  793   
3rd strip  752 A B C 

 
Camino Loma Alta 
Upper   685 A B C D

4th strip  671 A B C D

 
Camino Loma Alta 
Lower   492 A B C D

 
Freeman Homestead 
Lower  482 B C D

 SNP (mean) 381   
 1A 299  C D

 
Freeman Homestead 
Upper  260   D

  

 



134 
 

Table 2. Relationship between heights (cm) of pyrometers affixed to t-posts, distance 
(cm) of pyrometer from fuel break and average temperature °C during prescribed fires in 
Avra Valley AZ.  

Distance 
Vert. 
Temp. 

Horiz. 
Temp  

0 568 559 
30 799 354 
60 759 177 

120 659 177 
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Figure 1. Regression of melting point of temperature indicating crayons by oven 
temperature. The 1:1 line indicates the temperature at which the marks are designed to 
melt. 
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Figure 2. Correlation of average fuel load and air temperature with average fire 
temperature in each of four prescribed fires in Avra Valley, AZ. The axis for the fuel load 
data (dotted line) is given on the far right, air temperature (dashed line) is given on the 
right.  
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Figure 3. Degradation of buffelgrass biomass following herbicide treatments. Plots were 
located in Saguaro National Park and Quail Canyon neighborhood in Tucson, AZ. Plots 
in SNP were treated 3 years previously while plots in Quail Canyon were treated 1.5 
years previously. 
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APPENDIX E 

FIRE, LIVESTOCK GRAZING AND AN INVASIVE GRASS: RESPONSE OF 
POLLINATORS TO MULTIPLE DISTURBANCES IN SOUTHERN ARIZONA 

 

Christopher J. McDonald 
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Abstract  

Pollination is crucial to the survival of many plants and animals. Threats to plants and 

pollinators are numerous and include land uses, habitat loss and fragmentation and 

introduction of nonnative organisms. The Sonoran Desert is home to numerous 

pollinators, especially bees (Hymenoptera: Apoidea), but is also faced with many 

ecological challenges. I elucidated the response of the bee community to small-scale 

land-use treatments in a semi-arid grassland of southern Arizona dominated by the 

nonnative, invasive Lehmann lovegrass (Eragrostis lehmanniana). The plant community 

was significantly affected by these treatments, with an increase in dicots and native 

grasses and a decrease in an invasive grass and shrubs due to fire. Grazing had only 

moderate effects. The bee community did not respond to these treatments. The absence of 

response likely resulted from treatments that were applied at scales less than the flight 

range of a bee. In addition, resources beyond treated areas may have been sufficient to 

support the bees. Bee communities differed between years and at small (1-4 ha) and 

medium (15 ha) scales. The annual abundance of bees closely matched the annual 

abundance of wildflowers, highlighting that these two guilds use similar cues. Although 

Lehmann lovegrass reduces plant richness, small-scale land uses that decrease Lehmann 

lovegrass abundance and increase native plant richness did not affect the bee community. 

Introduction 

Pollination provides tremendous benefits to many organisms, yet awareness of 

pollinator conservation is a relatively recent phenomena (Kearns et al. 1998). Threats to 
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pollination include habitat loss and fragmentation, land uses, agricultural practices and 

invasion of nonnative plants and animals. Several of these threats are present in the 

Sonoran Desert of southwestern North America.  

The Sonoran Desert of southern Arizona is a hotspot for bee (Hymenoptera: 

Apoidea) diversity (Buchmann 2000) and many semi-arid grasslands in the Sonoran 

Desert have been altered by livestock grazing, cessation of fire regimes, habitat 

fragmentation and invasion of nonnative plants and animals (McClaran and Van 

Devender 1995). The invasive, nonnative Lehmann lovegrass (Eragrostis lehmanniana 

Nees) is causing declines in species richness that cascade up trophic levels (Bock et al. 

1986) and reduces the cover of bare areas, a critical resource to ground-nesting bees 

(Potts et al. 2005). In addition, many areas of southern Arizona have a long history of 

intense livestock grazing (Barhe 1991). Few studies have investigated pollinator 

responses to large-scale disturbances (Potts et al. 2001, 2003a, b). Bee communities are 

known to be highly variable (Williams et al. 2001), and much remains to be understood 

about patterns of variation in bee communities over multiple years and how those 

patterns are influenced by fire, livestock grazing and nonnative species.  

In general insect richness is reduced after fire because only a few species favor 

the open areas that abound after a fire (Swengel 2001). However, fire is a frequently-

occurring disturbance in many grasslands and savannas (McPherson 1997). Thus 

pollinators must have some adaptations to survive fire in these potentially fire-frequent 

communities.  
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Conversely, livestock grazing in some ecosystems can benefit bees as livestock 

create openings for small flowering herbs to grow (Vulliamy et al. 2006). But in other 

cases livestock can deplete herbs and reduce pollination resources (Yoshihara et al. 

2008).  Although pollinators infrequently visit a few native grasses (Heteropogon 

contortus CJM pers. obs.), the majority of grasses are not visited by pollinators, including 

the dominant Lehmann lovegrass. From the pollinator’s perspective, most of the plants in 

this semi-arid grassland do not provide adequate floral or nesting resources for survival. 

Thus, disturbances such as livestock grazing and prescribed fire, which can increase dicot 

abundances, also could increase pollinator abundances. I investigate the effects of 

disturbances, namely livestock grazing and prescribed fire, on potentially altering 

resources to the benefit of pollinators.  

Bees were used as the focal group of pollinators and were collected with pan 

traps. Although pan traps are biased (Cane et al. 2000) they can be effective, both 

ecologically and economically, at trapping bees (Westphal et al. 2008). Furthermore, pan 

trapping is the most efficient and least biased method that can simultaneously sample a 

large (35 ha) area with differing treatments, amounts of vegetation and flowers.  

 Methods 

On the Santa Rita Experimental Range 50 km south of Tucson, Arizona (31.7484, 

-110.837), twenty four 0.25-ha (50- x 50-m) plots were established in 2004 (McDonald 

Appendix B). Half the plots were treated in 2005 with prescribed fire, livestock grazing, 

prescribed fire and then livestock grazing, or were left untreated. The 12 remaining plots 
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were similarly treated in 2006 to account for interannual variation. Plots were statistically 

blocked to account for differences in vegetation and topography. Plant cover was 

measured from 2004-2008 every fall and spring during the two flowering seasons in the 

Sonoran Desert; plant biomass was measured every fall. Methods are detailed in 

McDonald Appendix B. Bees were sampled every spring from 2005-2008. Lehmann 

lovegrass dominates vegetation, and in general native plants are scattered shrubs and 

annuals or small patches of native grasses. 

One pan trap (175-ml plastic bowl) was placed in the center of each plot and then 

4 traps were arranged in 3 transects radiating from the center of each plot in a “Y” shape. 

Each pan trap was filled with propylene glycol antifreeze. Along each transect, bowls 

were placed at approximately 10-m intervals, such that 2 bowls along each transect were 

inside each plot and two bowls were adjacent to, but outside, the treated area. This pattern 

allowed for testing small-scale treatment effects. Thus, 13 bowls were placed near each 

plot with 7 inside the plot and 6 outside, but adjacent to, the plot. Bowls were painted 

fluorescent blue or yellow or were left unpainted and white to collect a range of bees (S. 

Droege unpub. data). At each 10-m distance from center of plot, one trap of each color 

was randomly placed (i.e. one blue, yellow and white bowl were placed at 10, 20, 30 and 

40 m from the center). Specimens from each blue, white and yellow bowl were grouped 

before analysis by distance from center of plot. A total of 312 bowls were used in each 

year.  
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Traps were left in the field for 4 days in 2005 and 2006. However, in both years 

inclement weather and some small animals overturned a significant number of bowls and 

lost bowls were re-sampled a few weeks later, during calm weather. In 2007 traps were 

left in the field for 3 days and counts of insects were taken on the first and third days. 

Results suggested that trap collection rates (insects/day) did not differ between 1 and 3 

days for bees, beetles, flies, leaf hoppers, Lepidoptera and wasps (ANOVA p=0.86, 0.76, 

0.22, 0.58, 0.14, 0.99, respectively). Thus, trapping intensity in 2008 intensity was 

reduced to a single 24-hour period. All results are standardized to captures per trapping 

effort day. 

All bees were identified to genus or morphogenus. Unknown or damaged bees 

were lumped into the category ‘unknown.’ Bees in the family Anthophoridae that were 

not Mellissodes, Anthophora, Diadasia, Centris, Svastra or Synhalonia were lumped into 

a single category, ‘Anthophorid.’  

Plots were statistically blocked to account for differences between plots in 

topography and vegetation. Data were analyzed for bee abundance, richness and 

diversity. When calculating diversity measures, trapping effort was standardized after the 

index was calculated. Comparisons between plots and correlations with plant cover, 

apply to bowls inside plots, not those adjacent to plots as plant cover was only measured 

inside plots. Different plant cover types were grouped based on physiognomy and 

nativity (Lehmann lovegrass, native grasses, dicots, shrubs, litter, and bare ground) 

Analysis 
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Data were square root transformed and met assumptions of analyses. Abundance 

data were relativized by year and spatially analyzed in a GIS platform. Differences in the 

bee community within and between years were analyzed with an ANOVA. An ANOVA 

was used to determine if the pan trap at the center of each plot affected abundance, 

richness or diversity. Correlations between the bee community and plant community were 

evaluated with Pearson’s correlation coefficient. A multiple regression was used to 

determine the effects of plant types (Lehmann lovegrass, native grasses, dicots, bare 

ground, litter, live plants or native plants), year, block and treatment on the bee 

community (abundance, richness and diversity). The effects of treatments on bee richness 

and diversity were analyzed with a repeated measures MANOVA.   

Results 

A total of 3239 bees were collected from 48 genera. The most common bee taxa 

are listed in Table 1. The 10 most common taxa account for over 90% of bees and the top 

4 taxa account for 80% of all bees, indicating the rarity of other genera.  

Plant cover was significantly affected by treatments and year treatments were 

implemented (McDonald Appendix B). Most notably, the cover of native grasses, bare 

ground and dicots increased after burning while the cover of Lehmann lovegrass and 

native shrubs declined after fire. Grazing treatments had a moderate and negative effect 

on the cover of native grasses and dicots. Due to precipitation patterns, treatment effects 

were greater in 2005 than 2006. After treatments were applied in 2005, summer 

precipitation was below average, which was also followed by below-average winter 
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precipitation. In contrast, summer precipitation in 2006 was above average. Thus, plots 

treated in 2005 received below-average precipitation for nearly one year while plots 

treated in 2006 received abundant rainfall soon after being treated (McDonald Appendix 

B).  

Treatments were not effective at altering the abundance of the majority of the 5 

most common genera of bees inside plots (Table 2), nor was there a significant inside x 

treatment interaction (all p>0.15). The most consistent effects were year and location. 

Anthidium and Diadasia exhibited an increase in abundance inside plots treated in 2006. 

However, these two genera did not show a consistent pattern, for example in 2006 

Diadasia was found in greatest numbers inside grazed plots but also adjacent to untreated 

plots. The abundance of Anthidium inside plots was less than outside plots in 2006, while 

in 2007 the opposite pattern was evident. The late sampling effort in 2006 also had a 

significant effect on the abundance of many genera (table 2).  

Even though there were no consistent differences in bee abundance inside and 

adjacent to plots, there were significant, but not meaningfully interpretable, differences 

between treatments for different taxa. For example, Diadasia were more abundant on 

untreated plots than treated plots, and Anthidium were less abundant on burned plots, but 

these results were from pretreatment sampling in 2005.  There was a significant 

interaction between treatment and year, but this result was observed during sampling in 

2008, nearly 2 years after treatments were implemented.  
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Thus, the observed effect of treatment resulted from differences in location and 

the random assignment of treatments to plots. The 3 plots with the highest abundance of 

bees in 2005 (Fig. 1A, 3 plots at top, center of map), a pretreatment year, were all 

adjacent to each other and two were randomly assigned the treatment of burning-and-

then-grazing. Thus, this treatment combination had a significant effect on abundance. In 

2008, the two most abundant plots (Fig. 1D, bottom right of map) were treated with 

grazing, and thus grazing was significant, even though the third plot treated with grazing 

had the second lowest abundance of bees. In addition, treatments were applied nearly 2 

years previously and after that time the grazed plant community resembled the untreated 

community (McDonald Appendix B). The 3 blocks on the east half of the field site all 

had higher abundance than blocks on the west half of the site (Fig. 1). Lastly, plots 

slightly west of center consistently had a low abundance of bees.  

The average abundance of bees in each year closely tracked the abundance of 

dicots (Fig. 2). There were significant differences in bee and dicot abundances between 

years, with the greatest abundance (2008) nearly 2.5 times higher than abundance during 

the year with fewest bees (2007) (Fig. 2). However, at the plot scale, correlations between 

dicots and bee abundances were generally low (R2 = 0.05 - 0.32). 

Richness and Diversity 

Richness and diversity of bees were greatest in 2005 and similar from 2006-2008 

(Figs. 3 and 4). There was no treatment effect on the richness or diversity of bees (Table 
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3). However, there were significant year-to-year differences as well as some differences 

attributable to location.  

Traps at the center of each plot (1 bowl/plot) had a significantly lower richness 

and abundance (both p<0.0001) than any other distance (10, 20, 30 and 40 m) away from 

the center of the plot (3 bowls/distance), even after standardizing trapping effort. Due to 

this result, bowls on the inside of plots had a lower richness than bowls adjacent to plots 

(p<0.0001). However, when excluding the pan trap at the center of each plot from 

analysis, there was no significant difference between inside and outside (p=0.48) even 

though only the inside of plots were treated. All analysis between inside and outside of 

plots excludes the center bowl. 

All community analyses were conducted after eliminating genera which were only 

captured 1 or 2 times over the entire study (n=10). Shannon and Simpson indices were 

correlated (R2 = 0.64), and the two measures returned similar results, thus only 

Shannon’s index was used in this analysis. Treatments differed significantly in 2005 even 

though treatments had not been implemented until 2006 and there was no difference in 

richness or diversity inside of plots or adjacent to plots due to treatments. Thus, 2005 data 

was used as a covariate for the RMMANOVA analysis.  

Plant Community and Bee Community Correlations 

There is no significant relationship between Lehmann lovegrass cover and the 

abundance, richness and diversity of bees when taking into account treatments, 
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interannual variation and location (all p >0.077). Year and occasionally block were 

significant predictors of the bee community.  

There were no consistent relationships between plant cover (native grasses, dicots, 

bare ground, litter, live plants or native plants) and bee abundance, richness or diversity 

when taking into account year, block and treatments. Because the majority of the field 

site was untreated space between plots, correlations between plant cover over the entire 

site and bee community measures could be reflected in untreated plots. There were no 

significant relationships between the bee community and plant cover on untreated plots. 

Last, plant richness and diversity were not correlated with bee richness and diversity (all 

R2 < 0.15). 

Discussion 

The small size of these experimental treatments, relative to the foraging range of 

bees, 150-600 m (Gathman and Tscharntke 2002), may provide insight into to why 

treatments were not effective at altering bee communities, even though plant and nesting 

resources were significantly altered by the experiment. The foraging range of most 

solitary bees is greater than the small size of the 50- x 50-m plots. Although there were 

some significant effects of treatments, these effects occurred during pretreatment 

sampling, were artifacts of small sample sizes (n=3 plots for each treatment-year 

combination), or were evident 2 years after treatments were implemented, during which 

the plant community in many respects resembled pretreatment vegetation. Given this 
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evidence, it is far more likely that location on a small-scale, varying from 50-200 m, had 

a greater influence on bee abundance than treatments. 

This is one of few studies to employ a manipulative framework for investigating 

bee community responses to land-use effects. Larger plots would help alleviate some of 

the problems with small plot sizes encountered in this study, but the small scale used was 

useful in identifying bee responses to patches of flowers. Studies that incorporate 

sampling on multiple years and multiple sites can be extremely beneficial (see Herrera 

1988, Danforth 1999). 

Bee abundance is highly variable within and among years, throughout a flowering 

season and over small scales (Herrera 1988, Williams et al. 2001). Small-scale variation 

in the bee community had the single greatest effect on the bee community within a year. 

The plot with the lowest abundance, richness or diversity of bees was 2-10 times lower 

than the plot with the highest bee abundance, richness or diversity, respectively, in the 

same year. If this pattern is consistent, any measure of the bee community on a scale of 

200 m or less could vastly misrepresent the bee community present on the larger 

landscape. Changes in pollinator composition have been found at even smaller scales, 

down to 25 m (Herrera 1988).  

Location of traps at the landscape scale also had a much greater effect on the bee 

community than small-scale prescribed-fire or livestock-grazing treatments. Consistent 

with other systems, patch and landscape-scale factors influence the bee community 

(Williams et al. 2001, Hatfield and LeBuhn 2007). Abundance and to a lesser extent 
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richness and diversity peaked at different locations (1-4 ha) in each year. And at a larger 

scale, the abundance and richness of pollinators increased with increasing landscape 

complexity, consistent with previous research (Steffan-Dewenter et al. 2001, Steffan- 

Dewenter 2003).  

Habitat diversity and size are important components of species-area relationships 

(Rickleffs and Lovette 1999). Pollinator abundance can correlate with size of available 

habitat (Steffan-Dewenter et al. 2002) but patch size, as created by treatments, may have 

been too small for bees to respond to altered vegetation. The flush of dicots in burned 

patches could have increased pollinator richness and/or abundance (Steffan-Dewenter 

2003, Steffan-Dewenter and Schiele 2008), but the untreated area around each plot was 

2-3 times larger than the plot itself. Resources in the matrix might have sustained 

pollinators, providing little reward for pollinators to selectively use burned patches. 

Although burning increased the abundance of wildflowers, bees did not avoid and were 

not attracted to these flower-rich patches. 

Time between treatment implementation and sampling was at least 7 months, thus 

measures of pollinator abundance and diversity are separated by one generation as most 

bees sampled likely emerged that spring. Treatment effects do not reflect immediate post-

fire survival of bees but the use of burned or grazed patches. Fires were also implemented 

in early summer during the historic fire season (Bahre 1991, McPherson and Weltzin 

2000) when most Sonoran Desert plants are naturally dormant due to a several month-
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long drought. Thus bee populations may have been naturally low as well, with the 

possible exception of Diadasia, which is active from April-July (Ordway 1987).  

Bee abundance most closely correlated with the average seasonal biomass of 

dicots. Thus, it is clear that the factors that make for abundant wildflower years, 

including early and consistent precipitation, bet-hedging, and seed size (Clauss and 

Venable 2000), are the same factors that explain years with abundant bees (Danforth 

1999). But scale matters: Individual plots with an abundance of wildflowers did not 

correlate with increased bee abundance or diversity. In addition, there are direct links 

between regional and global patterns of climate (El Nino Southern Oscillation) and 

hymenoptera population dynamics (Akre and Reed 1981, Estay and Lima 2009).  

Despite the site being heavily dominated by the invasive, nonnative Lehmann 

lovegrass, bee abundance was not negatively correlated with Lehmann lovegrass cover at 

the scale of my measurements. Bee abundance distributions were highly skewed, with 

many rare taxa and a few dominant taxa, similar to other studies (Williams et al. 2001, 

Potts et al. 2003b). It appears that Lehmann lovegrass and small-scale land-management 

practices did not harm bee populations in southern Arizona. 
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Figures and Tables 

Table 1. Relative abundance of 10 most common taxa of bees out of 48 captured 2005 – 
2008 on pasture 1 of the Santa Rita Experimental Range 50 km south of Tucson, Arizona. 
Results are standardized to account for variation in trapping effort between years. 
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Taxa Total  2005  2006  2007  2008
Lasioglossum 33.4 Anthidium 22.3 Lasioglossum 56.3 Lasioglossum 38.5 Anthidium 42.4
Anthidium 23.2 Anthophorid 11.2 Ashmeadiella 13.6 Anthidium 31.8 Diadasia 18.1
Diadasia 13.3 Ashmeadiella 9.5 Diadasia 11.3 Diadasia 15.1 Lasioglossum 9.5
Ashmeadiella 10.3 Diadasia 9.4 Anthidium 9.3 Ashmeadiella 4.2 Ashmeadiella 8.9
Agapostemon 3.1 Andrena 7.9 Agapostemon 3.8 Agapostemon 3.7 Dufourea 4.6
Anthophorid 2.8 Lasioglossum 6.9 Melissodes 1.8 Anthophorid 3.7 Anthophora 2.9
Dufourea 2.2 Anthophora 4.1 Anthophorid 1.6 Unknown 1.6 Perdita 2.6
Andrena 1.8 Dufourea 3.8 Perdita 0.8 Tie1 0.3 Agapostemon 1.7
Anthophora 1.4 Agapostemon 3.5 Megachile 0.5  Andrena 1.7
Melissodes 1.2 Mexalictus 2.4 Unknown 0.2  Apis 1.4

Sum 92.7  80.9  99.2  98.9  93.7
 

1- Five genera had an equal abundance of 0.3% in 2007 
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Table 2. Results of multiple regression of abundance of 5 most common bee genera on 
plots at the Santa Rita Experimental Range 50-km south of Tucson, Arizona. Plots were 
treated in either 2005 (top) or 2006 (bottom). Second sampling refers to a second 
sampling event that occurred in 2006. Inside refers to a dummy variable of bowls placed 
inside treated areas or adjacent to treated areas. Although treatments were significant they 
were likely an artifact of location and random assignment of treatments to plots (see text).  

2005 Agapostemon Ashmeadiella Anthidium Diadasia Lasioglossum
Year 0.66 0.092 <0.0001 0.0001 0.30 
2nd Sampling 0.002 0.0001 <0.0001 0.20 <0.0001 
Block 0.003 0.0004 0.0002 <0.0001 0.0004 
Inside 0.82 0.25 0.95 0.95 0.13 
Trmt  0.73 0.2 <0.0001 0.066 0.90 
Trmt x Year  0.48 0.19 0.063 0.024 0.34 

2006           
Year 0.29 0.041 <0.0001 0.014 0.022 
2nd Sampling 0.089 <0.0001 <0.0001 0.42 <0.0001 
Block 0.10 <0.0001 <0.0001 0.013 <0.0001 
Inside 0.62 0.63 0.009 0.023 0.37 
Trmt  0.41 0.029 0.22 0.59 0.57 
Trmt x Year  0.39 0.14 0.034 0.58 0.96 
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Table 3. Results of repeated measures of treatments (prescribed fire and livestock 
grazing) on richness and diversity (Shannon’s index) of bees captured from 2006-2008 on 
the Santa Rita Experimental Range 50 km south of Tucson, Arizona. Inside refers to 
dummy variable of bees captured inside plots versus adjacent to plots. Pretreatment data 
in 2005 was used as a covariate because ‘treatments’ were significant in 2005.  

 Year Treated 2005   2006    

Richness 
num 
DF den DF F p F p   

Year 2 39 8.32 0.001 3.08 0.057   
Inside 2 30 0.67 0.61 0.50 0.61   
Block 4 78 4.92 0.001 1.00 0.41   
Trmt 6 78 1.21 0.31 0.92 0.49   
Rich. 2005 2 39 1.41 0.26 0.37 0.70   

Diversity 
num 
DF den DF F p 

num 
DF 

den 
DF F p 

Year 2 5 1.34 0.34 2 12 3.97 0.047
Inside 2 5 0.14 0.87 2 12 2.61 0.11 
Block 4 10 0.52 0.72 4 24 0.96 0.45 
Trmt 6 10 0.35 0.89 6 24 1.05 0.42 
Div. 2005 2 5 0.04 0.96 2 12 1.80 0.21 

 

 

 

 



159 
 

Figure 1. Relative abundance of bees on 24 plots treated with prescribed fire, livestock 
grazing, the combination thereof or were left untreated at the Santa Rita Experimental 
Range 50 km south of Tucson, Arizona. Each plot is 50- x 50-m and plots were sampled 
from 2005 through 2008 (A-D, respecitvely). Plots were sampled in the spring of each 
year and 12 plots were treated in the summer of 2005 the other 12 were treated in the 
summer of 2006. Darker shading indicates greater abundance. 
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Figure 2. Abundance of bees (top) and dicots (bottom) from 2005 – 2008 sampled on 
pasture 1 of the Santa Rita Experimental Range 50 km south of Tucson, Arizona. Years 
not connected by same letter are different (p<0.05). 
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Figure 3. Richness of bees from 2005 – 2008 sampled on pasture 1 of the Santa Rita 
Experimental Range 50 km south of Tucson, Arizona. Years not connected by same letter 
are different (p<0.05). 
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Figure 4. Diversity (Shannon’s index) of bees from 2005 – 2008 sampled on pasture 1 of 
the Santa Rita Experimental Range 50 km south of Tucson, Arizona. Years not connected 
by same letter are different (p<0.05). 
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