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ABSTRACT 

Invasive species drive ecosystem changes throughout the world. Introduced 

grasses in dryland ecosystems have driven a grass-fire cycle that transforms ecosystems 

into homogenized grasslands (Brooks et al. 2004; D'Antonio & Vitousek 1992). Little is 

known about the spread rates of these grasses, effects on native ecosystems or how 

climate modulates spread, yet these uncertainties may be the difference between 

success and failure.  Equally important is a quantitative assessment of the current states 

of invasion, yet mapping efforts have been lacking and remote sensing assessments 

have been inadequate for regional and local assessments. This research examines these 

uncertainties in the context of buffelgrass (Pennisetum ciliare Link (L.)), a C4 grass 

introduced into the Sonoran Desert. These are presented as three distinct but related 

studies.  

The first study documents changes in diversity and dominance at 11 sites in the 

Sonoran Desert with respect to time since infestation by buffelgrass. Dominant and rare 

species alike declined rapidly following infestation, although the longer-lived shrubs 

showed no signs until after five years. This calls into question basic assumptions about 

the grass-fire cycle. 

The second study assesses constraints to successful operational identification of 

buffelgrass via remote sensing. We combined ground-based spectral measurements 

with cover estimates and found that Landsat TM-based classification will result in high 
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commission/omission errors regardless of timing. We also identified several spectral 

characteristics that distinguish buffelgrass that are only available using hyperspectral 

imagery. 

The third study reconstructs spread of buffelgrass using historical aerial 

photography dating from 1979. Populations grew from small colonizing patches to 66 ha 

in 2008, doubling every 2-3 years since 1988. Although spread closely fit a logistic 

growth curve between 1989 and 2008, we found evidence that the 1980s were a period 

of rapid expansion. Thus, we may presently be in a period of slower spread in which 

treatment efforts will be more effective than the long-term average. 

This research documents grass-led ecosystem transformation without changes in 

the fire regime and constant spread rates over multiple decades. Along with suggested 

methods derived from our remote sensing study, this provides managers with critical 

information for managing buffelgrass in the long-term. 
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INTRODUCTION 

Background 

The global exchange of species between continents in modern times has induced 

ecosystem transformations on every continent except for Antarctica (Mooney & Hobbs 

2000). When newly introduced species have prospered in their new settings, they have 

often been termed invasive, belying the negative connotation associated with the 

changes they facilitate (Elton 1958). Often these invasions have resulted in loss of 

biodiversity, changes in disturbance regimes, and alteration of natural processes that 

affect human livelihoods. Recent estimates have suggested that the annual economic 

cost of invasive species is almost $120 billion in the United States alone (Pimentel 

2005)), with similarly high costs elsewhere (e.g. Colautti et al. 2006, vila 2010). While 

many of the costs are quantifiable by traditional means (e.g., cost of control, losses of 

income as a result of invasions), others are being incurred silently (e.g., loss of 

ecosystem services) (Pimentel 2005). While these costs are high, future costs are likely 

to increase at accelerating rates as additional invasives appear and current populations 

exhibit logistic growth. For ecosystems facing transformation by invasive species, the 

onus is on (Moody & Mack 1988). Furthermore, delays are likely to decrease the 

probability of successful control programs (Brooks 2004).  

The impacts on ecosystems by invasive species have been studied extensively 

and authors have proposed hypotheses that, among other things, explain the impacts of 

invasive species on diversity (Lockwood et al. 2007). Generally, invasive species lower 
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diversity, but in many cases diversity is unaffected and in others, facilitation by invasives 

can actually increase diversity (Lockwood et al. 2007). In extreme cases, a newly 

introduced species can completely transform the ecosystem either through competition 

(Forseth & Innis 2004), alteration of abiotic or biotic factors (Mitchell et al. 1986; 

Vitousek & Walker 1989), or by alteration of disturbance regimes (Brooks et al. 2004; 

D'Antonio & Vitousek 1992). 

The timing of ecosystem transformation may depend on exogenous (e.g., 

disturbance, climate) or endogenous (e.g., propagule pressure, alterations in nutrient 

cycling) factors. The role of fire in driving transformation of sagebrush steppe by Bromus 

tectorum in the Great Basin and B. madritensis subsp. rubens (red brome) in the 

Mohave Desert (both in North America) has been well-documented (Brooks et al. 2004; 

Whisenant 1990).  

The role of multi-decadal oscillations in climate have also modulated the spread 

of organisms, thereby affecting the area subjected to changes in disturbance regimes 

(Gray et al. 2006; Salo 2005). However, spread has also been modeled as a wave front 

moving at constant velocity (Skellam 1951) and the transformation of prairie 

ecosystems in Texas into Prosopis glandulosa-dominated woodlands has proceeded at a 

constant rate despite fluctuations in climate.  

For North American deserts, an onslaught of C3 and C4 grasses have induced ecosystem 

transformation by introducing a new fire regime. Dryland ecosystems typically have low 

cover of woody, herbaceous, and succulent plants separated by substantial bare ground. 
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Invasive grasses tend to fill in the interstitial spaces between these places, providing fine 

fuel connectivity that promotes fire. Once a patch burns, grasses respond well while 

poor fire-adapted natives fare poorly, establishing a positive feedback that continues to 

promote grasses to the detriment of native plants, aka a “grass-fire cycle”. This pattern 

has been documented in North America with C3 grasses (Brooks et al. 2004; Whisenant 

1990) and in North America, South America, Australia, and neotropical islands with C4 

grasses (Burquez-Montijo et al. 2002; Clarke et al. 2005; D'Antonio & Vitousek 1992).  

The concept of the grass-fire cycle has been widely applied to grass invasions 

even before fires have affected the ecosystem (Yetman & Burquez 1994) or when fire 

has been a secondary disturbance following anthropogenic disturbance (Burquez-

Montijo et al. 2002). While foresight is important, simplified interpretations of the grass-

fire cycle may ignore short-term effects imposed by invading species before fire takes 

place.  

In this respect, the grass-fire cycle as it applies to C3 and C4 grasses invading 

North American deserts may be interpreted differently. For C3 grasses, most of which 

are winter annuals with no seedbank, spread is dependent on wet winters. Thus, 

sequences of wet winters amplify the productivity, fecundity, and spread in places 

where populations may have been locally rare (Salo 2004). The frequency and intensity 

of wet winters is modulated over multi-decadal oscillations of the Pacific Decadal 

Oscillation (PDO). During positive phases of the PDO, El Nino conditions develop more 

often, resulting in greater likelihood of experiencing wet winters across the Mohave and 
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Sonoran deserts. Increases in the rate of spread of red brome have been tied to positive 

phases of the PDO (Mantua et al. 1997). While these invasive annual grasses impose 

competition on populations locally, loss of native species is due to the transformative 

effects of fire (Brooks 2002; Brooks et al. 2004).   

The opposite may be true with invasive C4 grasses, which tend to be summer 

perennials with an African origin. The relationship of climate with the spread of C4 

grasses is unclear, although productivity is strongly related to warm-season precipitation 

(Ibarra et al. 1995; Martin-R et al. 1995) and limitations include freezing tolerance 

(Arriaga et al. 2004; Hussey & Bashaw 1996). In the Sonoran Desert, winter precipitation 

and summer precipitation are negatively correlated such that a wetter than average 

winter is more likely to be followed by a drier than average summer than a wetter than 

average summer. Thus, dependence of C4 grasses on summer precipitation, which tends 

to be spatially variable in drylands, may result in spread rates that vary in antithesis with 

the spread rates of invasive C3 grasses. However, unlike annual grasses, invasive 

perennial grasses remain on the landscape year-round, responding to precipitation 

during any time of the year, and applying constant competitive pressure for resources to 

native plants (Williams & Baruch 2000). Additionally, spread rates tend to be slower, 

meaning that direct competition between invasive C4 grasses and native plants may be 

an important factor for decades before populations reach critical thresholds of 

connectivity conducive to large, ecosystem transforming fires. Thus, the role of fire in 

the transformation of this ecosystem may be overstated.  
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Ultimately, the spread of invasive grasses in North American deserts represents a 

major change in ecosystem structure and function that ecosystem managers must 

confront. The ability to map and monitor the spread of these plants is critical to 

successful management. While successful detection of large continuous areas that 

already experienced ecosystem transformation has been proven (e.g., B. tectorum in the 

Great Basin (Bradley & Mustard 2005), Eragrostis lehmanniana in the Sonoran Desert 

(Huang et al. 2009)), successful detection of nascent foci have not. Nascent foci, or small 

remote populations from which secondary spread will occur, serve a disproportionately 

large role in the spread of invasive species and, thus, are primary management targets 

for control (Moody & Mack 1988). In addition, the quest for operational techniques for 

detecting and mapping invasive grasses in the Sonoran Desert has thus far been 

unsuccessful (Brenner 2009; Franklin et al. 2006). 

Goals and Objectives 

The goals for this study were to calculate the rate and extent of transformation of 

Sonoran desert scrub ecosystem by an invasive C4 perennial grass, assess the effects of 

climate on its spread, and evaluate operational methods for mapping its distribution using 

readily available satellite imagery. 

Dissertation Summary 

The bulk of my dissertation is based on three separate but integrated studies 

which have been formatted as three independent manuscripts for submission to peer-

reviewed journals. I made the majority of contributions and am the first author of each 
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manuscript. The first of these papers (Appendix A) is titled, “Transformation rate of 

undisturbed Sonoran desert scrub by invasive buffelgrass (Pennisetum ciliare)”. In this 

paper, I question the assumption that a grass-fire cycle is responsible for ecosystem 

transformation by an invasive grass of the Sonoran Desert, documenting ecosystem 

transformation by an invasive grass without the aid of fire. The co-authors on this paper, 

Drs. Stuart Marsh and Mitchel McClaran, provided valuable insight, editing, and 

direction, and greatly improved the manuscript with their contributions. I provided the 

experimental design, analysis, figures, and majority of writing. The second paper 

(Appendix B) is titled, “Feasibility of invasive grass detection in a desertscrub community 

using hyperspectral field measurements and Landsat TM imagery”. In this paper, I 

employed a theoretical approach to determine the feasibility of using satellite imagery 

readily accessible by natural resource managers to locate and quantify the abundance of 

invasive buffelgrass. I relied on a spectral reflectance database developed by Dr. van 

Leeuwen and myself as well as field measurements derived from the previous study. 

Theoretical and analytical methods were performed by myself with consultation from 

Drs. van Leeuwen and Marsh. The third paper (Appendix C), entitled “Climate effects on 

the spread of a C4 grass in the Sonoran Desert” explores the relationship between the 

spread of invasive buffelgrass and climate. After reconstructing the spread of buffelgrass 

at 11 sites in the Sonoran Desert, I assess the relative role of inter-annual variations in 

climate variability. This paper benefited substantially from early guidance from Dr. 

Michael Crimmins, although final experimental design and analysis was mostly mine. Dr. 
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Julio Betancourt significantly improved the manuscript through substantial edits and 

helped me to realize the larger context of this study. Dr. Stuart Marsh contributed 

valuable edits on this paper as well.  
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PRESENT STUDY 

Summary 

The methods, results, and conclusions of this study are presented in the papers 

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

findings in this document. 

Appendix A: Transformation rate of undisturbed Sonoran desert scrub by invasive 

buffelgrass (Pennisetum ciliare)  

Invasive buffelgrass (Pennisetum ciliare (Link (L.)) is an African perennial C4 

bunchgrass poised to transform large tracts of the Sonoran Desert into a frequently-

burning savanna. The detrimental effects of fire on native Sonoran Desert has been 

amply documented and includes losses in most dominant species, including the giant 

saguaro (Carnegeia gigantea) and palo verde (Parkinsonia microphylla). These and other 

native species already appear to be declining where buffelgrass has been established, 

yet fire frequencies have not increased, most likely because the stage of invasion is early 

and most buffelgrass patches are discrete and not yet connected with adjacent fuels.  

 To assess the rate at which native species are succumbing to invasive 

buffelgrass, we measured cover and density of perennial native plants in 53 plots 

arranged along gradients of buffelgrass density and infestation age at 11 unburned sites 

in the Santa Catalina Mountains near Tucson, AZ. Plots were laid out along a transect 
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oriented randomly but constrained to similar slope, aspect, and geomorphology. The 

transect extended from the center of the patch outward to at least 20m beyond the 

edge of the patch. We determined a lower bound for infestation age using historical 

aerial photography dating back to 1979 based on the most recent year in which 

buffelgrass was the dominant (>50%) cover in each plot. In addition, we measured the 

height of every saguaro found in each plot. 

We found that species richness and diversity decrease with increasing 

buffelgrass cover and increasing time since infestation. The most abundant species by 

cover (Encelia farinosa and Parkinsonia microphylla) and density (E. farinosa, 

Mammilaria grahamii, and Abutilon incanum) decreased with increasing cover. Long-

lived species such as P. microphylla and J. gracilis decreased with time since infestation 

as well. Additionally, we found evidence that saguaros with heights <200cm were less 

common than expected  in dense buffelgrass plots (>60% buffelgrass cover) given the 

number of larger saguaros in dense buffelgrass plots and the proportion of large and 

small saguaros in low- or moderately-infested buffelgrass plots based on a Fishers exact 

test. Dramatic changes were seen, too, in structure and overall cover. Average perennial 

grass cover increased from <5% in uninvaded plots to >60% in infested plots. All other 

cover types declined with increasing buffelgrass, including bare ground, which dropped 

from ~60% to ~20%, representing a transition from locally sparse vegetation separated 

by bare ground to a well-connected grassy matrix. 
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The outcomes from this study suggest that ecosystem transformation is 

occurring without fire, yet the effects are akin to what would be expected with fire. The 

grass-fire cycle has been invoked to guide management strategy but we surmise that 

fire plays a minor role in ecosystem transformation associated with buffelgrass, at least 

in the early stages of invasion. 

Appendix B: Feasibility of invasive grass detection in a desertscrub community using 

hyperspectral field measurements and Landsat TM imagery 

Ecosystem managers face ongoing species invasions and need operational 

methods for mapping and monitoring invasions. Uncertainties in the scale and rate of 

invasion can be the difference between management success and failure. Early attempts 

to map the invasive C4 grass, buffelgrass (Pennisetum ciliare) using remotely sensed 

imagery have met with limited success and those successes are largely built on manual 

interpretation of aerial photography or extensive ground-based measurements (Brenner 

2009; Franklin et al. 2006; Olsson et al. 2009). The poor results are surprising 

considering the scale at which buffelgrass has altered ecosystem function (i.e., 140,000 

ha in Sonora, Mexico (Franklin et al. 2006)). In the less invaded, undisturbed ecosystems 

of southern Arizona, Olsson et al. (2010) achieved classification accuracies below 30% 

with commission rates of >60%) using Landsat and ASTER from four times during the 

year. 
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Seeking to diagnose the cause of such poor results, we combined ground-based 

spectral measurements with percent cover estimates to simulate Landsat TM-based 

reflectance of invaded and uninvaded Sonoran Desert landscapes. We used an ASD 

spectrometer to measure reflectance of common plants and cover types at Tumamoc 

Hill on six dates during 2007: March 16, April 16, May 25, August 16, September 22, and 

October 26. In February 2009 we measured projected canopy cover at 53 plots with 

varying buffelgrass cover totals, then combined the measurements with spectral 

reflectances using a linear mixing model to simulate hyperspectral reflectance of all 56 

plots. We assessed the differences in spectra of pure endmembers and mixed 

endmembers in proportions found on the landscape to identify optimal timing to 

discriminate buffelgrass from natives. To assess the potential of multispectral sensors to 

distinguish buffelgrass from natives, we convolved the simulated pixels to Landsat TM 

bandpass reflectance values. 

Buffelgrass was unique in its spectral response over the course of a season, 

exhibiting strong green-up during the monsoons (though similar to other vegetation) 

followed by an earlier senescence than natives. Additionally, a cellulose-lignin 

absorption feature distinguishes buffelgrass from natives for much of the year and 

increased red reflectance in October may distinguish buffelgrass-dominated pixels from 

uninvaded pixels. Unfortuantely, Landsat TM-convolved reflectance does not distinguish 

these features, instead confusing buffelgrass with bare soil for most of the year and with 
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native vegetation for the summer monsoon season. Vegetation indices (VIs) provide 

some discriminatory power because buffelgrass exhibits a greater amplitude in the base 

VI to summer maximum VI, suggesting that phenological metrics may improve 

classification of buffelgrass. 

Our results convey the reasons that previous attempts to classify buffelgrass in 

Landsat TM imagery have been met with poor results but show promise in both multi-

spectral/multi-temporal and hyperspectral image classification. The former shows that 

rather simple approaches using VIs portray differences in phenology and ecosystem 

function between invaded and uninvaded landscapes that have implications for global 

biogeochemistry. The latter shows the greatest promise by virtue of the strong cellulose 

signal that is expected when a landscape dominated by bare ground becomes 

dominated by a productive senesced grass for most of the year. Given these results we 

expect that hyperspectral imagery from a single senesced season may be sufficient to 

discriminate between buffelgrass and native vegetation. 

Appendix C: Climatic influences on rates of buffelgrass (Pennisetum ciliare) invasion in 

the Arizona Upland of the Sonoran Desert 

Large-scale invasions of C3 and C4 grasses in western North American deserts 

threaten native vegetation through competition and alteration of fire regimes. Because 

little effort has been devoted to mapping or monitoring these invasions, there is 
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considerable uncertainty about the spread rates of these invasives. Successful adaptive 

management requires accurate assessments of these rates of spread. Climate variability 

may modulate these spread rates and treatment success probabilities. Spread of the C3 

winter annual red brome (Bromus madritensis ssp. rubens) has been modulated by 

interannual and multidecadal oscillations in winter precipitation, suggesting that 

management focus on control during periods of low growth and on fire suppression 

during periods of rapid growth. Less is known about the spread of C4 grasses, however. 

We focused on the invasive C4 grass buffelgrass (Pennisetum ciliare), which is 

invading the Sonoran Desert. Of particular concern from an ecological and human safety 

standpoint is the wildland-urban interface between Tucson, AZ, and the Santa Catalina 

Mountains, the location of dense stands of giant saguaros, several world-class tourist 

resorts, and dozens of expensive housing developments. Using historical aerial 

photography of 11 sites taken in different years between 1980 and 2008, we 

reconstructed the spread of buffelgrass, calculated spread rates, and evaluated the role 

of climate variability in modulating its spread. Infestations grew from small colonizing 

patches in 1988 to large patches totaling 66 ha by 2008, doubling in area every 2-3 

years. Although buffelgrass germination, productivity, and seedling survival are 

constrained by summer precipitation and winter temperature, we found only a minimal 

correlation with winter temperatures over our period of observation. From 1988 to 

2008 buffelgrass growth followed a logistic growth curve rather closely, suggesting that 
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predictions of spread may be less variable than previously thought. However, we offer a 

caveat based on a single example. Based on observed spread of the largest known patch 

in our study, we surmise that population growth before 1988 may have been more rapid 

than during our period of observation. If this is true, then current spread rates may be 

lower than the long-term average. 

Conclusions 

Buffelgrass transformation of the Sonoran Desert is proceeding at a measurable 

pace—from our estimates of species loss with respect to time since buffelgrass 

infestation to our estimates of rates of spread, we can estimate landscape-level changes 

in ecosystem structure and diversity. Taken together, we can build a landscape-scale 

model of ecosystem transformation that may be punctuated by drought and switches in 

the multidecadal climate variability. The nonlinearity of logistic growth rates indicates 

that these effects are becoming amplified with every year. By assessing the strength of 

various remote sensing approaches, we have identified key components to one possible 

successful remote sensing monitoring program. Without such a program, managers will 

rely on ground-based mapping that to date has been incomplete or altogether lacking in 

some jurisdictions.  

Future research 

The following research needs arise logically from this dissertation: 
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1) Determine causes of ecosystem transformation 

Appendix A catalogs differences between buffelgrass and native communities as 

a function of both buffelgrass cover and time since infestation. We infer weakly that 

interspecific competition for water, light, and nutrients are dominant contributors to 

the decline of native species in buffelgrass-infested plots but that hypothesis is not 

tested. Understanding the causes of these changes will guide prevention and restoration 

efforts. 

2) Hyperspectral applications of remote sensing to buffelgrass invasion 

Appendix B shows that a cellulose absorption feature clearly differentiates 

buffelgrass-dominated vegetation from native vegetation. A promising method for 

highlighting changes in cellulose absorption in the SWIR has been developed called the 

Cellulose Absorption Index, or CAI (Daughtry 2001), that could be applied to the 

identification of buffelgrass. Hyperspectral imagery would provide the spectral 

resolution necessary to calculate the CAI. Preliminary work using airborne AVIRIS 

imagery in the Catalinas has yielded promising results. 

3) Better understanding of the climatology of buffelgrass spread 
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Appendix C documents the spread of buffelgrass in a productive region of the 

northern Sonoran Desert and finds little correlation with climate variability. If climate 

variability does modulate spread, the coarse temporal resolution and limited time series 

of climate data limits our ability to detect this trend. Techniques for increasing the 

temporal resolution and time-scale of inference include controlled studies and 

modeling. 
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Abstract 

Aim 

Biological invasions often facilitate ecosystem transformation by altering structure and 

function, decreasing diversity, changing dominance patterns, and altering disturbance 

regimes. A classic case is the grass-fire cycle, in which invasion by non-native grasses 

introduces frequent fires into a less fire-prone ecosystem, the non-native grasses 

recover more rapidly than the native vegetation, and increasing fire frequency, size and 

severity transforms desert scrub into grassland. Despite the wide acceptance of the 

grass-fire cycle, questions linger about the relative roles that interspecific plant 

competition and fire play in these transformations. In order to explore the role that 

interspecific plant competition can play on desert scrub-to-grassland ecosystem 

transformation, we examined diversity, dominance, and demographics along gradients 

of increasing density and infestation age of buffelgrass (Pennisetum ciliare) in the 

Sonoran Desert. 

Location 

Arizona Upland vegetation of the Santa Catalina Mountains in southern Arizona, USA 

Methods 
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We reconstructed the spread of buffelgrass from 1979 to 2009 at four locations in the 

Santa Catalina Mountains near Tucson, AZ, and measured diversity, dominance, and 

saguaro (Carnegiea gigantea) size structure along gradients of buffelgrass invasion 

(cover and residence time) at 10 unburned/ungrazed buffelgrass patches representing 

different stages of invasion. Linear regression models were used to identify differences 

in diversity and dominance with respect to buffelgrass cover and residence time. A 

Fisher’s exact test was used to detect differences in the youngest cohorts of saguaros.  

Results 

Exponential growth rates of buffelgrass patch size varied from 0.106 to 0.210, 

corresponding to doubling times of 3.3 to 6.5 years. Species richness and diversity 

decreased dramatically with respect to buffelgrass cover and residence time, as did 

cover and density of the dominant species. In contrast, tree abundance showed a lagged 

response to buffelgrass. Saguaro juveniles were less abundant in plots with >60% 

buffelgrass cover. 

Main conclusions 

Overall, desert-scrub was transformed into buffelgrass savannah in less than 20 years 

and prior to any change in fire regime. Although increasing fire risk is a legitimate 

concern and incentive for regional buffelgrass control, local buffelgrass expansion and 
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ecosystem transformation in the Arizona Upland of the Sonoran Desert clearly occurs 

well before the onset of a grass-fire cycle. 

Introduction 

Invasive species have been implicated in reduced species richness (Jackson 

2005), changes in ecosystem structure (Forseth & Innis 2004), function (Vitousek & 

Walker 1989), and altered disturbance regimes, specifically fire (D'Antonio & Vitousek 

1992). Often, these changes interact to promote the continued invasion and 

transformation of ecosystems (D'Antonio & Vitousek 1992). Rates of transformation 

vary depending on attributes of the invader (Rejmanek & Richardson 1996), the invaded 

ecosystem (Lonsdale 1999), and interactions with disturbance (D'Antonio & Vitousek 

1992; Vitousek & Walker 1989). However, few studies quantify changes with respect to 

time since invasion and many ignore the temporal context of invasion altogether 

(Strayer et al. 2006) but see Angell & McClaran (2001). This is unfortunate because 

effects and alteration rates may change over time and chronic effects may only be 

realized decades or longer after invasion. Understanding the timing of ecosystem 

change is critical because management options change and the likelihood of achieving 

management goals decreases with increasing ecosystem impacts (Brooks et al. 2004). 

Equally important is the prediction of changes that signal threshold-crossing events, 

after which recovery may be impossible (Brooks et al. 2004; Folke et al. 2004; Peters et 

al. 2004). Studies of long-term ecosystem effects have included direct, long-term 
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measurement, chronosequences, and microcosm experiments, while predictive studies 

have also utilized mathematical models (Strayer et al. 2006). Four examples of invasive 

species-driven ecosystem transformation in arid lands are given below. The first three 

examples illustrate several techniques for deriving transformation rates while 

highlighting gaps in our ability to accurately measure them. The last example highlights 

an ecosystem-transforming invasive species that is the focus of this study. 

Rates of transformation vary depending on attributes of the invader (Rejmanek 

& Richardson 1996), the invaded ecosystem (Lonsdale 1999), and interactions with 

disturbance (D'Antonio & Vitousek 1992; Vitousek & Walker 1989). However, few 

studies quantify changes with respect to time since invasion and many ignore the 

temporal context of invasion altogether (Strayer et al. 2006) but see Angell & McClaran 

(1992). This is unfortunate because effects and alteration rates may change over time 

and chronic effects may only be realized decades or longer after invasion. 

Understanding the timing of ecosystem change is critical because management options 

change and the likelihood of achieving management goals decreases with increasing 

ecosystem impacts (Brooks et al. 2004). Equally important is the prediction of changes 

that signal threshold-crossing events, after which recovery may be impossible (Brooks et 

al. 2004; Folke et al. 2004; Peters et al. 2004). Studies of long-term ecosystem effects 

have included direct, long-term measurement, chronosequences, and microcosm 

experiments, while predictive studies have also utilized mathematical models (Strayer et 

al. 2006). Four examples of invasive species-driven ecosystem transformation in arid 
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lands are given below. The first three examples illustrate several techniques for deriving 

transformation rates while highlighting gaps in our ability to accurately measure them. 

The last example highlights an ecosystem-transforming invasive species that is the focus 

of this study. 

Historical studies of invasive annual grasses in western North America deserts 

Bromus tectorum (Great Basin) and Bromus madritensis var. rubens (Mohave and 

Sonoran Deserts) are annual grasses that have invaded western North American Deserts 

and increased fire intensities and frequencies (Brooks et al. 2004; Whisenant 1990). By 

increasing fine fuel connectivity in desert ecosystems poorly adapted to fire, they induce 

a grass-fire cycle that favors continued expansion of grasses and repression or 

elimination of natives (Brooks et al. 2004; D'Antonio & Vitousek 1992; Whisenant 1990). 

Transformation rates of North American deserts by invasive annual grasses are 

dependent on the timing of desert wildfires that wipe out native vegetation which, in 

turn, depend on an interaction between climate and invasive spread. For example, a 

short sequence of very favorable years can boost a small population to fire-carrying 

densities yet low densities may persist for years under less favorable climatic conditions.  

We can derive upper bounds on transformation rates from herbarium records and 

written accounts. Based on historical accounts, ecosystem transformation by B. 

tectorum and its post-fire dominance had occurred near Salt Lake City by 1932, 38 years 

after  it was first reported in the Great Basin (Pickford 1932). Similarly, based on 
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herbarium records, B. madritensis had become widespread and common within 30 

years of its first discovery in California in 1879 (Salo 2004), and fire-induced 

transformation occurred within 15 years of its discovery in the Mohave Desert (Brooks 

2002). These historical studies provide a first order approximation for rates of 

transformation. 

Long-term monitoring of buffelgrass invasion in Australian brigalow 

Long-term studies alleviate the shortcomings of indirect measurements 

described above by directly measuring ecosystem attributes over time. Buffelgrass was 

accidentally introduced into Australia in the 19th century and has since transformed 

sparse woodlands into savannas and grasslands through the introduction of a grass-fire 

cycle (Clarke et al. 2005; Fairfax & Fensham 2000). In the Australian brigalow, an open 

woodland dominated by Acacia harpophylla in Queensland and New South Wales, 

Pennisetum ciliare Link (L.) (buffelgrass), sequentially invaded 24 long-term monitoring 

plots initially established for another purpose. Invasion of these long-term plots 

provided an opportunity to quantify floristic diversity as a function of buffelgrass cover 

and time since invasion (Clarke et al. 2005). Clarke et al. (2005) demonstrated losses of 

diversity in the invaded plots, but they did not report rates of species loss. This is partly 

due to the richness of annual plants being very sensitive to climatic variation, but also 

because wildfires apparently affected the region, creating a variable treatment effect 

that was not taken into account.  
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Non-native woody shrub invasion of South African fynbos 

Chronosequences can also provide detailed snapshots of ecosystem 

transformation at various stages (Strayer et al. 2006). They have an additional benefit of 

being available for additional measurements, whereas long-term studies are limited by 

the type and quality of measurements made in the past. An invasion chronosequence is 

a set of observations (study plots) that vary with respect to time since invasion but are 

otherwise identical in biotic and abiotic conditions over time. This assumption is 

impossible to meet completely due to inter-site variability that is difficult to validate. 

Furthermore, offsets in the time since invasion mean that fluctuations in climatic 

conditions affect plots at different stages in invasion. Given these caveats, 

chronosequences remain a powerful device for measuring rates of ecosystem change, as 

evidenced by its use to develop time-based metrics for ecosystem change in the South 

African fynbos. Non-native shrubs, including Hakea sericea, Pinus pinaster, and Acacia 

saligna have invaded the South African fynbos, increasing fire frequencies by changing 

the amount and composition of litterfall (Mitchell et al. 1986; Vanwilgen & Richardson 

1985). Homes and Cowling (1997) used aerial photography to divide Acacia saligna-

infested areas into recently invaded (<25 years) and long invaded (>25 years). They 

found that species richness in recently invaded stands was similar to richness in 

uninvaded stands, despite being subject to 1 or 2 wildfires. Other studies have focused 

on the community-level impacts and on its rates of spread (Bar et al. 2004; Higgins et al. 

2003), but more detailed rates of transformation have not been published. 
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Pennisetum ciliare invasion of the Sonoran Desert 

In southwestern North America, buffelgrass is invading desert scrub vegetation 

of the Sonoran Desert and has already initiated a grass-fire cycle in Mexico where it is 

planted in pastures (Burquez-Montijo et al. 2002; Franklin et al. 2006; Turner et al. 

1995). It was intentionally brought to the Sonoran Desert in the 1930s and was 

introduced repeatedly after that (Brenner 2009; Burquez-Montijo et al. 2002; Cox et al. 

1988). Buffelgrass has also been associated with lowered species richness (Jackson 

2005) and recruitment inhibition of large columnar cactus (Morales-Romero and 

Molina-Freaner 2008), but studies of the timing of these effects are lacking.  

Buffelgrass has recently garnered public attention in the Sonoran Desert based 

on its success at facilitating fire (Rogstad et al. 2008) in an ecosystem that is particularly 

sensitive to fire  (Mclaughlin & Bowers 1982; Patten & Cave 1984). Scientists, managers, 

and the general public are concerned about the future of fire-sensitive species such as 

the large columnar saguaro cactus (Carnegiea gigantea), an icon for state and local 

tourism (Rogstad et al. 2008). These concerns motivated listing of buffelgrass as a 

noxious weed in the state of Arizona (see Arizona statute ARIZ R3-4-244), development 

of a Southern Arizona Buffelgrass Strategic Plan (BSP) (Rogstad et al. 2008), 

establishment of a Southern Arizona Buffelgrass Coordination Center, a non-profit 

organization charged with educating the public and organizing buffelgrass control across 

all jurisdictions, and to the 1st Annual Buffelgrass Science Workshop. The workshop, held 
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from May 3-5, 2010, in Tucson, AZ, identified spread rate and transformation rate as 

critical unknowns required to model buffelgrass spread in a state and transition model. 

Although managers and scientists recognize that ecosystem transformation is 

happening with or without fire (http://www.hcn.org/issues/352/17167), the buffelgrass 

control effort in southern Arizona is being motivated primarily by the specter of 

wildfires threatening life, property and viewscapes. Fire suppression by preventing 

ignitions, designing fire breaks, and fighting fires alone cannot prevent ecosystem 

transformation, however, if it is already happening in the absence of fire. Understanding 

the rates of spread and transformation of undisturbed Arizona Upland ecosystems by 

buffelgrass is critical to strategically deploying highly-valued resources.  

Objectives 

We sought to document the effects of buffelgrass on undisturbed native Sonoran 

Desert ecosystems, notably its rate of spread, post-invasion changes in perennial plant 

diversity, and rates of those changes. We posit that, locally, buffelgrass is expanding 

exponentially through time, and that, in the absence of fire, native plant abundance 

(both dominant and sub-dominant) is declining and vegetation structure is changing 

with increasing buffelgrass abundance and time since invasion. 
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Methods 

Study areas 

This study was conducted at the lowest southern slopes of the Santa Catalina 

Mountains in southern Arizona, USA, in habitat typical of the Arizona Upland (Turner & 

Brown 1994) (Figure 1). The sparse (25-35%) canopy cover is dominated by the small 

tree Parkinsonia microphylla, the short-lived shrub (Encelia farinosa), the saguaro cactus 

(Carnegiea gigantea), and numerous other trees, shrubs, cacti, grasses, and forbs 

(Turner & Brown 1994). Mean annual precipitation (32cm) is bimodally distributed, with 

slightly more precipitation falling regularly during the summer (WRCC 2010). 

In winter 2008-2009, we identified 10 buffelgrass patches of differing size at 

three sites: Campbell (CAMP), Melpomene (MELP), and Agua Caliente (AGUA), whose 

elevation ranges from 883 to 1097 m. At each patch, we constructed transects of 

contiguous 11x11 m plots originating at the patch center and ending at least 20 m 

outside the patch (Figure 2). Transects were randomly oriented but confined to similar 

slope, aspect, and geomorphology. Each site was surveyed for evidence of fire in the 

form of charcoal and fire scars on saguaro cacti. 

Expansion of buffelgrass patches 

Buffelgrass patch boundaries at the three sites were digitized from historical 

aerial imagery acquired in 1979, 1988, 1992, 1996, 1998, 2000, 2002, 2005, and 2008, 

although all dates were not available for all sites (Figure 3). MELP and CAMP were well 
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documented, with imagery available for all dates expect 2000. Imagery for AGUA was 

only available from 2000, 2002, 2005, and 2008. Image quality varied with spatial 

resolution, radiometric quality, and time of year. Scenes from 1992 were the least 

distinct, followed by 1996 and 2002. The 1:12,000 black and white photographic film 

from 1979 and 1988 had the best spatial resolution.   

Infestation area was tabulated for each date and site, then fit to linear, 

quadratic, and exponential models to determine patch size growth rate. To account for 

differences in patch age, we applied a time correction to each site such that all models 

intersected 4000m2
 on the same year. Using the corrected times, we developed a 

combined site model. 

Cover and density measures 

To measure cover and density, at each patch, we used transects of  4-9 

contiguous 121m2 square plots originating at the patch center and ending at least 20m 

outside the patch (Figure 2). Transects were randomly oriented but confined to similar 

slope, aspect, and geomorphology. Cover was estimated using the point-intercept 

method at 121 points at 1-m intervals on a regular grid. Density was calculated by 

tallying the number of each individual within the plot and dividing by the area. Heights 

of each saguaro was recorded using a tape (<200cm) or estimated visually (>200cm).  
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Infestation age 

A conservative estimate of infestation date was made for each plot using 

historical aerial imagery available for every plot. The initial date of infestation was 

assigned to each plot based on when buffelgrass equaled or exceeded 50% cover. This 

threshold was selected because at these cover values, buffelgrass is consistently 

detectable using aerial photography with a spatial resolution of <0.3m. Dates were not 

assigned if buffelgrass was not detectable or if abundance was uncertain.  

Terminology 

Hereafter, we use the terms, “uninvaded,”  “invaded,” and “infested” to refer to 

plots with <5% buffelgrass, 5-50% buffelgrass, and >50% buffelgrass, respectively. In 

addition, “time since infestation” refers to the number of years before the 2009 field 

measurements in which buffelgrass cover was >50% on a plot as detected on aerial 

imagery. 

Statistical analysis 

The following metrics were calculated for each plot: cover and density by 

species, cover and density by functional type (trees, shrubs, succulents, forbs, and 

grasses (excluding buffelgrass)), species richness (excluding buffelgrass), and Shannon’s 

diversity (derived from density excluding buffelgrass). Because densities were not 

normally distributed, a square-root transformation was applied to density values (Sokal 

& Rohlf 1995). To describe the influence of buffelgrass abundance, each metric was 
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regressed against percent buffelgrass cover. To describe the influence of infestation 

time, multiple regressions based on only the plots with >50% buffelgrass were 

calculated using buffelgrass cover and time since infestation as explanatory variables. To 

describe the influence on saguaro size structure, a Fisher’s exact test was used to 

compare differences in the proportion of small-to-large (<200 cm vs. > 200 cm) saguaros 

in relation to buffelgrass cover. 

Results 

Rate of buffelgrass expansion 

Exponential models had the best fit at all sites (Table , Figure 3). All three model 

types (linear, polynomial, exponential) were significant (p < 0.05). Exponential growth 

rates for AGUA, CAMP, and MELP were 0.2104, 0.1791, and 0.1063, respectively. The 

individual site exponential models predicted 4000m2 area for AGUA in 2008, CAMP in 

1999, and MELP in 1995. These years were used as a time adjustment for a group 

model, which had an exponential growth rate of 0.1174 (p<0.0001 for the exponential 

coefficient for the fit of an exponential model, Adj. R2=0.8288) suggesting a doubling of 

infested area every 5.11 years. 

Effects on species richness and diversity 

Species richness declined by 0.133 +/- 0.0127 species per 1% increase in 

buffelgrass cover (p<0.0001 for regression intercept and coefficient, adjusted R2=0.574) 

from 10.3 +/- 0.56 (SE) species at 0% buffelgrass cover. Diversity declined by 0.0228 +/- 
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0.00179 with each 1% increase in buffelgrass cover (p<0.0001 for intercept and 

coefficient in single linear regression, adjusted R2=0.762) from 2.148 +/-0.078 (SE) at 0% 

buffelgrass cover (Figure 4).   

In plots with >50% buffelgrass, richness declined by 0.148 species per year since 

infestation while accounting for buffelgrass cover (p=0.0006 for multiple regression 

coefficients of time since infestation, with adjusted R2=0.456, n=20 plots). Diversity in 

plots with >50% buffelgrass declined by 0.128 +/- 0.0045 per 1% increase in buffelgrass 

and 0.000355 +/- 0.000054 per additional year infested (p<0.0001, p=0.0011, p<0.0001 

for intercept and coefficients for cover and time, respectively, adjusted R2=0.733). 

Pearson’s-r correlation between buffelgrass cover and infestation age on the same 

(>50% buffelgrass) plots was 0.0502.  

Effects on species 

In uninvaded plots, 14 species had >1% cover (Table ). Of those, 10 were 

negatively correlated with buffelgrass cover, including the two most abundant (Encelia 

farinosa and Parkinsonia microphylla) (Figure 5). In terms of densities, 9 of the 10 most 

abundant species found in uninvaded plots were negatively correlated with buffelgrass 

cover (Table ). Within infested plots, cover of three species and density of seven species 

were negatively correlated with time since infestation after accounting for changes in 

buffelgrass cover (Table ). Encelia farinosa, the most common by cover and density, 

showed a strong linear decline with increasing buffelgrass cover. The dominant tree, 
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Parkinsonia microphylla, had a weak negative correlation with buffelgrass cover 

(p=0.049). However, both cover and density declined significantly in plots infested with 

more than 50% buffelgrass cover for >5 years. Saguaro cover and density were not 

significantly correlated with either buffelgrass cover or time since infestation. 

Effects on functional types  

Excluding buffelgrass, cover of every plant functional type was negatively 

correlated with buffelgrass cover. Only tree cover had a significant relationship with 

time since invasion on plots with > 50% buffelgrass, decreasing by 0.56% per year. By 

cover, seven of the ten most abundant species that were correlated negatively and 

significantly with buffelgrass abundance were shrubs, one was a tree, and two were 

forbs.  By density, the ten most common species negatively affected by buffelgrass 

included six shrubs, two forbs, a succulent, and a grass.  

Carnegiea gigantea size structure 

The number of small (<200cm) saguaros found in plots with dense (>60%) 

buffelgrass cover was lower than expected given the number of larger saguaros in dense 

buffelgrass plots and the number of small and large saguaros in plots with <60% 

buffelgrass (p=0.0008, n=144 saguaros, right-tailed Fisher’s exact test) (Figure 6). 

Saguaros <100cm were not found in dense buffelgrass plots and >50% of saguaros found 

in dense buffelgrass were >400cm. 



47 

 

 
 

Discussion 

We document a rapid transformation of an undisturbed ecosystem in response 

to increasing abundance and resident time of the C4 grass invader, buffelgrass. While 

native C4 grasses are common in uninvaded Arizona Upland ecosystems, they do not 

comprise a significant fraction of the landscape cover (<1% in our study). Thus, the 

buffelgrass invasion represents a major transformation of ecosystem structure from 

desertscrub dominated by C3 perennials and CAM succulents to a C4 grassland.  The 

transformation is isolated to the locations where buffelgrass has spread, although 

ecosystem changes occur in lockstep with increasing buffelgrass cover and time since 

invasion. This contrasts with transformations involving changes in disturbance regime 

such as fire, which can affect areas much larger than the invaded area, yet remain 

dependent on disturbance. Once buffelgrass cover reaches 50%, the effect of time since 

invasion is more important than buffelgrass cover, suggesting an accumulated effect of 

competition for space, light, and/or nutrients over time. This compares to the gradual 

but inevitable changes documented in woody encroachment dynamics (Archer 1990), 

but contrasts with ecosystem transformations facilitated by disturbance (Brooks et al. 

2004; D'Antonio & Vitousek 1992). This transformation is more extreme in its effects 

than that of buffelgrass in the Hawaiian islands, where native grasses are a significant 

part of the ecosystem (Daehler & Goergen 2005) and comparable to the changes seen in 

central Australia, where species richness is reduced by more than half and most native 
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annual grasses and forbs are completely absent following buffelgrass infestation (Clarke 

et al. 2005). 

Decline in species richness and diversity 

Ours is one of many studies that have found species richness to decline with 

invasion by non-native plants (Bos et al. 2008; Clavero et al. 2009; Elton 1958; Gaertner 

et al. 2009; Hejda et al. 2009; Sanders et al. 2003), although some studies have found 

non-native invasions correlate with increased diversity through facilitation (Gaertner et 

al. 2009). The debate over why some invasions are associated with reduced diversity 

and others with increased diversity has focused on scale (Davies et al. 2005), dominance 

of the invader (Hejda et al. 2009), facilitation of environmental factors (e.g., disturbance 

(MacDougall & Turkington 2005)), and invaded community composition (Gaertner et al. 

2009). Buffelgrass invasion in the Sonoran Desert is a clear case in which the invading 

functional type is not well represented in the native flora. Native C4 grasses are 

common, but seldom comprise a significant component of this ecosystem.  

Non-native buffelgrass has reduced diversity 47-71% in Australia (Fairfax & 

Fensham 2000; Jackson 2005; McIvor 1998; Smyth et al. 2009), 56% in Hawaii (Daehler 

& Goergen 2005), and 54% in Mexico (Franklin & Molina-Freaner 2010). In our study, 

species richness in infested plots was 70.4% lower than uninvaded plots while species 

richness in plots infested for 10 years or longer was 91.25% lower. Some differences 

between the effects of buffelgrass on different ecosystems can be explained by large 
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differences in community composition and reference conditions. Both studies in 

Queensland, for example, included areas that were either being grazed or had been 

converted to pasture while in Mexico the studies were conducted in pastures and 

grazed rangelands.  

Decline of dominant species 

The dominant species showed unmistakable evidence of decline with many 

dominant species becoming locally extinct in plots infested >10 years (e.g., Encelia 

farinosa, Mammillaria grahamii, Evolvulus arizonica). Possible explanations for these 

declines can be highlighted by contrasting three species’ responses to invasion: Encelia 

farinosa, Parkinsonia microphylla, and Carnegiea gigantea.  

Encelia farinosa is strongly negatively correlated with buffelgrass cover and there 

was no effect of time after infestation. We pose that direct interspecific competition 

with buffelgrass hastens mortality of adult Encelia plants and inhibits establishment 

through competition with seedlings for water. E. farinosa is a short-lived shrub with 

shallow, ephemeral roots and a mean lifespan of 16 years (Bowers 2005a). Its growth is 

primarily limited by water (Ehleringer 1984).  Dense fine roots of buffelgrass likely lower 

water availability at shallow depths (interference) and prevent water from reaching 

greater depths (exclusion). In Sonora, Mexico, where precipitation regimes are higher 

and grazing pressures stress buffelgrass plants, E. farinosa is maintaining approximately 

equal cover as buffelgrass (Castellanos et al. 2005; De la Barrera 2008; Martinr et al. 
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1995). Observations of copious E. farinosa seedling recruitment at one of our study sites 

following winter rains in 2009-2010 indicate that mesic conditions support coexistence, 

if only temporarily.  

Parkinsonia microphylla, the dominant tree in this ecosystem, suffered a lagged 

response to time after infestation, declining in both cover and density, but not until 6 

years after buffelgrass cover reached >50%. Although decreases in density and cover 

both indicate declining abundance, they highlight different aspects of decline. The early 

(<5 years following infestation) decline in density may reflect sapling mortality, which 

has a very small effect on cover.  In contrast, the mortality or partial die-back of a single 

adult tree will have a large effect on cover but a small effect on density. Partial die-back 

of Parkinsonia by self-pruning is common during drought (Bowers & Turner 2001). The 

presence of >50% buffelgrass cover may exacerbate drought-stress for P. microphylla.  

The relationship between buffelgrass and Carnegiea gigantea is more nuanced 

than for Encelia and Parkinsonia. Carnegiea density did not decline with buffelgrass 

abundance or residence time, but the small (young) Carnegiea were under-represented 

in plots with <60% buffelgrass. Either recruitment was depressed in these locations prior 

to buffelgrass invasion or juvenile mortality was higher after invasion because 50 – 100 

cm tall Carnegiea may be 15-27 years old (Pierson & Turner 1998) and would have 

predated buffelgrass infestation at all but two of our sites. Herbivory by rodents is one 

possible cause for post-invasion mortality. At the CAMP site, many saguaros had girdling 
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damage characteristic of Neotoma albigula. Neotoma girdles saguaros for water but 

prefers Opuntia spp. and Cylindropuntia spp., both of which were less abundant inside 

buffelgrass patches than outside. Juvenile saguaros, which are more tender and less 

lignified than adults, are also less resilient and would have suffered increased mortality 

as a result (Steenbergh & Lowe 1977). This highlights a possible four-way interaction of 

buffelgrass with Opuntia/Cylindropuntia, saguaros, and Neotoma. Regardless of the 

mechanism, the demographic pattern points to an unsustainable saguaro population 

structure.  

Implications for management 

Sonoran Desert ecosystem managers have three common management 

objectives when responding to buffelgrass invasion: maintain diversity and habitat, 

protect saguaros and other iconic plants, and prevent desert wildfires (Rogstad 2008). 

To achieve these objectives in management units that do not currently support 

buffelgrass populations large enough to carry fire, treatment actions have focused on 

heavily infested patches (to restore degraded communities) and nascent foci (to prevent 

spread). This corresponds to a tension between short-term and long-term objectives 

because nascent foci contribute much more to future spread than dense core 

infestations (Moody & Mack 1988). However, this research has shown that treating 

large patches is important not just to prevent fire but also to preserve biodiversity. Our 

results suggest that a containment approach that focuses exclusively on nascent foci 
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and peripheral patches while ignoring the dense core of larger infestations will lead to 

an ecosystem transformation that resembles the predicted landscape following the 

initiation of a grass-fire-cycle.   

Because effects are based on local interactions, transformation is not dependent 

on landscape-scale connectivity. Although connectivity will increase as buffelgrass 

becomes more abundant on the landscape, fire-induced transformation will continue to 

lag behind competition-induced transformation as native species disappear from what 

ultimately become buffelgrass monocultures. The process of spread will result in loci of 

decreased diversity that expand exponentially in lagged fashion behind the spread of 

buffelgrass. Forbs, grasses, and shrubs drop out quickly (<5 years after infestation) while 

additional shrubs and trees are affected within 5-10 years, including P. microphylla. The 

saguaro cactus may be a final vestige of Arizona Upland vegetation on the landscape 

and could take 100 years before populations exhibit significant decline. Given measured 

rates of spread, however, landscape-scale thresholds of connectivity will have been 

reached long before with repeated saguaro-scorching fires being a likely outcome. Thus, 

fire prevention will protect saguaros in the next 50-100 years, but without recruitment 

saguaros will decline regardless of whether fire is prevented. While fire regime changes 

and saguaro population declines may still be years away, loss of native biodiversity is 

immediate and rather thorough within 10 years. Therefore, the short term is the only 

timescale for action that will meet all three management objectives.  
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Conclusions 

Invasion by buffelgrass leads to a rapid transformation of an open, diverse desert 

scrub to a grass monoculture interspersed with only old saguaros. Impacts on native 

species are acute (e.g., immediate loss of Encelia farinosa and Mammillaria grahammii), 

chronic (e.g., slow decline of long-lived saguaros without recruitment), or somewhere in 

the middle (e.g., lagged decline of Parkinsonia microphylla). Both buffelgrass spread and 

ecosystem transformation occur predictably. While the threat that invasive grasses pose 

to ecosystems and human safety is potentially serious, the ecological benefits of 

preventing fire or even postponing fire may be overstated, at least in the case of 

buffelgrass in the northern Sonoran Desert. By the time the connectivity threshold for 

large fires has been reached, the long-invaded interiors of these buffelgrass patches will 

be largely devoid of native vegetation. 
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Tables 

Table 1. Linear, quadratic and exponential models for Pennistum ciliare expansion at three sites (AGUA, 

CAMP, and MELP). Exponential models were the best for all sites according to their lowest AIC values. 

Significance is denoted by superscripts 
a
 (p<0.05), 

b
 (p<0.01), or 

c
 (p<0.001). 

 AGUA  CAMP  MELP  

 Adj. R2 AIC Adj. R2 AIC Adj. R2 AIC 

Linear 0.90a 0.29 0.66- 16.5 0.83c 18.5 

Quadratic 0.84
a
 1.4 0.85

a
 12.5 0.89

c
 17.4 

Exponential 0.91
a
 -0.15 0.97

b
 5.15 0.99

c
 16.0 
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Table 2. Cover of 15 most abundant species in uninvaded plots with respect to increasing Pennisetum 1 

ciliare cover and infestation age. Similar metrics are given for plant functional types (bottom). Significance 2 

is denoted by superscripts a (p<0.05), b (p<0.01), c (p<0.001), or d (p<0.0001). Only the coefficient for time 3 

since infestation is given for the multiple regression of cover against P. ciliare > 50% cover and time. 4 

 Uninvaded 

Regression results  
(buffelgrass 

cover) 

Regression results  
(buffelgrass cover >50% and 

time) 

Species 
Mean cover 

% (SE) Slope Adj. R2 Slope (time) Adj. R2 

Encelia farinosa 16.14 (1.46) -0.232d 0.705 -0.125b 0.474 

Parkinsonia microphylla 12.56 (2.24) -0.096a 0.060 -0.566b 0.334 
Prosopis glandulosa 3.80 (2.10)     

Janusia gracilis 3.20 (1.08) -0.048b 0.162   
Jatropha cardiophylla 2.98 (1.00) -0.033a 0.087 -0.053a 0.178 

Lycium berlandieri 2.26 (0.68) -0.026a 0.093   
Fouquieria splendens 1.93 (0.43)     

Calliandra eriophylla 1.76 (0.52) -0.025c 0.214   
Eysenhardtia orthocarpa 1.76 (1.08) 0.420a 0.170   

Jacquemontia pringlei 1.65 (0.85) -0.034a 0.114   
Abutilon incanum 1.60 (0.60) -0.023b 0.151   

Cylindropuntia versicolor 1.38 (0.55)     
Evolvulus arizonica 1.32 (0.56) -0.019b 0.138   

Opuntia engelmannii 1.16 (0.95)     
Trixis californica 0.88 (0.35) -0.012a 0.110   

All succulents 5.5 (1.3) -5.49b 0.144   

All grasses 2.1 (0.43) -3.32c 0.282   

All forbs 3.1 (1.0) -4.54c 0.206   

All shrubs 31.7 (1.7) -40.38d 0.753   

All trees 16.7 (2.8) -13.94b 0.118 -0.57b 0.336 
5 
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Table 3.  Density of 15 most abundant species in uninvaded plots with respect to increasing Pennisetum 1 

ciliare cover and infestation age. Similar metrics are given for plant functional types (bottom). Significance 2 

is denoted by superscripts a (p<0.05), b (p<0.01), c (p<0.001), or d (p<0.0001). Only the coefficient for time 3 

since infestation is given for the multiple regression of cover against P. ciliare > 50% cover and time. 4 

 Uninvaded 
Regression results  
(buffelgrass cover) 

Regression results  
(buffelgrass cover 
>50% and time) 

Species 
Mean density 

(SE) Slope 
Adj. 
R2 Slope Adj. R2 

Encelia farinosa 0.423 (0.077) -0.751d 0.629    

Mammiliara grahamii 0.341 (0.051) -0.676d 0.505 -0.009b 0.379 
Evolvulus arizonica 0.150 (0.062) -0.373c 0.197    

Abutilon incanum 0.120 (0.032) -0.403d 0.343    
Calliandra eriophylla 0.100 (0.030) -0.232b 0.120    

Lycium berlandieri 0.066 (0.038)       
Janusia gracilis 0.064 (0.019) -0.238c 0.191    

Jacquemontia pringlei 0.048 (0.027) -0.166a 0.061 -0.005a 0.184 
Mulenbergia porteri 0.026 (0.015) -0.157b 0.138    

Parkinsonia microphylla 0.025 (0.004) -0.106a 0.109 -0.005a 0.162 
Trixis californica 0.021 (0.009) -0.121b 0.146 -0.003a 0.372 

Jatropha cardiophylla 0.020 (0.008)    -0.005b 0.304 
Heteropogon contortus 0.020 (0.008) -0.191c 0.228    

Carnegeia gigantea 0.020 (0.008)       
Fouquieria splendens 0.020 (0.004)    -0.005b 0.321 

Cylindropuntia bigelovii 0.019 (0.008)    -0.006a 0.272 
Opuntia engelemannii 0.017 (0.008) -0.118b 0.183   

Aristida ternipes 0.016 (0.007) -0.117b 0.160    
Tridens mutica 0.016 (0.009) -0.090a 0.070    

Cylindropuntia versicolor 0.015 (0.005) -0.081a 0.074    

All succulents 0.45 (0.060) -119.23d 0.419 -2.97c 0.535 

All grasses 0.11 (0.038) -76.5d 0.333   

All forbs 0.32 (0.082) -130.6d 0.441   

All shrubs 0.76 (0.098) -173.9d 0.509 -2.17b 0.283 

All trees 0.028 (0.0040) -14.32b 0.189 -0.47a 0.160 
5 
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Table 4. Carnegiea gigantea counts by height class (<200cm vs. >200cm) and Pennisetum ciliare cover 1 

(<60% vs. >60%) at all sites and at each site.  The Fisher’s exact probability that the number of smaller C. 2 

gigantea in P. ciliare-infested plots is lower than expected given the numbers found in less infested plots.  3 

 Buffelgrass cover <60% Buffelgrass cover >=60%  

  plots Ht<200 Ht>200 plots Ht<200 Ht>200 

Fisher 
exact p-
value 

All Sites 40 59 49 9 2 13 0.0008 

CAMP 14 22 17 2 0 0 n/a 

MELP 15 26 13 3 1 5 0.0307 

AGUA 11 11 10 4 1 8 0.0401 

 4 
  5 
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Figures 

 

Figure 1. a) Map of study area showing its proximity to incorporated areas near Tucson, AZ, denoted by 

beige polygon. Plot locations are indicated by black circles. b) Overview map showing location of a) within 

the boundaries of Arizona, USA.  
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Figure 2. Sequence of six aerial photographs covering one of ten transects analyzed in this study. Digitized 

boundaries of Pennisetum ciliare patches are shown in each photo (black outlines) with respect to plot 

boundaries (red). 
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Figure 3. Expansion of Pennisetum ciliare patch extent at three sites (AGUA, CAMP, and MELP) between 

1979 and 2008 from photo interpretation of historical aerial photography. P-values are given for 

exponential growth model. 
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Figure 4. Shannon’s diversity with respect to Pennisetum ciliare cover (left) and time since infestation 

(right). In the left graph, plots infested with 50% P. ciliare are denoted by open symbols to denote the 

length of time the plot has been infested with at least 50% buffelgrass cover. The line fitting the linear 

regression of diversity (y) vs. P. ciliare cover (x) is also shown. Metrics shown are from single linear 

regression of P. ciliare cover vs. diversity. In the right graph, symbology reflects the cover of P. ciliare 

within the plot. Note that y-axes do not have the same scale. Metrics shown are based on multiple linear 

regression of diversity by P. ciliare cover and infestation age.
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Figure 5. Encelia farinosa (left) and Parkinsonia microphylla cover with respect to Pennisetum ciliare 

cover. For plots with 50% buffelgrass cover or greater, symbols refer to the number of years in which the 

plot has had buffelgrass cover of at least 50%. Statistics are from simple linear regression. 
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Figure 6.  Histogram of C. gigantea by size class in three levels of Pennisetum ciliare.  
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Figure 7. Conceptual figure showing transformation of desert scrub into grassland by Pennisetum ciliare 

invasion. Initially (a), landscape is open desert scrub with trees (P = Parkinsonia microphylla), columnar 

cacti (C = Carnegiea gigantea), and shrubs (E = Encelia farinosa) present. After invasion by buffelgrass (b), 

short-lived shrubs (E) and juvenile saguaros perish (shown by black shading). Within 10 years (c), many 

Parkinsonia microphylla juveniles die while adults experience partial die-back. After 10 years (d), P.  

microphylla adults die as well.  
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Abstract 

Invasive species’ phenologies often contrast with those of native species.  When 

these differences translate into alterations in ecosystem function, they represent an 

opportunity for detection via multi-temporal remote sensing. This is especially critical 

for ecosystem transforming species that facilitate changes in disturbance regimes. The 

African C4 grass, Pennisetum ciliare, is transforming ecosystems on three continents and 

a number of neotropical islands by introducing a grass-fire cycle. However, previous 

attempts at discriminating P. ciliare in North America using multi-spectral imagery have 
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been unsuccessful. In this paper, we integrate field measurements of hyperspectral 

plant species signatures and canopy cover with multi-temporal spectral analysis to 

identify opportunities for detection using moderate-resolution multi-spectral imagery. 

By applying these results to Landsat TM imagery, we show that multi-spectral 

discrimination of buffelgrass in heterogeneous mixed desert scrub is feasible, but only at 

high abundance levels that may have limited value to land managers seeking to control 

invasion. Much higher discriminability is possible with hyperspectral shortwave infrared 

imagery because of differences in non-photosynthetic vegetation in uninvaded and 

invaded landscapes during dormant seasons but these spectra are unavailable in 

multispectral sensors. Therefore, we recommend hyperspectral imagery for 

distinguishing invasive grass-dominated landscapes from native desert scrub.  

Keywords 

Pennisetum ciliare, phenology, hyperspectral, NDVI, spectral mixture analysis, 

cellulose absorption 

Abbreviations 

EVI – Enhanced vegetation index 

MODIS – Moderate Resolution Imaging Spectroradiometer 

NDVI – Normalized difference vegetation index 

NPV – Non-photosynthetic vegetation 
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PV – Photosynthetic vegetation 

SAVI – Soil-adjusted vegetation index 

SMA - Spectral mixture analysis 

Introduction 

Biological invasions are drastically altering ecosystems worldwide. Particularly 

problematic are those that alter disturbance regimes (Brooks 2002; D'Antonio & 

Vitousek 1992; Mclaughlin & Bowers 1982). In subtropical regions of North America, 

South America, Australia, and neotropical islands, African C4 grasses are introducing a 

grass-fire cycle that results in rapid transformation of native ecosystems (Burquez-

Montijo et al. 2002; D'Antonio & Vitousek 1992). In North America’s Sonoran Desert, 

Pennisetum ciliare, Pennisetum setaceum, Eragrostis lehmanniana, Eragrostis 

cilianensis, Melinis repens, and Enneapogon cenchroides are expanding in desertscrub 

habitats poorly adapted to fire (Burquez-Montijo et al. 2002; Williams & Baruch 2000). 

P.ciliare (buffelgrass) has already reached epidemic proportions, prompting the 

formation of a Buffelgrass Coordination Center and a noxious weed listing by the state 

of Arizona (Burquez-Montijo et al. 2002; Rogstad 2008). Primary concerns relate to the 

consequences of fire on the Arizona Upland vegetation zone of the Sonoran Desert, a 

vegetation known for its scenic beauty and high biodiversity (Burquez-Montijo et al. 

2002; Rogstad 2008). The importance of this ecosystem is embodied by Saguaro 
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National Park, a federally-managed wilderness area dedicated to preserving the saguaro 

cactus (Carnegeia gigantea) and other native biota. In addition, much of the vibrant 

tourism industry of southern Arizona is built around the picturesque columnar cacti, 

stem and leaf succulents, trees with photosynthetic bark, and the wildlife that depends 

on it. P. ciliare threatens to unravel this ecosystem, not only leaving the tourism industry 

to adapt to a frequently-burning grassland, but Sonoran Desert residents with a potent 

new hazard to life and property.  

Of utmost importance to all ecosystem managers faced with P. ciliare invasion is 

the development of repeatable methods for regional-scale mapping and monitoring 

(Rogstad 2008). However, previous attempts to utilize remote sensing data to identify 

and classify P. ciliare have been unsuccessful without manual interpretation of high 

spatial-resolution photographs (Brenner 2009; Franklin et al. 2006; Olsson et al. 2009). 

Given the legacy and availability of Landsat imagery and the similarity in band 

characteristics of other modern multispectral sensors (e.g., SPOT High Resolution Visible 

sensor, Advanced Land Imagery, Indian Remote Sensing Satellite 1D), it is important to 

assess the feasibility of using Landsat TM to detect P. ciliare. 

Background 

The Arizona Upland vegetation zone occupies the northernmost reaches of the 

Sonoran Desert, representing a cold limit to the influence of the mixed cactus forest 

characteristic of this desert (Turner & Brown 1994). As a result, much of the Arizona 
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Upland vegetation is found on south-facing slopes at its upper elevational limits (Turner 

and Brown 1994). Perennial vegetative cover of medium-sized trees, shrubs, sub-shrubs, 

upright cacti, prostrate stem succulents, perennial vines, and forbs is typically <30% 

(Turner & Brown 1994). Mineral soils are poorly developed, rocky, and dominate the 

land cover as seen from above (Huete 1988). Seasonal flushes of vegetative growth may 

temporarily increase cover as annuals, drought-desiccant mosses, and drought-

deciduous plants respond to precipitation in a bimodal growing season (Shreve & 

Wiggins 1964).  

Pennisetum ciliare grows under trees and shrubs and fills in the interstitial spaces 

between them, creating a well-connected grassland (Burquez-Montijo et al. 2002; de la 

Fuente et al. 2007; Franklin et al. 2006; Olsson et al. 2010). Over time, native species 

richness and diversity decline, leaving a monoculture of fine flammable fuels (Olsson et 

al. 2010). It is important to detect and manage these infestations before this 

transformation occurs because of the disproportionate role that small remote patches 

play on spread and the decreasing likelihood of management success with time since 

invasion (Brooks et al. 2004; Moody & Mack 1988). Given this management need, we 

seek strategies that will result in the detection of infestations at low levels before 

transformation occurs. Towards this end, we recognize that there are several key 

differences between native vegetation and P. ciliare-dominated areas that may be 

helpful in discriminating the two via remote sensing methods: 
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1) From the standpoint of cover, P. ciliare replaces bare ground and soil. Sub-

canopy P. ciliare is less likely to have a profound effect on reflectance of a mixed 

pixel. 

2) Native grasses do not form dense stands in the habitats P. ciliare is invading. 

3) P. ciliare is visible from a distance with the human eye at different times of the 

year 

Other attempts have been made to discriminate P. ciliare from native 

vegetation. Franklin and others (2006) utilized Landsat TM in combination with aerial 

overflights and ground-based methods to estimate the extent of P. ciliare landscape 

conversion in the state of Sonora, Mexico, where it is planted in pastures. Although they 

were able to identify the extents of pastures, they were not able to identify buffelgrass 

itself without ground validation. Similarly, Brenner (2009) used image segmentation to 

identify pastures but was unable to determine species composition within a pasture 

without a corresponding ground observation. Spectrally, P. ciliare was too similar to 

native vegetation. This is largely due to the phenological synchrony that most species 

have in the Sonoran Desert in response to seasonal precipitation due to the strong 

water limitation at all other times of the year. In a final report to Saguaro National Park, 

Olsson et al. (2009) obtained a 59% producer’s accuracy, but just a 14% user’s accuracy 

when utilizing ASTER scenes from April, July, and November to classify P. ciliare on an 

undisturbed Arizona Upland site using maximum likelihood classification. In contrast, 

maximum likelihood classification of a high-resolution true color aerial photograph 
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resulted in user’s accuracies of 53% and 31%, respectively, whereas the accuracies for 

an August Landsat TM were just 41% and 14%, respectively. To put this in perspective, 

after a one-hour training of a student who was previously unfamiliar with P. ciliare, 

heads-up digitizing accuracies of true-color high resolution (0.25m) imagery was 85% 

and 75% for producer’s and user’s accuracies (Olsson et al. 2009). To be fair, the human 

eye is very adept at identifying pattern and the spatial resolution is much greater, but 

the wide disparity in results highlights the challenge that needs to be bridged before 

digital classification can be used to inform management decisions. 

Factors contributing to the poor classification results include the spatial 

heterogeneity of the landscape, lack of homogeneous training samples, landscape-scale 

differences in phenology, microtopography (causing differences in phenology) and the 

relatively coarse spectral resolution of most satellite sensors. In the Arizona Upland, 

where perennial plant cover ranges between 9 and 25%, “large” trees can be several 

meters in diameter, and maximum vegetative cover in a 10x10m area approaches 50%, 

a 30m pixel is guaranteed to be a highly mixed composition of photosynthetic 

vegetation, non-photosynthetic vegetation, bare soil, and rock. Increasing spatial 

resolution will alleviate some of this problem, but it remains to be seen whether P. 

ciliare has distinct spectral reflectance characteristics when compared with other native 

vegetation and cover types. 
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It has been previously noted that Landsat TM is not able to distinguish between 

soil and NPV due to the inability to resolve cellulose absorption at 2100nm with the 

wide-bandwidth of the short-wave infrared bands (Daughtry 2001). However, 

distinguishing between photosynthetic vegetation (PV) and soil with Landsat TM is well 

established (Jackson et al. 1983; Tucker 1979; Tucker et al. 1991). If we assume that 

bare ground remains bare ground throughout the year and that P. ciliare resembles 

litter (and, hence, bare ground) in the arid fore-summer, but looks like PV following the 

summer monsoons, then a classifier that captures this Soil-to-PV transition is likely to be 

viable. 

Objectives 

The main objective of this paper is to identify the feasibility of using multi-

spectral imagery to identify Pennisetum ciliare in desert scrub habitats of the Arizona 

Upland. More specifically, we define the following objectives to guide our research and 

highlight potential causes for confusion and more accurate results: 

1) Identify spectral characteristics that distinguish P. ciliare from native Arizona 

Upland cover types throughout the year 

2) Determine best time of year to discriminate between P. ciliare and uninvaded 

Arizona Upland vegetation 

3) Assess the potential of multi-date analysis to improve upon single-date analysis 

to discriminate between P. ciliare and uninvaded Arizona Upland vegetation 
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Materials and methods 

This study is based on three components: 1) spectral analysis of native and 

invaded landscapes, 2) spectral classification of single- and multi-date simulated Landsat 

TM scenes, and 3) classification of single-and multi-date TM scenes 

Study area 

This study was conducted in the Santa Catalina Mountains in southern Arizona, 

USA, in habitat typical of the Arizona Upland, a subdivision of the Sonoran Desert 

(Turner & Brown 1994) (Figure 1). The Sonoran Desert is a hot desert with mean annual 

temperatures of 28.6 C and four months with mean temperatures over 35 C (WRCC 

2010). Precipitation (320 mm annually) is bimodally distributed, with slightly more 

precipitation falling during the summer (WRCC 2010). The sparse canopy cover is 

dominated by the small tree Parkinsonia microphylla, the short-lived shrub (Encelia 

farinosa), and the saguaro cactus (Carnegiea gigantea) (Olsson et al. 2010; Turner & 

Brown 1994). The landscape is remarkably diverse in species and lifeforms, including 

trees, shrubs, cacti, grasses, and forbs (Turner & Brown 1994). Vegetation responds 

rapidly to hot humid conditions following the onset of the North American Monsoon, 

after which a flush of annual and perennial growth briefly greens up the desert. Analysis 

was confined to four vegetation classes as defined by the Southwest Regional Gap 

Vegetation Analysis Project (Lowry et al. 2007): Chihuahuan Succulent Desert Scrub 

(#55), Chihuahuan Creosotebush, Mixed Desert and Thorn Scrub (#56), Sonoran 
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Paloverde-Mixed Cacti Desert Scrub (#57), and Sonoran Mid-Elevation Desert Scrub 

(#105). These classes represent habitat most threatened by buffelgrass (Rogstad 2008). 

Field data collection 

Cover measurements 

In a separate study, projected perennial canopy cover was measured in winter, 

2008-2009, in 53 plots on south-facing piedmonts in mixed palo verde-cactus vegetation 

in the Santa Catalina Mountains (Olsson et al. 2010). Plots measuring 11m on a side 

were oriented along 10 transects covering a gradient of P. ciliare cover. Elevation ranged 

from 883 to 1097 meters at the plots. 53 species were identified and measured in the 

plots, as well as rock, mineral soil, and litter. Mean cover for species and cover types 

ranged from 0 to 28% with four cover types: Bare soil (28%), rock (16%), Encelia farinosa 

(16%), and Parkinsonia microphylla (14%) consistently comprising the four most 

abundant types in 15 uninvaded plots (n=15 plots with <5% P. cliare). Cover of all types 

decreased in invaded plots with the most abundant cover types being bare soil (14%), 

rock (13%), litter (6%), and P. microphylla (3%) (n=21 plots with >50% P. ciliare). These 

56 classes were the basis of a spectral analysis of buffelgrass separability from native 

cover types. 

Spectral data acquisition 

We measured hyperspectral reflectance of dominant plants and cover types at 

Tumamoc Hill on six dates during 2007. Tumamoc Hill (elev. 847m) is characterized by 
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vegetation typical of the Arizona Upland and also contains vigorous populations of P. 

ciliare (Bowers 2005a). Its accessibility and proximity to Tucson, AZ, made it ideally 

suited for field measurements of Arizona Upland vegetation. Spectra were collected 

using an ASD spectrometer (Analytic Spectral Devices, Inc) during cloud-free days 

between 10am and 12pm local time on March 16, April 16, May 25, August 16, 

September 22, and October 26. The ASD was used to collect hyperspectral 

measaurements from 350nm to 2500nm in 2151 spectral bands at nadir view angles and 

a 5° field-of-view. Each spectrum synthesized from the collection is a mean of five 

measurements taken of each target. During data collection, the instrument and data 

were regularly initialized and referenced to a Spectralon® calibration panel to compute 

surface reflectance values. 

Spectral separability of Pennisetum ciliare from native cover types 

Reflectance differences between P. ciliare and other cover types arise from 

differences in spectral reflectance (e.g., the presence or absence and position of 

absorption features in the spectra) and the magnitude (e.g., absolute reflectance). 

Correlation of spectral curves quantifies the similarities between two spectra with 

regards to shape while spectral differencing quantifies overall changes in brightness 

across the spectra. Atmospheric noise is significantly reduced by using the ASD at the 

surface; hence atmospheric water absorption bands (1360-1430 nm and 1800-1950 nm) 

were excluded from the analysis. 
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We calculated correlation of P. ciliare reflectance with all included species and 

cover types on each collection date to provide a measure of similar and contrasting 

cover types as they vary over time. While the landscape we are interested in is highly 

mixed, combinations of several cover types typically comprise greater than 50% of 

uninvaded cover: rock, soil, Encelia farinosa, Parkinsonia microphylla, and Prosopis 

glandulosa. We investigated the discriminability of P. ciliare from these dominant cover 

types in more detail, identifying the wavelengths that generate maximum 

differentiability for each season. Spectra were convolved to the Landsat TM bandpass 

filters and correlations of convolved reflectance values were compared. To assess 

magnitude differences, we calculated the difference between the curves representing 

the reflectance of each cover type vs. P. ciliare.  

Spectral separability of mixed landscapes 

We utilized plot-level cover measurements used in Olsson et al.’s plant diversity 

study (2010) and predicted hyperspectral reflectance for all 53 plots for the six ASD 

reflectance data collection dates. We divided plots into low (<5% P. ciliare cover), 

medium (5-50%), and high (>50%) P. ciliare classes and performed a student’s t-test to 

test for differences between reflectance of high vs. medium and high vs. low at each 

wavelength. 
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Simulated Landsat TM scenes 

Using plant abundances in native and invaded plots in a study by Olsson et al. 

(2010), we generated a 450x450 cell landscape in which each pixel was a mixture of 56 

cover types with abundance probabilities defined by the reference study. Against a 

background of cells with representative native cover, approximately 10% of the 

landscape was infested with 5-100% buffelgrass cover. Simulated TM scenes were 

generated for each date that field spectra were available by assuming a linear mixture 

model and computing the weighted average of cover type abundances and reflectance 

values for each cell. That is, Landsat TM reflectances were generated for each cell using 

the formula: 

 

where ρ(x) is the TM-convolved reflectance vector for the cell at location x, n is the 

number of distinct components in the cell, c(e,x,t) is the fractional abundance of cover 

type e, in cell x, at time t, and ρ(e,t) is the Landsat TM-convolved reflectance vector for 

cover type e at time t. Although we chose Landsat TM, reflectances could have been 

convolved to any sensor bandpass. Simulated pixels were randomly grouped into equal-

sized sets for training and validation. 
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Landsat TM scenes 

We acquired cloud-free Level 1T (systematic radiometric and geometric 

correction) Landsat TM imagery for WRS2 path 36, row 38 from the USGS GLOVIS portal 

(http://glovis.usgs.gov) from four dates in 2007 (April 8, May 26, August 14, August 30) 

and one in 2006 (October 30). We were forced to utilize the scene from 2006 to assess 

possible autumn spectral differences due to all autumn TM scenes from 2007 being 

contaminated by cloud cover. Scenes were converted to atmospherically corrected 

surface reflectance using the cosine approximation model (COST) (Chavez 1996). 

Corrected scenes were clipped to the specific study area. 

Landsat TM training and validation sites 

USGS 1m Digital Orthophoto Quarter Quads acquired in 2007 were used to 

identify training points for dominant classes found in the TM scenes, including forest, 

riparian, desert scrub, rock outcrop, urban, bare soil, golf courses, and dense P. ciliare 

patches. An independent validation dataset was developed by classifying over 1000 

randomly generated points into three classes of buffelgrass based on a 30x30m area 

surrounding each point: Low (<5%), Moderate (5-50%), and Heavy (>50%). Random 

points were generated using Hawth’s Tools (Beyer 2004). In a report to the Desert 

Southwest Cooperative Ecosystem Studies Unit, Olsson et al. (2009) confirmed heads up 

digitizing via high-resolution imagery as a viable method for mapping P. ciliare in some 

mixed scrub environments. Note that the lowest category of buffelgrass infestation was 
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primarily composed of P. ciliare-free areas, but at the resolution of the aerial 

photography it was not possible to confirm complete P. ciliare absence. 

Scene classification 

Classification data models 

We classified a variety of derived data models for all dates separately and 

combined using CART and logistic regression using Matlab 2009A. The following data 

models were used as input into the predictive models: 

 Pure reflective (Refl) 

 Spectrally unmixed PV, soil, and NPV (SMAAll) 

 Spectrally unmixed PV (SMAPV) 

 Normalized Vegetation Difference Index (NDVI)  

 Soil-adjusted Vegetation Index (SAVI) 

 Enhanced Vegetation Index (EVI) 

The six Landsat TM reflectance bands comprise the pure reflective data model 

(Refl). Spectral mixture analysis was performed on the reflectance data to generate a 3-

band data model comprising fractional abundances of photosynthetic vegetation (PV), 

non-photosynthetic vegetation (NPV) and soil. Simulated TM endmembers were chosen 

from our previously acquired field spectra. The PV endmember was the actively growing 

P. ciliare plant from August while NPV was chosen as the senesced P. ciliare from May 
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and the soil endmember was also selected from the May collection. Real TM 

endmembers for soil, PV, and NPV were chosen and extracted from the Landsat TM 

scenes using heads-up digitizing of DOQQs. The soil spectrum was from an exposed soil 

in a dry sandy river bottom in April, the vegetation spectrum was extracted from a golf 

course fairway during October, and the litter spectrum was based on an area of dense 

senescent buffelgrass during April. Spectra were evaluated and re-selected iteratively 

until the image based spectra produced the best match with spectral signatures 

acquired with the ASD. Field based spectral endmembers were not utilized in the 

Landsat TM classifications because the magnitudes of the scene spectra did not match 

the field-derived spectra. (Multiple atmospheric correction algorithms were applied 

(e.g.: COST (Chavez 1996), 6S (Vermote et al. 1997)) but none provided an adequate 

absolute match). Data for all scenes were decomposed into fractional abundances using 

unconstrained spectral mixture analysis. Specifically, abundances were calculated using 

a Moore-Penrose pseudo-inverse calculation in Matlab R2009A (Penrose 1956).  If the 

abundance of an endmember was negative, it was excluded, set to 0% and remaining 

endmember abundances were based on a 2-endmember mixture. 

The remaining four data models are one-band data models based on either 

fractional vegetative cover (SMAPV) or vegetation indices (NDVI, EVI, and SAVI). NDVI is 

the most prevalent vegetation index and is based on the contrast between the NIR 
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reflectance, where plants are highly reflectance, and red reflectance, where actively 

photosynthesizing vegetation is strongly absorptive (Tucker 1979).   

(1) NDVI=(NIR-Red)/(NIR+Red) 

In arid ecosystems such as the Sonoran Desert, soil is such a dominant cover 

fraction that soil brightness contamination is likely (Huete 1988). This was the impetus 

for the Soil-Adjusted Vegetation Index (SAVI), which uses a soil brightness-dependent 

correction factor, L, which Huete et al. (1988) suggested setting to 0.5: 

(2) SAVI=((NIR-Red)/(1+L)(NIR+Red+L) 

Additional criticisms of the NDVI model concern its sensitivity to atmospheric 

conditions. The Enhanced Vegetation Index (EVI) was developed to diminish the effect 

of atmosphere and improve sensitivity to high biomass (Huete et al. 2002). 

(3) EVI=G*(NIR-Red)/(NIR+C1*Red-C2*Blue+L), 

where L is the soil background adjustment term and C1 and C2 are atmospheric 

adjustment coefficients. In this study, we use the MODIS coefficients: L=1, C1=6, C2=7.5, 

and G=2.5. 

The four vegetation models are composed of single bands. In multi-date 

classifications, indices were selected from each date such that the total number of 

bands equals the number of dates. The six data models were utilized as explanatory 
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variables in predictive models for single-date classifications for each date and as well as 

a combined model utilizing data models in a 6-date stack. 

Classification and regression trees (CART) 

Classification and regression tree (CART) is a non-parametric technique for 

classifying input data (x) into continuous or discrete classes (y). A CART model is a binary 

search tree that maximizes the total drop in deviance by dividing the tree into 

successively more homogeneous subsets (Breiman 1984). CART model accuracy was 

assessed by comparing the true positive rate, false positive rate, and overall 

classification accuracy using validation data. 

Logistic regression 

Logistic regression is a generalized linear model for predicting the likelihood of a 

binary outcome (y) given a set of predictor variables (x) (Ramsey & Schafer 2002). The 

goal of logistic regression is to find parameters, b for x that maximize the goodness of fit 

of the link function: 

(4) x*b=ln(µ /(1-µ)) 

where µ is the mean of the binomial distribution given by y. The logistic 

regression model can be used to calculate likelihood values based on alternative values 

of predictor variables. An advantage of logistic regression is that likelihood values are 

continuous and binary classification can be based on thresholding at any level between 
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0 and 1. Consequently, overall model discrimination can be assessed by calculating the 

area under the Receiver Operator Characteristic, or ROC, curve (Fielding & Bell 1997). 

Logistic regression models in this study were evaluated by the area under the ROC 

curve, which is denoted by the acronym AUC. 

Landsat TM scene visualization 

Based on perceived differences in seasonal PV fluctuations of P. ciliare vs. 

desertscrub, we created a series of false color composite using various combinations of 

scene dates, model outputs, and RGB channels. We selected three models in which 

known buffelgrass patches were discernable by their pattern and determined a suitable 

combination for display based on permutations of models with color channels in RGB 

and CMYK color space. Because many models were dominated by very high or very low 

values, we employed various transforms of data, including inversion. 

Results 

Spectral separability of Pennisetum ciliare over time 

Hyperspectral and TM-convolved reflectance data for all six field dates are 

shown in Figure 2. Spectra of all vegetative classes changed over the course of the year, 

with all species showing a slight-green-up signal (i.e., red absorption at 680nm) in the 

two spring dates (March and April), followed by a decline in the arid fore-summer 

(May). Inspection of the reflectance curves of the dominant cover types on all six field 
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spectra collection dates reveals P. ciliare resembles soil, litter, and P. microphylla in 

different spectral regions at different times of the year. P. ciliare exhibits a red 

absorption minimum (680nm) and red edge (680-720nm) in March, April, and May that 

distinguishes it from soil, rock, and litter, although this separation is lowest in May when 

Sonoran Desert plants are less photosynthetically inactive. Another distinctive pattern is 

the strong resemblance of P. ciliare in the 1400-1800 nm (SWIR1) and 1980-2400nm 

(SWIR2) regions to the reference litter spectrum in all dates except August and 

September, although even in September the litter reflectance feature at 2000nm is 

evident in P. ciliare.  While P. ciliare resembles litter in these SWIR regions during 

periods that are dry or drying, the shape of its VNIR reflectance curve more closely 

resembles soil or rock during the hottest, driest part of the year (May 25). 

Unfortunately, the complexities of reflectance shape changes in SWIR1 and SWIR2 over 

the year are lost in the convolution to TM. SWIR1 and SWIR2 resemblance to litter are 

relegated to similarities in brightness, not to subtleties in hyperspectral reflectance 

features. Thus, the nearly identically shaped reflectance signatures on April 16th of  P. 

ciliare and litter do not translate to distinctiveness in the Landsat TM bands because 

their brightnesses are different. Instead, P. ciliare is most similar to rock while litter 

reflectance is most similar to P. microphylla and E. farinosa. 

Correlations of hyperspectral and TM-convolved P. ciliare reflectance data with 

other dominant cover types are shown in Figure 3. Correlations with soil, rock, and litter 
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were lower than correlations with other vegetation on all dates—most notably in 

August, September and, to a lesser extent, in April. Maximum correlation occurred on 

August 16 for all vegetation and on May 29 for all other cover types in both 

hyperspectral and TM-convolved spectral space. Minimum correlation for P. microphylla 

and P. glandulosa occurred on October 26 in hyperspectral space, but only occurred on 

the same date for P. microphylla in TM space. Correlation was lowest for P. glandulosa 

in the March 16 TM-convolved spectra. E. farinosa correlation also differed between the 

hyperspectral and TM-convolved spectra with minima occurring on September 22 and 

October 26, respectively. 

The integrated reflectance differences, also shown in Figure 3, portray similar 

discriminability of P. ciliare from soil, rock, and litter, with maximum differences 

occurring on August 16 for all three cover types and minimum differences occurring on 

May 29 for both rock and litter while soil had minimum integrated difference on March 

16. Integrated reflectance differences differ from correlation, however. For example, E. 

farinosa had the greatest difference on August 16 for both hyperspectral and TM-

convolved reflectance, the same date its correlation was maximized. Its minimum 

occurred on March 16 for both types of spectra. P. glandulosa differences were 

maximized on August 16 (hyperspectral) and March 16 (TM-convolved) and minimized 

on September 22 (both spectral types). Only P. microphylla had differences that 

complemented correlation, having minimum and maximum differences for both spectral 
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types on August 16 and March 16, respectively (October 26 differences were similar to 

March differences). 

These differences are best viewed as a contour plot with wavelength on the x-

axis and time on the y-axis (Figure 4). In Figure 4, wavelengths in which the given cover 

type is brighter than P. ciliare are denoted by blue colors while wavelengths in which P. 

ciliare is brighter are indicated by green colors, both of which darken with increasing 

differences. In this contour plot, the time between two sequential reflectances is 

interpolated linearly, providing a visual estimate of how changing phenology affects 

reflectance. Based on these visualizations, a number of general trends appear. The red 

band in April in all cover types indicates P. ciliare was darker at all wavelengths at this 

time. The difference was greater in the NIR for vegetation, in the SWIR1 region for litter, 

SWIR2 for soil, and from NIR through SWIR2 for rock. Most other dates and wavelengths 

exhibited greater complexity. For example, contrast was lower in the visible range, but 

distinct features appeared. Generally, the same trends occurred throughout the visible 

range with greatest contrast in the red region. Differences in rock reflectances varied 

between 0 and 5% in the blue and green portion of the spectrum, but appeared 10% 

brighter in April and August. The same pattern was seen in soil (slightly amplified) and 

litter (slightly dampened). Greater contrast in the red region was seen in the vegetation. 

Reflectance differences of P. ciliare with E. farinosa varied +/- 10% over the course of 

the year, with a maximum occurring in April and a minimum in October with an overall 
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greater brightness for most of the year. P. microphylla was brighter in April (10%), but 

was slightly darker for much of the year with minima in March (8%) and September-

October (8%).  P. glandulosa was slightly brighter in April (5%) but appeared darker for 

most of the year, falling below 8% in March, May, and October. In the NIR region, rock, 

soil, and litter were darker from August through October while the differences were 

negligible for the trees P. microphylla and P. glandulosa for the same period. 

Meanwhile, E. farinosa went from being much brighter in August to darker in October. 

Additional separation between P. ciliare and the non-photosynthetic classes were found 

in SWIR1 and SWIR2 in August and, for soil, in September and October, where these 

cover types were darker. SWIR1 and SWIR2 contrast was lower between P. ciliare and 

vegetative species, although all three species were 5-10% darker in much of SWIR2 from 

September through October. P. microphylla and P. glandulosa were also darker in May 

for all wavelengths. 

Mixed pixel separability of P. ciliare from natives in Arizona Upland landscapes 

Predicted reflectance for 6 dates in 2007 of 53 plots used in Olsson et al.’s 

diversity study are given in Figure 5.  This time series captures spring landscape green-

up (March-April) followed by an arid fore-summer (May). The onset of the North 

American monsoon represents the greatest magnitude change in all seasons (May to 

August). Photosynthetic activity is declining by September 22 and by October26, 

reflectances are similar to the initial March reflectances. Wavelengths for which 
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reflectance of dense plots (>50% P. ciliare) had significantly different reflectance than 

medium (5-50%) plots are indicated with a full light gray background. Wavelengths for 

which reflectance of dense plots was different than light (<5%) plots but not medium 

plots are indicated by a gray background of only half the height of the figure.  

P. ciliare-dominated plots differ in their response to the changing seasons in: 1) 

lower reflectance in the blue wavelength range (400nm) for all dates, 2) higher red 

(670nm) reflectance in April, August, and October, but especially so in August, 3) lower 

overall reflectance in August, and 4) a more pronounced absorption feature at 2100nm 

in March, May, September and October.  

Single date results 

Mean NDVI for training pixels are given in Figure 6. Disregarding golf course, 

riparian, and forest classes, P. ciliare alone had higher mean NDVI than desert scrub in 

October. In April and May, NDVI was lower, but P. ciliare responded to monsoon 

precipitation by 8/14 with higher mean NDVI than desert scrub. This was short-lived, as 

16 days later the means were identical. By 1/21/08, P. ciliare mean NDVI had dropped 

below that of desert scrub. This distinction did not translate to classification results. 

CART classification accuracy and logistic regression AUC values for simulated and 

real Landsat TM scenes are given in Figure 7. Overall accuracy and AUC values were 

higher in the simulated scenes and, of those models, accuracy and AUC were much 
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higher for the Reflectance model and SMAAll model for all dates. These two models, 

which had 6 bands and 3 bands, respectively, were also highest or among the highest in 

all dates according to the AUC results, although the accuracy results are less clear. 

SMAAll and reflectance were the highest in April (4/8) and both August dates (8/16 and 

8/30) and varied among the leaders on all dates. The simulated Landsat TM 

classifications exhibited a fairly consistent bell-shaped pattern over the course of the 

year, starting off either stable or slightly dropping to April, then increasing to May and 

decreasing after August. Among the VIs, 8/16 NDVI had the highest accuracy and 5/29 

PV had the highest AUC. Most classifications had minima on 9/22 and 4/16. The bell-

shaped curve seen in the simulated data was not mirrored in the classification of the 

real Landsat TM data. Although a bell-curve was apparent in the AUCs (PV, EVI, and 

SAVI), the peak was shifted towards earlier months—the early season minimum 

occurred on 2/3 and the late season decline of AUC had occurred by 8/14 while the AUC 

had only started to decline in the simulated classifications. Other differences included a 

dip in accuracy on 8/14 with a rapid rise by 8/30 in all models. Again, the NDVI stood out 

from the other VIs, displaying later and higher peak accuracy than other VIs. 

Multidate results 

CART classification accuracy and logistic regression AUC values for two-date 

combinations of simulated and real Landsat TM scenes are given for the top models in 

Figure 8. Based on the most accurate models, the dates October 26 and March 16 were 
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included most often in classifications of the simulated TM scenes while October 30 and 

January 21 were included most often in the classifications of real TM scenes. Based on 

the models with the highest AUC, the date August 16 from the simulated models and 

May 26 and January 21 were most often included. The best overall date-combinations in 

terms of accuracy were October 26 (simulated TM with accuracy > 0.8) and April 

8+January 21 (real TM with accuracy > 0.875). The best overall dates in terms of AUC 

were from May 26+August 16 (simulated TM with AUC>0.85) and May 26+January 21 

(real TM with AUC>0.775). 

Given the number of times each type of model showed up in the top models, 

vegetation-based classifications were more accurate than SMA or reflectance-based 

models but the same was not true for AUC. SAVI was more prevalent than other VIs in 

top models of both simulated and real TM scenes. SAVI was also the basis for the most 

discriminatory model in the real TM classifications. 

While classification accuracy was high, it was disproportionately high considering 

that 90% of validation points included negative samples. This is conveyed by a 25.7% 

True Positive Rate and a 74.3% False Negative Rate for the top model overall (1/21+4/8 

SMA).  
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Best visualization 

The best visualization was developed from SMAPV in April, May, and August 

(Figure 9). The RGB color scheme chosen for this visualization was Red=SMAPV(August), 

Green=1-SMAPV(May), Blue=1-SMAPV(April). Thus, pixels with low photosynethetic 

activity in April and May followed by a large increase in August appear white. Pixels with 

strong photosynthetic activity in all three dates appear red while pixels with a bimodal 

growing season (photosynethetically active in April and August, interrupted by 

dormancy in May) appear magenta. Areas dominated by P. ciliare were expected to be 

white. A number of known P. ciliare infestations were identified based on their strong 

white contrast to surrounding landscape and are indicated by letters a-d in Figure 10. 

Photographs of four of those areas are shown in Figure 10. 

Discussion 

P. ciliare alters ecosystem structure, converting sparse, heterogeneous desert 

scrub ecosystems characterized by 10-25% cover into well-connected grassland 

grasslands supporting over 60% cover (Olsson et al. 2010; Turner & Brown 1994). 

Several studies hypothesized that such a drastic transformation to be detectable using 

moderate resolution multispectral sensors such as Landsat TM but were unable to 

accurately do so (Brenner 2009; Franklin et al. 2006; Olsson et al. 2009). By analyzing 

hyperspectral reflectance of P. ciliare and other native cover types, we determined that 

its spectral reflectance differs from dominant native cover types at different 
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wavelengths at different times of the year, but when present in mixed quantities is 

difficult to distinguish, especially when reflectance is convolved to TM reflectance in 

which small-scale variations in spectral response are lost. Four distinguishing spectral 

features were found in the hyperspectral reflectance curves: 1) cellulose absorption 

feature at 2100nm was seen in P. ciliare at times of the year when this was absent from 

other vegetation, 2) P. ciliare exhibited higher red reflectance and lower yellow 

reflectance during senesced phases when contrasted with natives, and 3) SWIR2 

reflectance rose more rapidly following monsoon precipitation in P. ciliare than native 

vegetation, and 4) P. ciliare was easily distinguishable from soil, rock, and litter during 

spring and summer growing seasons by the presence of vegetative spectral 

characteristics (e.g., absorption at 670nm and a steep slope [red edge] from 670-

800nm). Landsat TM is unable to resolve the cellulose feature, but with its VNIR bands 

should be able to resolve the latter three features. Pairing scenes from different seasons 

in a multi-temporal analysis may increase accuracy over single scenes, but the best 

models overall were derived from an October TM scene using both simulated and real 

Landsat TM reflectance. Models based on vegetation indices or unmixed vegetation 

were as accurate as models based on all six TM bands, indicating that spectral 

differences in the VNIR are as discriminating as those in the SWIR, or even that the TM 

SWIR bands add little discriminating power. This result is consistent with personal 

observations of greatest visible contrast between P. ciliare and natives following 

complete senescence in October and November as shown in Figure 10. 
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Landsat TM-based classification accuracy was low for both simulated and real 

TM scenes. We utilized linear (logistic regression) and nonlinear (CART) classification 

methods with similarly poor results. Nevertheless, we found a number of patterns that 

have important implications for ecosystem function or can be used to improve the 

quality of remote sensing results using Landsat TM or other sensors. 

Invaded areas are greener than native areas 

Using the spectral model and cover estimates as a foundation for mixture 

modeling, we found that invaded plots have higher greenness during peak monsoon 

growth. This is mostly accounted for by differences in vegetative cover between invaded 

(>70% vegetative cover) and native (<40%) plots and is highlighted by higher NDVI 

values in P. ciliare plots in August (Figure 6). However, our multi-temporal mixture 

model assumed constant cover throughout the year. This may have been more robust 

for P. ciliare than bare soil because many organisms increase coverage over bare soil in 

response to summer precipitation. A notable example, the desiccation-tolerant 

pteridophytes, Selaginella spp., occupy virtually no cover throughout the year but 

rehydrate and expand to cover a substantial fraction of bare ground and rock following 

summer and winter rains (personal observation). 

P. ciliare dries out and senesces before native vegetation 

Warm-season perennial and annual plants in the Sonoran Desert respond 

vigorously to the onset of monsoon rains and P. ciliare is no exception. However, it 
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appears that P. ciliare dries out earlier than native vegetation as evidenced by the rising 

reflectance in SWIR1 and SWIR2 in September. The absorption feature at 2100nm in 

September is characteristic of cellulose absorption and likely due to the standing 

senesced biomass. Additionally, the reduction in absorption at 670nm in September, 

which resulted in a yellowish hue, indicated that photosynthetic rate has slowed. This 

continued into late October when P. ciliare was fully senesced and native vegetation 

was not yet fully dormant.  

Invaded areas are redder during the senesced phased 

Invaded plots had lower reflectance values than uninvaded plots at 450nm on all 

dates. The difference was largest during August and September and smallest during May 

and April.  This separation is due in part to the higher VNIR reflectance associated with 

soils, rock, and Encelia farinosa, which together account for >60% mean cover in the 

uninvaded plots. Although VNIR reflectance of P. ciliare closely resembled P. microphylla 

during peak monsoon growth, it had a distinct shape that contrasted with both P. 

microphylla and E. farinosa on all five other dates. Differences in the VNIR were further 

enhanced in September and October, as at 670nm where reflectance in invaded plots 

became brighter than native plots, creating a steeper slope from 450nm to 700nm in 

invaded plots. This translates to a yellow-orange color characteristic that contrasts with 

the tan background of native desert. Unfortunately, this contrast may be short-lived. 

Furthermore, the authors informally monitored these patches in 2008 and 2009 and 
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found that the distinctive hue seen in October-November 2007 was not reproduced in 

either year. The 2007 crop of P. ciliare was unique over this time period in that 2006 

experienced an exceptionally wet summer. By the end of the 2007 growing season, a 

combination of abundant leaf area resulting from latent stores from 2006 may have 

combined with climatic events in the fall of 2007 that cured P. ciliare to produce this 

unique hue. While this may be the case, the October 2006 date was also implicated in 

higher classification accuracy using real Landsat TM data.  

Best dates for distinguishing P. ciliare from native vegetation 

Late October was the best or second best time of year in terms of CART 

classification accuracy and logistic regression class discrimination for both simulated and 

real Landsat TM scenes. In addition, CART models based on October 26 (simulated) and 

October 30 (real TM) produced models that were comparable to the multidate models. 

Late May also produced a number of good models using real Landsat TM scenes. The 

likely explanation is lower photosynthetic rates in P. ciliare-dominated pixels than native 

pixels as shown in Figure 6. P. microphylla and other desert natives maintain 

photosynthesis throughout the summer, albeit at low levels; whereas, P. ciliare does 

not. Where P. ciliare has displaced these natives, ecosystem photosynthesis is likely 

depressed. Interestingly, combinations of May and October were not as accurate or 

discriminatory as other combinations of May, notably May+January and May+February. 

We did not acquire hyperspectral reflectance during the months of January or February 
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so it is unclear what the mechanisms may be, although a phenological contrast is likely. 

The months of January and February (winter scenes) were only highlighted by good 

models when combined with April or May (summer dry scenes). We pose several 

untested hypotheses: 1) P. ciliare cover competitively inhibits winter annual plants and 

drought-desiccant mosses, 2) P. ciliare greens up in response to winter precipitation 

earlier than natives. Either explanation would account for slight changes in both seasons 

that would be amplified when compared in tandem. The dates predicted by simulated 

scenes that were not effective discriminating dates in real Landsat TM scenes were the 

August dates (peak monsoon scenes). This may be due to an oversimplification of the 

landscape. By not accounting for replacement of bare soil and rock by summer annuals, 

drought-desiccant mosses, and biological crusts, we overestimated the role that 

interstitial spaces would play in distinguishing invaded landscapes from native desert 

scrub. Considering this, it is worthwhile to note that the few good models produced 

from August scenes were multi-date models including the scene immediately prior 

(May) or after (October). We have discussed the benefits of using May and October 

scenes, but this result lends support to the hypothesis that P. ciliare invasion alters 

ecosystem function, changing the magnitude of phenological change.  

Concluding remarks 

We developed and tested a new method for assessing the feasibility of detecting 

sub-pixel land cover differences in highly mixed pixels that utilizes ground-based 
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reflectance and cover measurements over time. By recombining endmembers in 

fractions derived from distributions of real-world samples, the optimal timing of 

separation between invaded and uninvaded pixels can be predicted for various sensors. 

We selected Landsat TM both to explain past failures to detect P. ciliare in the Sonoran 

Desert and to identify optimum timing for accurately discriminating between P. ciliare 

and uninvaded pixels. We note some shortcomings of this approach, mostly arising due 

to a simplification of the landscape. This could be overcome by improving the land cover 

model to account for seasonal changes in canopy cover.  

Our results show that, although buffelgrass is distinguishable from uninvaded 

areas in many portions of the electromagnetic spectrum, Landsat TM-based reflectance 

differences of uninvaded and invaded landscapes are minimal due to the high level of 

mixing. While classification can be improved by strategically selecting scenes with better 

phenological distinctions (e.g., late October and May), classification accuracy is 

remarkably low. Due to the disproportionate role that small, remote outbreaks play in 

the spread of invasive species, it is unlikely that Landsat TM is going to be able to play 

an operational role in the detection and monitoring of P. ciliare in the mixed scrub 

habitats of the Sonoran Desert. The TM sensor lacks the spatial resolution to isolate 

pure P. ciliare pixels and the spectral resolution to identify the distinctive cellulose 

absorption characteristic of senesced P. ciliare. An operational method would need to 

address one or both of these issues. Although the shape of visual reflectance 
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distinguished invasive from native plots in our study area, the narrow range of values 

limited by a 3- or 4-band scene is likely to result in confusion. We feel that a sensor with 

narrow bands at 2050nm, 2100nm, and 2150nm would be essential. 
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Figures 

 

Figure 1. Map of study area showing validation points overlaid on Southwest Regional Gap Analysis land 

cover classes.  
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Figure 2. Reflectance of abundant cover types found in measured plots on six different dates in 2007 as 

measured by ASD (left column) and convolved to Landsat TM (right column). P. ciliare is denoted by a 
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thick black line while five dominant native cover types are denoted by thick colored lines. Less abundant 

cover types are light grey.  

 

 

Figure 3. Correlation of reflectances (top row) and mean reflectance differences (bottom row) between P. 

ciliare and native cover types for full spectra (left column) and TM-convolved spectra (right column) for six 

dates in 2007. Five most abundant cover types are denoted by thick colored lines, whereas less abundant 

cover types are denoted by light grey.  
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Figure 4. Reflectance differences of six abundant cover types by time (y-axis) and wavelength (x-axis). 

Positive values (blue) indicate the target is more reflective than P. ciliare for the given wavelength and 

acquisition date while negative values (green) indicate that P. ciliare is brighter. 
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Figure 5. Mean simulated reflectance of densely infested (>=50% P. ciliare), moderately infested (5-50% P. 

ciliare) and uninfested (<5% P. ciliare) plots used in study by Olsson et al. (2010). Wavelengths for which 

reflectance in densely infested plots are significantly different than in moderately infested and uninfested 

plots are indicated by full height and half-height grey background, respectively. 
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Figure 6. Mean NDVI values of training points based on Landsat-5 TM scenes from seven dates over 15 

months between 2006 and 2008.  
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Figure 7. CART classification accuracy (top row) and AUC values of logistic regression model (bottom) of 

simulated Landsat TM scenes (dotted lines) and real Landsat TM scenes (solid lnes). The classifications 

were based on the original 6 Landsat TM bands (Reflectance), the SMA-derived fractions of PV, NPV, and 

litter (SMA All), the SMA-derived fraction of vegetation (SMA Vegetation), and the vegetation indices, 

NDVI, EVI, and SAVI. The baseline y-axis values for accuracy have been shifted to 0.5 to show greater 

detail. A grey line on the AUC plots denote the 0.5 line, which represents the point where models are no 

better than random.  
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Figure 8. CART classification accuracy (top row) and logistic regression AUC (bottom row) of two-scene 

models for all date combinations using simulated (left column) and real Landsat TM data (right column). 

Each cell represents the suite of models developed using the dates denoted by the column and row. 

Model types are Reflectance(o), SMA (square), SMA PV (triangle), NDVI(star), EVI (diamond), and SAVI (+). 

Accuracy and AUC are denoted by the color level. Note that axes differ between plots because of different 

acquisition dates, as do color levels due to large overall differences in accuracy and AUC between 

simulated and real TM classifications. 
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Figure 9. False color RGB composite from 2007 Landsat-5 TM scenes using (Red =  NDVIAugust, Green = 1-

NDVIMay, Blue=1-NDVIApril ). Thus, white represents areas with very low NDVI in the arid fore-summer 

followed by high NDVI during the monsoon such as is expected in P.ciliare-dominated areas. Vegetation 

that remained green during all three dates are denoted in red (e.g., golf courses, upper elevation forests). 

Four sites in which buffelgrass is dominant are highlighted as white spots are indicated by letters a-d and 

correspond to photos a-d in Figure 10. 
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Figure 10. Photos of four P. ciliare-infested hot spots identified in Figure . P. ciliare stands out in these 

images by its golden hue and smooth texture, which contrasts from the beige tones and speckle 

associated with uninvaded areas. The golden hue is characteristic of post-monsoon curing and although 

the golden hue fades, standing senesced vegetation remains a fuel concern throughout the year. The 

homogeneous texture is characteristic of connected grass cover, whereas the heterogeneous textures of 

uninvaded habitat represents a mixture of exposed bare ground, rocks, shrubs, cacti, and trees. 
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Abstract 

In the North American deserts, large-scale invasions by C3 and C4 grasses 

threaten native vegetation via competition and altered fire regimes. Predictability and 

management of these invasions hinges on being able to estimate spread rates over 

some time horizon and spatial domain. Because little effort has been devoted to 

mapping invasions through time, questions remain about the relative roles of 

endogenous (e.g., propagule pressure) and exogenous (e.g., climate variability) 

processes in pacing these invasions at any scale.  Climate variability can yield decadal-

scale variations in spread rates, as shown by first appearance dates from herbarium 

data for the winter (C3) annual grass Bromus madritensis var. rubens, but invasion rates 

have been documented poorly for other non-natives. Pennisetum ciliare (buffelgrass), 

an African C4 perennial bunchgrass, is spreading fast across the lower, south slope of the 

Catalina Mountains north of Tucson, AZ, in saguaro-palo verde stands typical of the 

Arizona Upland of the Sonoran Desert. We used aerial photographs taken in different 

years to map expansion, calculate local spread rates, and evaluate the role of climate 

variability in modulating spread at 11 sites individually and collectively. Infestations 

grew from small colonizing patches in the 1980s to 66 ha in 2008, doubling every 2-3 

years since 1988. Although buffelgrass germination, establishment and distribution are 

favored by wet summers and mild winters, we found no consistent correlation between 

the rate of spread and summer rainfall and only a slight positive correlation with 

minimum winter temperatures.  Averaged across all 11 sites, the measured spread fits a 
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logistic growth curve with only small residuals. Unlike invasions by winter annual (C3) 

grasses, buffelgrass spread is being paced more by intrinsic population processes than 

by climate, at least since 1988 when much of its expansion took place. This should help 

reduce uncertainties around spread rates needed to forecast and manage buffelgrass 

infestations in the Sonoran Desert, though adjustments may be necessary to 

accommodate an uncertain and changing climate. 

Keywords  

Spread rate, logistic growth, climate variability, phalanx, aerial photography, 

chronosequence 

Introduction 

Few plant invasions have been adequately mapped and measured to determine 

if spread rates are constant or variable in time and space, and the extent to which 

endogenous versus exogenous factors control the velocity of spread. Field mapping of 

local invasion fronts through time is surprisingly rare (D’Antonio 1993), and one 

alternative involves reliance on aerial photos taken in different years, provided that 

infestations are detectable from the air (Lonsdale 1993). Presence-absence data from 

herbaria and floristic surveys also have been interpreted to map invasion at regional 

scales, with cumulative numbers of records over time used as a measure of increasing 

abundance (Forcella and Harvey 1982; Mihulka and Pysek 2001; Salo 2005; Hastings et 

al. 2005).  
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Where spread rates vary through time, invasions may be characterized by 

periods of rapid spread followed by periods of slower spread, stasis, or even contraction 

associated with stochasticity (Kleczkowski et al. 1996) and fluctuating access to 

resources (Chesson et al. 2004; Davis et al. 2000). The latter pattern is particularly 

pronounced in the North American deserts, where soil moisture varies considerably in 

space and time, notably on decadal timescales (Chesson et al. 2004; Reynolds et al. 

2004; Salo 2004). This makes accurate predictions of invasive spread difficult, particular 

when life cycle stages interact differentially with climate (Heller et al. 2008) or are 

lagged (Arim et al. 2006). 

Establishing linkages between climate and invasive spread provides managers 

with crucial information about utilizing resources temporally to maximize management 

efficacy. For example, the C3 winter annual grass, red brome (Bromus madritensis subsp. 

rubens), which does not maintain a soil seed bank, is more manageable in years and 

decades marked by dry winters. Refuge populations allow populations to persist 

through unfavorable climate, and these tend to be smaller, more localized, and more 

susceptible to treatments (Salo 2004). In contrast to the temporally dynamic invasive 

spread of this winter annual, range expansions of some perennial species are invariant 

with respect to climate (Brown & Archer 1999), suggesting that intrinsic population 

dynamics have more to do with range expansion than climate variability. In the former 

case, accurate predictions of invasive spread are difficult, but climate forecasts can be 
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useful for identifying management opportunities. In the latter, range expansion is 

predictable, but climate variability may not yield windows of opportunity for more 

efficient treatment. This dichotomy may actually apply to ongoing invasions and 

management of non-native C3 and C4 grass invasions in the North American deserts 

(Table 1). 

In the western North America, a suite of C3 and C4 non-native grasses can induce 

a grass-fire cycle in ecosystems poorly adapted to fire by increasing fine fuel 

connectivity and by responding more favorably to fire than native species (Brooks et al. 

2004; Burquez-Montijo et al. 2002; D'Antonio & Vitousek 1992; Whisenant 1990). Like 

the local “desert” annuals, the C3 invaders are predominantly winter annuals with 

populations that fluctuate more or less synchronously across the region in response to 

precipitation variability in winter that is widely synchronous at interannual to decadal 

timescales (Bowers 2005b; Salo 2004). These interannual and decadal variations are 

associated with the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal 

Oscillation (PDO), respectively. ENSO is a quasi-periodic (once every 3 to 7 years) 

warming in the tropical Pacific Ocean involving coupled sea surface pressure and 

temperature anomalies that propagate along the Pacific coast of the Americas.  PDO is a 

more persistent (decadal) El Niño-like pattern defined by the first principal component 

of North Pacific monthly sea surface temperature variability poleward of 20°N (Mantua 

et al. 1997). El Niño (La Niña) phases of ENSO and positive (negative) phases of PDO are 
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associated with wetter (drier) winters in the southwestern U.S. Of relevance to land 

managers in the southwestern U.S., ENSO and PDO in tandem may offer as much as a 6-

9 month long-lead forecast of winter precipitation (and regional blooms of non-native C3 

annuals) (Goodrich 2007; Gutzler et al. 2002; Kurtzman & Scanlon 2007), and the 

promise of Pacific decadal predictability looms large on the horizon (Mochizuki et al. 

2010).  

In the southwestern U.S., winter storm tracks are displaced south during El Niños 

and positive PDO phases, bringing numerous precipitation-laden winter frontal systems. 

These frontal systems affect large areas simultaneously, so year-to-year variations in 

winter precipitation and the corresponding ecological responses tend to be regionally 

coherent, the classic example being synchronous tree growth that permits cross-dating 

of ring widths of western conifers and dendroclimatic reconstructions of precipitation 

variability in the western U.S. (Sheppard et al. 2002).  Another example involves C3 

grasses such as Bromus madritensis subsp. rubens (red brome) (Salo 2005) and B. mollis 

(soft brome) (Hobbs & Mooney 1992), which experience accelerated expansion during 

and following wet winters and sluggish growth during droughts. Taking a longer view, 

red brome expansion throughout the U.S. southwest matched positive phases in the 

Pacific Decadal Oscillation (prior to 1946 and from 1976 to 1998) (Salo 2005). This 

relationship is highlighted in Fig. 1, which shows the number of new 50km2 areas with 

reports of red brome from 1900 to 2000 and a logistic growth model over the same 
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period in comparison with the PDO. The differences in the slopes of the observed and 

calculated areas shows remarkable synchrony with the PDO index, as can be seen in the 

lower frame of Fig. 1.  

Less is known about the effects of climate on the spread of C4 grasses, which are 

predominately warm season perennial grasses whose annual production is linked to the 

North American Monsoon (NAM). The NAM, which occurs between June and 

September, results in southerly flow that affects the Sonoran Desert by advecting 

moisture from the Gulfs of California and Mexico and focusing convective activity across 

the region. Small-scale controls over convection result in patchy precipitation patterns 

(Comrie & Broyles 2002), which translate to spatially heterogeneous patterns of 

summer green-up. Spatial heterogeneity in monsoon precipitation decreases as total 

precipitation increases, likely due to influences of mesoscale convective complexes on 

precipitation totals during wetter summers (Gebremichael et al. 2007). Monsoon 

precipitation can vary considerably from year to year, but rarely fails completely. This is 

illustrated in Fig. 2, which shows the monthly precipitation from 1900-2009 at the Finger 

Rock Trail near Tucson, AZ. While July and August precipitation consistently exceeds 

50mm, December-March precipitation varies considerably from year to year and does 

not reach 50mm during most months. Furthermore, summer precipitation is negatively 

correlated with summer precipitation from the year before (r=-0.056) while winter 

precipitation is positively correlated with winter precipitation from the year before 
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(r=0.097). Thus, there is not much year to year consistency in summer precipitation—a 

wet (dry) summer tends to follow a dry (wet) summer; whereas, a wet (dry) winter 

tends to follow a wet (dry) winter. In addition to the spatial patchiness and the negative 

correlations in sequential summers, the lower bound on summer rainfall also may serve 

to homogenize ecosystem local to regional-scale responses of C4 grasses over runs of 3-

5 years.  

It may not be that simple, however. Unlike winter annual C3 grasses, which 

respond almost exclusively to winter precipitation, C4 grasses can respond to both 

winter and summer precipitation (Cox et al. 1988). The simplest model of invasive C4 

spread invokes the strong correlation between the C4 photosynthetic pathway and 

summer temperatures (Buldgen & Francois 1998; De la Barrera & Castellanos 2007) to 

suggest that summer precipitation is primarily responsible for spread. However, limiting 

factors may include minimum winter temperatures (Cox et al. 1988; Martin-R et al. 

1995; Stair et al. 1998) and drought (Cox et al. 1988; Ward et al. 2006)—particularly at 

the seedling stage. In the Sonoran Desert, winter precipitation may increase seedling 

survival during an annual dry period coincident with high daytime temperatures (aka the 

“arid foresummer”). On the other hand, winter precipitation may stimulate germination, 

leading to a flush of seedlings that will not survive the arid foresummer and effectively 

depleting the non-dormant seedbank. Thus, the spread rate of invasive C4 grasses may 

depend on a complex interaction of summer and winter temperature and precipitation. 
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Determining the dominant climatic influences on the spread of C4 grasses in the Sonoran 

Desert is critical because a number of C4 grasses are rapidly increasing and pose growing 

threats to native ecosystems.  

The most aggressive and impactful C4 grass in the Sonoran Desert to date is 

Pennisetum ciliare (buffelgrass), although others (e.g., Melinis repens, Pennisetum 

setaceum) may not be far behind. Buffelgrass is currently undergoing rapid expansion in 

the Sonoran Desert, prompting organized community-based efforts to prioritize and 

control its spread across the region of southern Arizona (see 

http://www.buffelgrass.org). In southern Arizona, buffelgrass is poised to link upper 

elevation fuels with a complex low elevation wildlife-urban interface for the first time 

(Rogstad 2008). Unfortunately, a detailed history of its spread is lacking and the 

climatological conditions for its growth and spread are poorly understood. We address 

both challenges in this study, reconstructing historical spread of buffelgrass in the Santa 

Catalina Mountains of southern Arizona, USA, and assessing its expansion with respect 

to climate. The implications for successful buffelgrass management are obvious.  Risk 

assessment, cost-benefit analysis, and long-term mitigation strategies in management 

of invasions are all predicated on the ability to estimate local and regional invasion rates 

(Eiswerth & Johnson 2002; Frid & Wilmshurst 2009). For buffelgrass, identifying drivers 

of invasive spread was a critical need identified at the first annual Buffelgrass Science 

Workshop in Tucson, AZ (May 4-6, 2010). 

http://www.buffelgrass.org/
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History of buffelgrass in southern Arizona 

Buffelgrass was introduced repeatedly in and around Tucson, AZ, from 1938 to 

the mid 1980s (Cox et al. 1988). It had naturalized by 1954 (Burgess 1991) and was first 

reported in the Santa Catalina Mountains in 1969 (see ARIZ Accession #21284). It was 

recognized as a weedy species in southern Arizona at least by 1983 (Burgess 1991), 

although large-scale control efforts did not start until the late 1990s at Organ Pipe 

National Monument, Saguaro National Park, and Pima County’s Tucson Mountain Park 

(Rutman & Dickson 2002). Some of the largest buffelgrass patches in southern Arizona 

occur on the lower south-facing slopes of the Santa Catalina Mountains (Fig. 3) which 

not only link high elevation forest fuels with a complex low elevation wildland urban 

interface, but also support some of the densest populations of the giant saguaro cacti 

(Carnegiea gigantea) in the region (Niering & Lowe 1984).  Additionally, the abutting 

alluvial fans and terraces host the northern suburbs of Tucson, AZ, where several world 

class resorts are situated among pricey housing developments. Some of these fans and 

terraces are already heavily infested with buffelgrass, and the dense patches can be 

seen at a distance (Fig. 4). Upslope of these infestations is a matrix of desert grassland 

that connects with high elevation conifer forests that supported 46,000 ha of wildfire in 

2002 (Bullock fire) and 2003 (Aspen fire). The fires in 2002 and 2003 did not burn down 

to the wildland-urban interface because buffelgrass infestations are discrete and 

disconnected from upslope fuels. Control efforts in the Santa Catalina Mountains have 

been minimal and have not focused on large or remote backcountry patches, indicating 
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that changes in the patterns and extents of these patches over time resulted from 

mostly natural processes of dispersal and spread.  

Limiting and promoting conditions for buffelgrass spread 

Buffelgrass has a tropical/subtropical origin and is primarily limited by cold and aridity 

while warm temperatures and soil moisture promote its growth (Cox et al. 1988; Hussey 

& Bashaw 1996; Ibarra et al. 1995; Martinr et al. 1995; Stair et al. 1998). Its growth in 

very wet conditions (>60cm) is limited by competition and herbivory (Ibarra et al. 1995). 

The seedling stage is more sensitive than the adult stage to freezing and drought (Cox et 

al. 1988; Stair et al. 1998; Ward et al. 2006) so demographics of seedling growth and 

mortality may be an important predictor of buffelgrass spread. Growth beyond the 

seedling stage confers additional protection from cold due to microclimatic effects 

influenced by plant architecture (Williams & Baruch 2000). Growth to reproductive age 

occurs quickly: mature seeds are produced under good conditions as early as 90 days 

after germination (Cox et al. 1988; Martin-R et al. 1995). Under dormant conditions, 

growth occurs 15 days following precipitation if temperatures exceed 24°C and seeds 

reach maturity as early as 30 days after precipitation (Martin-R et al. 1995). 

Greenhouse-based measurements of photosynthesis indicate that temperatures in the 

range of 25-35°C are conducive to high photosynthetic rates (De la Barrera & Castellanos 

2007). Seeds possess a whorl of bracts that assist dispersal by wind and animals. 

Although plants produce seeds the first year, the majority of seeds are produced by 
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older, larger plants, which may survive on the landscape for 20 years (Daehler & 

Goergen 2005). Buffelgrass seeds have a chemical and physical dormancy that typically 

breaks within 3-18 months (Duke 1983) and may last up to 4 years (Rutman & Dickson 

2002; Winkworth 1963). Seedlings emerge as a cohort after the first conditions for 

germination are met following summer precipitation and secondary emergence is 

minimal after 5 days (Ward et al. 2006). Conditions for median seedling emergence 

occur above 10°C following 2-3 days of rainfall exceeding 17.4mm  in total, although 

some emergence occurs after only 6.3mm (Ward et al. 2006).  

Phalanx vs. guerilla patterns of spread 

The spread of invading organisms can be described by a phalanx pattern, in 

which an invasive wave disperses along a tight, coherent front, or a guerilla pattern, by 

which new propagules appear in isolation from older source populations. Wilson and 

Lee (1989) point out that most invasions exhibit both patterns and that a number of 

mechanisms can explain the disparate patterns. They suggest 1) leptokurtic dispersal 

promotes guerilla patterns but strong local dispersal encourages frontal phalanx-type 

patterns, 2) multiple dispersal mechanisms can lead to different invasion patterns, 3) 

dispersal efficiency can vary over time, 4) dispersal may be polymorphic, utilizing more 

than one dispersal mechanism, and 5) density-dependent herbivory, predation or 

parasitism may decline with distance from propagule source. Phalanx patterns of 

invasion lend themselves to measurements of invasive spread, whereas guerilla patterns 
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lead to nonlinear changes in invader abundance as numerous remote infestations 

coalesce into larger patches (Moody & Mack 1988).  

Objectives 

To understand and constrain invasion rates, we used aerial photography to 

estimate phalanx-type expansion of patches in the Catalina foothills and evaluated the 

role of climate variability in modulating the rate of spread. Large residuals around 

logistic growth curves, synchronous across widely separated patches and regional 

climatic variations, may confound forecasts of spread yet offer opportunities for 

mitigation. In the aggregate, close correspondence to a logistic growth curve would 

simplify modeling of invasion patterns, impacts, and mitigation costs and strategies. 

Though guerilla-type spread (i.e., spread from ‘nascent foci’) is a critical factor 

influencing the spread of invading organisms, including buffelgrass, we focused on 

phalanx-type spread in order to provide a lower bound on buffelgrass spread rates. 

Methods 

Study area 

This study was conducted in the Santa Catalina Mountains in southern Arizona, 

USA, in habitat typical of the Arizona Upland, a subdivision of the Sonoran Desert 

(Turner & Brown 1994) (Fig. 3). The Arizona Upland is home to the saguaro cactus 

(Carnegiea  gigantea), but supports a diverse array of other trees, shrubs, cacti, forbs, 
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grasses, and vines. Native plants are typically drought resistant or drought avoidant and 

either complete their life cycle during wet seasons (e.g., summer and winter annuals) or 

employ ecophysiological adaptations to survive periods of drought, including drought 

deciduousness, leaf/stem/root succulence, and altered leaf geometry (Turner & Brown 

1994).  These adaptations allow for either winter/spring growth and/or summer growth, 

while surviving (or avoiding) the hot arid foresummer that precedes the summer rainy 

season. The mean annual temperature of nearby Tucson, AZ, is 28.6°C, with four months 

of mean temperatures over 35°C (WRCC 2010). The 32cm mean annual precipitation is 

distributed in two distinct growing seasons with approximately 60% falling during the 

summer monsoon (June-September) and the rest falling during the fall and winter 

(WRCC 2010) (Fig. 2). Winter precipitation varies greatly from year to year with many 

years producing little or no winter precipitation. The frontal nature of winter storms 

leads to spatially synchronous precipitation across space. Summer precipitation is driven 

by convective activity which is highly variable in space and, while it varies from year to 

year, maintains a consistent base level. 

RQ1: What is the growth rate of buffelgrass in the Arizona Upland? 

To determine the growth rate of buffelgrass in the Arizona Upland we 

reconstructed the historic spread of buffelgrass at 19 sites in the vicinity of Tucson, AZ, 

using manual interpretation of aerial photography dating back to the 1970s. Sites were 

sub-selected for further analysis if at least four photographs were available in which 
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buffelgrass was clearly discernable. Photographs were scanned and rectified to 2005 

USGS Digital Orthophoto Quarter Quads (DOQQs). Due to uncertainty in interpreting 

high resolution black and white historical imagery, infestations from more recent 

imagery were digitized first, and in successively older imagery the extents were digitized 

only if the infestation was clearly visible and aspects of the infestation (e.g., internal 

patterning) were similar to the patch in later periods. In a previous study testing the 

effectiveness of manual image interpretation of high resolution aerial photography to 

determine locations of buffelgrass infestations in the Santa Catalina Mountains, both 

omission and commission errors were below 20% (Olsson et al. 2009). The digitized 

areas were aggregated at a site level, which were delineated by a polygon that 

encapsulated the largest area around a patch within which slope, aspect, and 

geomorphology was similar. The growth rate of buffelgrass was determined for each 

site ( p ) by fitting a logistic growth curve to the total infested area ( pA ) at each time 

step ( t ) using the site area as the carrying capacity ( pK ): 
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The unknowns in this model, 0A  and r , were determined using nonlinear least 

squares estimation. Here,  0A  represents the initial population at time 0t . Since t  

represents the Gregorian calendar year, the calculated value of 0A  has little 

interpretable meaning here and instead we concern ourselves with the value of r , 
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which determines the population growth rate.  We also created a pooled sites model 

(PSM) of all sites.  In the PSM, the cumulative infested area was fit to time. The 

cumulative infested area ( A ) is the sum of all n  observations up to a given point in time 

( nt ):  

(6) 
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n p

t p

A t A t .  

The carrying capacity for PSM is simply the sum of all the site carrying capacities:  

(7) ( )p

p

K K t .  

The infested area of PSM was determined by nonlinear least squares regression 

of Equation (4): 
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To provide perspective on the rate of growth, we calculated the year in which 

current populations would double at each respective site as well as the year in which 

populations would reach 60%. The importance of 60% as a percolation threshold for 

contagion processes reflects the infestation level at which connectivity with adjacent 

landscapes would increase large fire probabilities (Turner et al. 1989).  
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RQ2: Is there a link between climate and spread? 

We surveyed peer-reviewed literature to determine factors that promote and 

limit the growth and spread of buffelgrass. Using monthly temperature and 

precipitation data acquired from the Parameter-elevation Regressions on Independent 

Slopes Model (PRISM) dataset (http://www.ocs.oregonstate.edu/prism/), we created an 

index of favorability for three buffelgrass lifecycle processes based on published 

relationships between climate and productivity, germination, and cold mortality. PRISM 

is 2.5-km resolution gridded monthly temperature and precipitation product derived 

from meteorological station data, digital elevation models, and expert knowledge of 

climate extremes. A single value was determined for four variables (precipitation, 

minimum temperature, maximum temperature, and mean temperature) based on an 

average of the four PRISM cells centered at 32.345443,-110.908345. We define the 

following indices for annual productivity ( PI ), germination ( GI ), and freezing ( FI ) as 

functions of PRISM-based monthly climate data: 

The Productivity Index ( PI ) is based on Martin-R et al. (1995) and depends 

solely on total summer precipitation ( sp ): 

(9) max(0, 1527.9 19.8 )sPI p  

The Germination Index ( GI ) is based on Ward et al. (2006) and depends on 

minimum temperatures and precipitation: 
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(10) 
*

min 1, max 0,0.735 ( ) 2.16
m M

GI p m  

where *M  is the set of months with mean minimum temperatures exceeding 

10°C and ( )p m  is the  precipitation for the month m  . GI  varies between 0 and 1 with 

1 representing 75% germination of viable non-dormant caryopses.  

We also define a Freezing Index ( FI ) that sums the degree months in which the 

monthly mean minimum temperature is below some threshold.  

(11) min
**

5 ( )
m M

FI t m  

where **M   is the set of all months associated with a given winter season and min( )t m  

is the mean minimum temperature for the month m  . The selection of 5°C here is 

somewhat arbitrary and reflects scale differences between PRISM (mean minimum 

temperature for a given month) and the more ecologically meaningful nightly minimum 

temperature. However, because winter minimum temperatures are driven by synoptic 

events, we expect that mortality-inducing single night freeze events will be reflected by 

low mean monthly temperatures. 

To calculate inter-annual growth rates, we calculated the exact value for the 

logistical growth parameter, r*, at each patch between each pair of sequential historical 

photographs in the stepwise logistic growth formula: 
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where ( )p nA t  and ( )p n kA t  are the areas at time nt  and n kt , respectively, t  is the 

number of years between the two image dates, and *r  is the growth rate of patch p 

between the two dates nt  and n kt . We calculated Pearson’s r correlation between the 

growth rate, r*, and climate variables as well as between r* and predicted life cycle 

indices PI , GI , and FI . We varied the summarizing period of the climate variables and 

indices between one and four years. Correlation between r* and the suite of climate 

variables and indices was calculated based on summarizing periods in which the last 

year matched the latter date of the spread event ( n kt ) as well as when the last date 

preceded the latter date of the spread event by lags up to three years. Finally, we 

analyzed trends of growth with respect to climate across all sites by comparing residuals 

from the pooled sites model with life cycle indices using linear least squares regression. 

Results 

Buffelgrass expansion 

We identified at least four suitable historical photographs covering 11 sites, 

which we labeled A-K (Table 2, Fig. 3).  These 11 sites ranged from 5.59 to 32.0 ha and 

totaled 176.6 ha altogether. The oldest photograph in which buffelgrass was identified 

varied from 1980 to 1994 among the sites, although only one site had imagery predating 

1988 containing identifiable buffelgrass. The minimum population detected varied with 
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the timing and quality of imagery but was generally within 0.04 and 0.33 ha in size. The 

notable exception was site H, whose first detected infested area was 1.28 ha in 1988. 

The boundaries of this patch in earlier imagery were unclear and a field visit to this site 

revealed evidence of fire in the form of charcoal and saguaro scars characteristic of 

wildfire (Steenbergh & Lowe 1977). This was the only site included in this study that 

exhibited signs of having burned in the past.  

In 2008, infested area varied from 0.4 to 7.0 ha, comprising 5.6% to 26.9% of 

each site and 12.0% (21.2 ha) of the cumulative site area (Fig. 5, 6, Table 3). The logistic 

models fit to each site’s infested area had high correlation with observed data based on 

R2 values from 0.65 to 0.98.  Five of 11 models had an R2 > 0.95 (n varied from 4 to 11) 

while the Pooled Site Model had an R2 of 0.97 (n=76). Aikaike’s Information Criterion 

indicates that the best models were logistic growth models from sites I and K (Aikaike 

1974). These two models had median values for the logistic growth exponent, r, of 0.23 

and 0.26, respectively. The logistic exponent, r, of the PSM was 0.17. Predicted doubling 

times from the 2008 census varied from 3 years at 3 sites to 11 years for the slowest site 

(site H). The PSM predicted a 5-year doubling period. The date predicted when each site 

will reach 60% cover ranged from 2018 to 2038 with the PSM reaching 60% by 2022. 

Buffelgrass expansion and climate 

 The PI  between 1900 and 2009 was 2,805 +/-2,521 kg ha-1 (95% confidence 

interval). The minimum of 0 was met in only 1924 and the maximum of 6,984 occurred 
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in 1984. Three other PI  peaks occurred during the time period spanned by the 

observations of buffelgrass made in this study and are noted in Fig. 7:  1983 (4,984 kg 

ha-1), 1990 (6,752 kg ha-1), and 2006 (5,513 kg ha-1). Recent low PI  years occurred in 

1989 (1,388 kg ha-1), 1991 (749 kg ha-1), 1994 (1,319 kg ha-1), and 2004 (1,171 kg ha-1). 

Mean PI  since 1979, which was 2,947 +/- 3,095 kg ha-1 (95% CI), did not differ from the 

historical record. Germination Index ( GI ) varied from 1.8 to 6 between 1900 and 2009 

with only one year (1988) falling below 3, suggesting that conditions have been 

produced in every year in the Catalina foothills favorable for buffelgrass establishment. 

The Freezing Index ( FI ) averaged 8.38 +/-8.02 (95% CI) between 1900 and 2009, 

trending down by 0.0021 per year (p=0.0038). Four of the five lowest FI  years occurred 

following 1979: 1980, 1981, 1992, and 1994. This is most pronounced by a step change 

in FI  associated with winter and spring warming beginning around 1980, which has 

been observed across the western U.S. (Cayan et al. 2001; Diaz & Eischeid 2007) and 

attributed mostly to the buildup in greenhouse gases (Bonfils et al. 2008). GI  has been 

high over that same period while PI  has fluctuated mostly within historical bounds, 

although 1983-1984 represents a period of elevated productivity well beyond historical 

3-year running averages. PI and FI were not correlated over the 1900-2009 time 

period at 0- or 1-year lags (r=-0.03, r=0.04) but from 1985 to 2009, PI  and FI  

exhibited similar behaviors (r=0.19) and the one-year lagged FI was highly correlated 

with PI  (r=0.40). 
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Growth rate was positively correlated with summer temperature and summer 

precipitation while negatively correlated with winter temperature and precipitation (Fig. 

8). Strongest relationships were found in growth rates with summer temperature, 

although winter temperature had significant relationships at all four lags and over 

summarizing periods of 1, 2, 3, and 4 years preceding the growth event. While 

significance was found for all four climate variables, explanatory power was low, with R2 

values of all models below 0.08. Adding multiple regressors did not increase R2 values. 

GI  was the most significant of the three indices, exhibiting significant positive 

relationships at the 0 and 1-year lag for all four summarizing periods and at the 2-year 

lag for 3 of 4 summarizing periods. PI  was also positively correlated with growth rate 

for the no lag summary over all 4 summarizing periods. FI  showed both positive and 

negative relationships over varying lags and summarizing periods but a majority of 

significant relationships were negative.  

Discussion 

Local buffelgrass populations on the scale of up to 2 hectares are in concave 

phases of a logistic growth curve and are doubling in area in as little as three years. At a 

majority of these sites we predict buffelgrass to reach 60% cover before 2020. Given 

that many of these sites are in close proximity to each other, this could signal critical 

thresholds of large connectivity that will increase the probability of wildfires capable of 

burning from low-elevation desert scrub down into the Tucson suburbs, up to high 
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elevation forest, and down from high elevation forest to Tucson. Because we measured 

phalanx-type spread only and did not measure guerilla-type spread, our measurements 

underestimate the rate of expansion, boding increased rates of expansion as numerous 

large and small infestations increase propagule pressure and contribute to infilling. 

The role of climate variability in pushing this threshold earlier or later is unclear.  

We found little evidence to support climate modulation of buffelgrass expansion 

between 1989 and 2008, although a period of slower growth and possibly contraction 

between 2001 and 2003 was coincident with a period of cooler winter minimum 

temperatures.  

We pose alternative hypotheses to explain this: 1) buffelgrass spread in the 

Catalina Mountains is driven more by local population dynamics (e.g., propagule 

pressure) than climate; 2) climate variability interacted differentially to buffelgrass life 

stages in ways to counteract potential accelerations and decelerations in its rate of 

expansion. We also recognize that uncertainties in our methods—particularly the 

delineation of older historical photographs—likely contributed to our model error, 

potentially masking real trends. In addition, we must note that the scale of this study is 

much smaller than Salo’s (2005) study on the spread of red brome across the west, so 

broad comparisons between regional spread of C3 and C4 invaders are not warranted 

based on our results.  
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Alternative hypothesis 1: The spread of buffelgrass in the Catalina Mountains is driven 

more by internal population dynamics than climate. 

If this hypothesis is true, then the rate of buffelgrass growth is constant. We 

found that germination requirements were met in every year between 1990 and 2009, 

so germination was not likely to be limiting. This frequency is greater than the 

approximately 1 of every 2 years in Tucson, AZ, reported by Ward et al. (2006). Their 

estimate is based on daily precipitation at a National Weather Service COOP station 

(Station: Campbell Avenue Experimental Farm; NOAA Cooperative ID: 028796) in the 

Tucson Basin. The lower Catalinas get higher summer and winter precipitation than the 

Tucson Basin. PRISM reports 30-40% more precipitation in these areas than the station 

used by Ward et al. (2006). Time scale differences further contribute to the disparity; 

Ward et. al’s results are based on daily precipitation whereas PRISM reports the 

cumulative precipitation over a month. Since 1990, predicted productivity at our sites 

varied from 500 to over 5000. However, the relationship between productivity and 

fecundity is unknown and may be highly nonlinear. Observations of dense flowering 

activity without full green-up in low rainfall years such as 2009 suggest that minimum 

fecundity may be met even during low productivity years. Additionally, most summer 

precipitation in wet years is lost to runoff due to the nature of thunderstorms and the 

steepness of terrain. The difference in soil water between 100mm and 200mm of 
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seasonal precipitation may be very little and thus not translate to increases in 

productivity.  

Alternative hypothesis 2: Climate variability interacted differentially to buffelgrass life 

stages in ways to counteract potential accelerations and decelerations in its rate of 

expansion. 

Under this hypothesis, underlying climate variability does interact to produce 

variable rates of buffelgrass spread. One plausible scenario is that high summer 

precipitation (resulting in high fecundity) produces large batch of seeds that germinate 

one year later after breaking dormancy, and seedlings experience loss to freezing the 

second winter following seed production. The inverse scenario results in low fecundity 

but less mortality due to frost. Interactions such as this could maintain steady growth in 

spite of variations in climate. When climate patterns shift, however, amplifications can 

occur in both the positive and negative direction. This is one possible explanation for the 

large size of the patch at site H. Assuming for a moment that the growth rate of site H 

was invariant over time, we can back-calculate the patch size to different stages. 

Predicted dates when the site H population would have been 1 ha (1979), 0.25 ha 

(1973), and 0.04 ha (1968) indicate that buffelgrass was well established even by 1968, 

which was one year before the first collection of a single plant was made in the Catalina 

Mountains at Sabino Canyon. While proof of this may be almost impossible, the 

remoteness of this patch makes such a scenario unlikely. The alternative is that 
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buffelgrass growth rate was higher at some time between 1969 and 1989. The decade 

of the 1980s is a likely candidate because minimum winter temperatures were ~1°C 

warmer than previously in the 20th century, raising the lid on freezing-based mortality. 

Additionally, a number of very wet summers (1983, 1984, and 1990) were among the 

wettest of the past 110 years and buffelgrass productivity likely followed suit. Ideally, 

these years would have stood out in the observational data, but the record before 1990 

was incomplete and the available imagery had lower resolution than modern 

collections. The significant but slight relationship of recent spread to winter 

temperature provides additional evidence that the 1980s were a decade of rapid 

buffelgrass growth. In a multi-decadal study at nearby Tumamoc Hill (Bowers et al. 

2006), buffelgrass expanded almost 8000% between 1983 and 2005 after it first was 

reported there in 1968.  

Implications of outliers 

Site H is predicted to double from 2008 levels by 2018, the slowest of any site. 

This is due to the high percentage of the site already occupied (>28%), not the r-value. 

The growth rate is lower than most of the models as well as the PSM. While increased 

winter temperatures and a number of very wet summers may be partly responsible, fire 

may have contributed as well. As mentioned before, this was the only site with evidence 

of fire. Evidence in the form of charcoal, burned saguaro spines and saguaro fire scars 

are complemented by distinct differences in landscape texture in the historical aerial 
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photography dating back to 1979. Noting that the extrapolated population of 1979 (1 

ha) could be represented as a solid stand of buffelgrass 10m on a side, and that other 

patches have attained 1ha patch sizes in 14-20 years after initial detection on aerial 

photography, we surmise that climate variability and/or disturbance have interacted in 

the past 50 years to accelerate buffelgrass expansion but our temporal resolution and 

period of observation have obscured this pattern. As the highest elevation patch in our 

study area, it would have been more frequently limited by winter minimum 

temperatures than other sites. Noting that the 1970s were slightly cooler than the 

period from 1980-2008 and not particularly outstanding with respect to winter or 

summer precipitation, it is clear that the growth of this patch was at some point during 

this period much more rapid than at present and this time likely occurred after 1979. 

Two of three sites with the highest r value (sites E and F) are situated on terraces 

that have been progressively urbanized. Between 1980 and 1988 a water retention 

basin was put in place and buffelgrass appeared in a dense patch on the disturbed area 

adjacent to the basin and quickly moved to terrace slopes. Roads and houses were 

developed along the ridge lines and utility easements crisscross the slopes. Today the 

easements are connected linear swaths of buffelgrass—evidence that buffelgrass may 

have been used for soil stabilization at this site. One nearby terrace is similarly infested 

but other terraces on the south side of the Catalinas are largely buffelgrass-free, even 

though buffelgrass is common along roadsides throughout the Catalina foothills. Given 
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this pattern, it appears buffelgrass has spread more rapidly here than on undisturbed 

landscapes with the assistance of disturbance following intentional introduction. 

Implications for management 

Cost-benefit analysis and adaptive management of invasive species requires 

accurate estimates of future scenarios under alternative management plans, which rely 

heavily on the ability to estimate spread rates. The complexity of invasive spread and 

management necessitates a modeling approach to approximate outcomes to different 

management strategies, funding levels, and under different climate scenarios. Constant 

spread rates in time and space simplify the use of state-and-transition models (Markov 

chain models), while variable spread rates compound the uncertainties (Eiswerth & 

Johnson 2002; Frid & Wilmshurst 2009; Smith et al. 1999). Small changes in the spread 

rate are amplified due to nonlinearities in life cycle events and interactions with control 

efforts with cascading effects on budgets and likelihood of success. Managers need to 

understand the conditions under which measured rates of spread are reduced or 

amplified in order to make headway against invasive spread. When the goal is 

containment or eradication, the area controlled each year must match or exceed the 

area newly invaded each year. Identifying the appropriate level of resources to match or 

exceed the minimum level of effort to contain an invasive species requires rather 

precise measurements of variable and uncertain parameters. Without knowing where 
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that level is, managers risk implementing an unsustainable strategy in which their 

efforts are overwhelmed by logistic growth above their level of perceived control.  

When rates of spread are invariant under varying climate, assessing the rate of 

spread dramatically reduces the uncertainty associated with levels of effort required for 

containment. At least with buffelgrass, growth from 1988-2008 was fairly consistent, 

even though the favorability for each life cycle varied on an annual basis. We caution 

here that our study did not characterize spread under cooler conditions prior to the 

1980s, when winter temperatures increased abruptly by 1°C; buffelgrass spread may 

have accelerated at this time, particularly at higher elevations in the Catalina foothills. 

The 1980’s were not only warmer, but also wetter than the periods before and after.  

The evidence provided by the few large patches that likely persisted through that 

decade suggest that the 1980s were a period of more rapid growth than 1988-2008, but 

this is hard to measure due to the availability of aerial photographs. It is unclear how 

much difference it would make to use 1980-1988 vs. 1988-2008 spread rates in a state-

and-transition decision analysis.   

Conclusions 

Determining the rate of invasive spread is critical to guiding managers and 

ecologists to make informed choices about effective ecosystem management. 

Buffelgrass has responded similarly under fluctuating climate conditions since 1988, 

making growth rates invariant over this period. We pose two alternative hypotheses 
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which result in characteristically different predictions: 1) spread of buffelgrass and other 

C4 grasses proceed according to internal population dynamics (e.g., propagule pressure), 

and 2) buffelgrass responds differentially to climate but, since 1989, interactions 

between summer precipitation and winter temperature have modulated spread. In the 

former case, predictions of spread are simply an extrapolation of past and present rates 

of spread. In the latter, spread can become dramatically increased when climate 

patterns interact to amplify each other. This may have been the case for one patch that 

was established by the 1980s and is likely to recur.  

Distinguishing the relative importance of summer precipitation, winter 

precipitation, and winter temperatures on the growth of C4 grasses will help ecologists 

and managers identify critical opportunities for effective management while assessing 

rate of spread will help guide managers towards a critical base level for treatment effort 

to contain spread. Our cautious interpretation identifies winter temperatures as the 

main limiting factor for the spread of buffelgrass but with rising temperatures and a 

growing pool of C4 invaders with differing cold tolerances, this limitation is likely to play 

a less significant role in the foreseeable future. Although we expected summer 

precipitation to play a large role in the rate of growth of this C4 grass, our results were 

ambiguous. We hypothesize that minimum thresholds of summer precipitation are met 

nearly every year in the Catalina Mountains and additional precipitation beyond this 

critical threshold results in minimal increases in spread. Long-term studies are necessary 
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to determine variations in the rate of buffelgrass spread over multi-decadal climate 

oscillations. Although they may now seem more or less constant, spread rates used to 

parameterize state-and-transition and other decision models may have to be 

occasionally updated and adjusted to accommodate an uncertain and changing climate. 
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Tables 

Table 1. Selected invasive non-native grass species of western deserts of North America 

Species Common name Longevity Pathway 

Avena fatua  Wild oat  A C3 

Bromus diandrus  Ripgut brome  A C3 

Bromus rigidus  Ripgut brome  A C3 

Bromus rubens  Red brome  A C3 

Bromus tectorum  Cheatgrass  A C3 

Hordeum murinum  Mouse barley  A C3 

Polypogon monspeliensis  Rabbitfoot grass  A C3 

Schismus arabicus  Mediterranean split grass  A C3 

Schismus barbatus  Mediterranean split grass  A C3 

Arundo donax  Giant reed  P C3 

Cortaderia selloana  Pampus grass  P C3 

Lolium perenne  Perennial ryegrass  P C3 

Digitaria sanguinalis  Crabgrass  A C4 

Echinochloa crusgalli  Barnyard grass  A C4 

Enneapogon cenchroides  Soft feather pappus grass  A C4 

Bothriochloa ischmaemum  Yellow bluestem  P C4 

Cynodon dactylon  Bermuda grass  P C4 

Eragrostis curvula  Boer lovegrass  P C4 

Eragrostis lehmanniana  Lehmann lovegrass  P C4 

Melinus repens   Natal grass  P C4 

Pennisetum ciliare  Buffelgrass  P C4 

Pennisetum setaceum  Fountain grass  P C4 

Sorghum halepense  Johnson grass  P C4 
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Table 2. Summary of 11 sites infested by buffelgrass. T0 represents the first of n aerial photographs with 

discernable buffelgrass. The area of each site is given by K and the current area infested  is given by N and 

the infested area (as of 2008) is calculated for the reader. AIC and Adj. R2 correspond to the goodness of 

fit of a logistic model given the areas infested historically and delineated area (K ha) as carrying capacity. 

The coefficients of the logistic model are a (constant) and r (exponent) which reflect different stages of 

invasion and growth rate, respectively. 

  Patch information 

Site n K ha T0 N0 ha N2008 ha % Invaded 

A 5 22.4 1988 0.230 1.35 6.00% 

B 5 21.4 1988 0.120 1.48 6.92% 

C 11 14.6 1980 0.043 1.79 12.26% 

D 4 32.0 1994 0.132 1.77 5.55% 

E 5 6.65 1994 0.291 1.487 22.37% 

F 5 6.88 1994 0.093 0.857 12.46% 

G 9 16.1 1988 0.332 1.70 10.57% 

H 6 26.3 1993 1.28 7.04 26.81% 

I 8 12.1 1990 0.024 0.856 7.10% 

J 9 12.6 1988 0.133 2.46 19.52% 

K 8 5.59 1994 0.017 0.394 7.04% 

PSM 75 176.6 1980 2.67 21.2 12.0% 
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Table 3. Logistic model results for 11 sites and the pooled site model (PSM). Columns include Aikaike’s 

Information Criterion (AIC), Adjusted R
2
, logistic exponent (r), predicted date for doubling over 2008 

population (2N2008), and predicted date to reach 60% of carrying capacity (60%K). 

  Logistic Model 

Site  AIC 

Adj. 

R2  r 2N2008 60%K 

A -21.5 0.951 0.107 2015 2038 

B -18.1 0.955 0.306 2011 2018 

C -30.3 0.836 0.115 2015 2028 

D -17.7 0.984 0.158 2013 2029 

E -10.6 0.744 0.340 2014 2019 

F -23.5 0.952 0.290 2011 2016 

G -26.4 0.749 0.099 2016 2034 

H 4.26 0.652 0.093 2019 2019 

I -34.4 0.875 0.260 2011 2018 

J -25.5 0.903 0.164 2014 2018 

K -54.1 0.957 0.228 2012 2021 

PSM 188.22 0.973 0.167 2014 2022 
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Fig. 1 Top: Cumulative new 50k areas occupied by Bromus madritensis subsp. rubens from 1900 to 2000 

(adapted from Salo 2005) and fitted logistic growth curve. Bottom: Slope of logistic fit residuals (*) vs. 

Pacific Decadal Oscillation index over the same time period 
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Fig. 2 Monthly precipitation from 1900-2009 at the Finger Rock Trail near Tucson, AZ. July-August 

precipitation, associated with the North American Monsoon, consistently exceeded 50cm for both 

months; whereas, December-March precipitation exhibited large interannual variability. Data are the 

mean precipitation of four PRISM pixels centered at 32.345443,-110.908345 
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Fig. 3 Three-dimensional perspective of sites A-K (outlined in white) in relation to Tucson, AZ, and the 

Santa Catalina Mountains. Roads (dark linear features), houses (white block-like shapes), and golf courses 

(dark sinuous shapes in first two panels on left) portray the proximity of buffelgrass to human 

developments. The Arizona Upland forms a band of vegetation along the base of the Santa Catalina 

Mountains, effectively linking lower elevation human developments with upper elevation forest fuels. 

Inset shows Tucson’s location with respect to the extents of the Arizona Upland vegetation zone of the 

Sonoran Desert (dark grey), 150km north of the US-Mexico international border. Three-dimensional 

images, including the five top panels, were produced using Google Earth 5.1.3535.3218. Overlain imagery 

is from Nov. 11, 2009 (© Digital Globe 2010). Inset map was created using ESRI® ArcMap
TM

 9.3 
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Fig. 4 Arizona Upland vegetation undergoing buffelgrass invasion at site K. Buffelgrass (Pennisetum ciliare) 

is a non-native perennial C4 bunchgrass that forms dense continuous stands of highly flammable fine 

fuels. Small disconnected patches (denoted a and b in the photo) show up dark against the light soils of 

the Santa Catalina mountains. High cover of bare soil and rock effectively fire-proofs the Arizona Upland, 

making wildfire uncommon (Schmid & Rogers 1988; Swetnam & Betancourt 1998). Dominant native plant 

species at this site include Parkinsonia microphylla (c) and Carnegiea gigantea (d) 
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Fig. 5 Infested area (ha) at sites A-K in the Catalinas (symbols) and best fit logistic growth curves (lines) 

from 1980 to 2008 
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Fig. 6 Cumulative area infested by buffelgrass at 11 sites in the Santa Catalina Mountains in southern 

Arizona (black line) with respect to logistical growth model fit to observed data (red curve) 
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Fig. 7 Buffelgrass life stage favorability indices from 1900 to 2008 with 5-year running averages in bold. 

The 110-yr mean, indicated by a dashed line, is given for reference. PI (Productivity Index) is max(0,-

1527.9+19.8*pptJJAS (Martin-R et al. 1995). GI (Germination Index) is the sum of monthly favorability 

indices based on germination conditions obtained by Ward et al. (2006), where the favorability in each 

month varies from 0 to 1 depending on temperature and precipitation. FI (Freezing Index) is the 

cumulative mean monthly temperature below 5°C. This figure highlights an increase in germination 

favorability and decrease in freezing beginning around 1980. A spike in PI is seen around 1983-1984, but 

PI shows relatively minor trends and large inter-annual variability. Positive correlation between 
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Productivity and Freezing from 1985-2008 offset the impacts of each other on buffelgrass spread and may 

contribute to constant spread rates 
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Fig. 8 Relationship of spread rate to demographic indices (FI=Freezing Index, PI=Productivity Index, 

GI=Germination Index) and climate variables (ST, WT, SP, and WP refer to summer (S) and winter (W) 

temperature (T) and precipitation (P)) at increasing lags and summarizing periods. Symbology denotes 

sign of linear regression coefficient (filled vs. hollow), lag time (shape), and significance (size) of the 

spread rate over two successive photograph dates. Indices and climate variables were summarized over 1, 

2, 3, and 4 years preceding the second date of each spread date pair (summarizing period) and at lags up 

to 3 years

 


