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Foreword
This paper describes warm-season, perennial grasses coping 

with arid limits. It delightfully articulates a framework of  factors 
that influence transitions among grassland, savanna, and des-
ertscrub vegetation in the Eastern Mojave Desert.  It’s another 
original contribution from Joe McAuliffe’s devotion to under-
stand and thereby consecrate arid Nature.   He recognized and 
defined an ecological community that had been mostly over-
looked. Furthermore, he documented the decline of  these grassy 
outposts to virtual invisibility under exploitive grazing, and their 
subsequent resurrection after livestock removal.

What follows is an integration of  diverse approaches to appre-
hend a plant community.  Joe has combined insights from geology, 
geomorphology, pedogenesis, soil moisture hydrology, climatol-
ogy, fire regime, and grazing into a coherent, profound synthesis 
informed by sustained observation and sophisticated reflection.  
This work sets a high standard for field research in landscape ecol-
ogy and vegetation science.  Joe approached the project more like a 
geologist – lots of  field reconnaissance refining diverse hypotheses 
and testing these hypotheses with critical comparisons.   This pa-
per shows how to think about vegetation and decode a landscape 
with a comparative, inductive, observational process.  The result 
is a contrast with landscape interpretation substantially based on 
remotely sensed, digital data.  Joe created useful insights though 
diligent field work, using ordinary equipment, and extensive schol-
arship incorporating a diverse assemblage of  expertise that inte-
grates knowledge from the earth and earth sciences. Had I read 
this as a graduate student, it would have inspired emulation.

C.S. Holling (1995) described two competing traditions in creat-
ing scientific knowledge.  One approach, informed by Newtonian 
physics, attempts to capture reality within a predictive frame of  
mathematics and theory.  Its preferred epistemology is controlled, 
replicated experiments.  This reductionist tradition has been spec-
tacularly successful in the disciplines of  engineering and chemistry, 
and it supports our emotional needs for certainty.  When I was a 
graduate student, one professor said he hoped to make ecology 
into a predictive branch of  physics, using innovative mathematical 
tools and computers.  We accused him of  ‘physics envy’.  However, 
as Harold Morowitz explained (1992), after life originates under 
laws of  physics and chemistry, it enters the domain of  history, 
where evolution amplifies lucky accidents in specific contexts, al-
ways limited with the constraints imposed by ancestry.

The contrasting scientific tradition, where this paper fits, relies 
more heavily on descriptions and comparisons to infer how com-
plex systems have become as they are.  Retrodiction can be a basis 
for knowledge, with the assumption that evolving systems of  liv-
ing organisms always have unpredictable possibilities. Details mat-

ter.  In this tradition novelty and diversity are appreciated.  Thus 
each landscape and population is understood as a product of  its 
unique history, and cannot be adequately described by general 
theories alone.  

Our culture is richer from fostering both scientific traditions, 
and using both gives us far greater potential for living well.  More 
diversity of  available ideas allows more rapid adaptation to new 
challenges. General theories are an essential foundation, yet each 
of  us has to live in a particular place with a discrete, evolving com-
munity.  Knowing a community’s history and which factors have 
been most important in shaping it allows one to contribute more 
effectively toward its functioning.  The importance of  historical 
details and the impossibility of  precise predictability impose the 
necessity of  humility and continuing attention in our interactions 
with Nature.  Stories, histories, and case studies, such as this one, 
are essential vehicles for transferring useful insights across hu-
man generations. In tribal societies a shaman often had the role 
of  maintaining healthy interactions between village people and 
diverse agents of  the surrounding landscape.  This person both in-
formed the humans about the wilderness, and advised actions that 
sustained the welfare of  people and the land.  Joe’s work serves 
this function.  He connects us with natural order, reinforcing com-
munity.  Such connections offer perspective for our belonging and 
participating in a planetary biosphere.

This paper is useful in several ways.  It adds a previously un-
known natural community to our cultural heritage, allowing us to 
recognize and celebrate an expression of  life in an arid place.  It 
demonstrates an integrative, field-oriented methodology which 
could be used to understand any landscape and create a meaning-
ful sense of  place.  It clarifies how diverse factors have shaped the 
community, providing insights for management, such as wildfire 
policy.  And Joe’s devotion to thorough, careful exploration of  
the subject validates the belief  that understanding grasses in the 
Mojave Desert is worthwhile; thus it inspires good work in other 
places.  Therefore, I’m very grateful to Joe for consummating this 
project, and to the Desert Botanical Garden for providing him a 
workplace.

            Tony Burgess, September 2016
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Perennial Grass-dominated Plant Communities 
of the Eastern Mojave Desert Region

Joseph R. McAuliffe
Director of Research, Conservation and Collections
Desert Botanical Garden
Phoenix, Arizona  85008
jmcauliffe@dbg.org

Abstract.  Portions of the eastern Mojave Desert region of southeastern California, southern Nevada, and west-central 
Arizona that receive significant inputs of warm-season precipitation contain large areas dominated by various C4 perennial 
grasses including Pleuraphis rigida, P. jamesii, Bouteloua eriopoda, and B. gracilis. The lower elevation at which the two 
Bouteloua species occur rises from east to west in response to diminished precipitation, especially that received during the 
warm season.  Unpredictability of warm-season precipitation also increases from east to west, but these grasses occasion-
ally make use of cool-season precipitation stored in the soil, once temperatures required for the C4 photosynthetic pathway 
are achieved in late spring, but before the onset of summer monsoonal precipitation.  Species distributions vary with el-
evation, with P. rigida occurring at lower elevations, B. eriopoda and P. jamesii at intermediate elevations, and B. gracilis 
at higher elevations.  Composition of communities containing the latter three species is similar to grassland formations of 
the cool-temperate grasslands (grama-galleta steppe) of the Colorado Plateau region.  Small, less predictable amounts of 
warm-season precipitation probably impose the greatest limitation to the diversity of C4 grasses in the eastern Mojave Desert 
region. However, due to warmer minimum winter temperatures, the woody plant and succulent floras associated with peren-
nial grasses in the eastern Mojave region bear greater resemblance to those of the warm-temperate, semi-desert grasslands 
of west-central Arizona, southeastern Arizona, and the Sonoran and Mojave Deserts. The presence of these woody plant 
and succulents in perennial grass-dominated communities in the eastern Mojave Desert imparts a structural character simi-
lar to that of the warm-temperate semi-arid grasslands of southern Arizona. 

Although climate (particularly warm-season precipitation) is a first-order determinant of the occurrence of perennial C4 

grasses in the eastern Mojave Desert region, geological characteristics that control soil formation and soil hydrological 
behavior strongly influence composition of communities.  The common denominator of sites dominated by grasses is a soil 
with relatively thick, fine-grained soil horizons that are conducive to exploitation by relatively shallow, diffuse, fibrous root 
systems of those grasses.  Such soils occur in diverse settings, ranging from relatively steep hillslopes underlain by bedrock 
to gently inclined alluvial fans.  In rocky hillslope environments, these kinds of soils are associated with late Pleistocene 
colluvium deposits in which eolian dust accumulation is principally responsible for forming the thick, fine-grained horizons.  
Erosion of these soils on hillslopes contributes to hydrological conditions more conducive to taproot systems of woody plants 
that occupy deeper fractures and joints in bedrock.  Similarly, erosional truncation of well-developed soils of alluvial fans 
and exposure of cemented, relatively impenetrable calcic horizons produce a shift in dominance by perennial grasses to 
woody plants.  In many settings, the presence of relatively dense perennial grass cover plays an essential role in moderating 
surface flows and inhibiting erosion.

Prior to Anglo-American settlement of the region in the late 1800s, occasional wildfires may have fostered dominance 
of perennial grasses in some of these areas.  Since the 1890s, livestock ranching has significantly impacted perennial 
grass-dominated vegetation.  Removal of livestock from portions of the region around 2000, coupled with years of abundant 
warm-season precipitation, in some cases combined with wildfire, has led to a resurgence of perennial grasses in some 
areas.  Effective management and conservation of these areas require a comprehensive understanding of the composition, 
occurrence, and ecological functioning of these communities.
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Introduction
The Mojave Desert is the smallest of  the North American des-

erts, yet precipitation seasonality and total annual precipitation vary 
considerably among different portions of  it. The southeastern and 
eastern margins in western Arizona, southern-most Nevada and 
adjacent California receive significant inputs of  warm-season pre-
cipitation, but summer precipitation drops dramatically toward 
the west and north. In addition, pronounced elevation gradients 
in total precipitation are associated with the larger, taller moun-
tain ranges. These variations in seasonality and total precipitation 
contribute to substantial compositional and functional diversity of  
vegetation across the region (Johnson 1976, Rowlands et al., 1982; 
Keeler-Wolf, 2007). 

For the most part, the Mojave Desert is a shrub-dominated 
landscape, and native perennial grasses predominate in only a small 
portion of  the entire region (e.g., < 5% listed by Rowlands, et al., 
1982).  However, perennial grasses with a C4 photosynthetic path-
way are often the dominant plants in portions of  the eastern Mo-

jave Desert that receive ample warm-season precipitation.  Nearly 
half  of  all species in the grass family (Poaceae) exhibit the C4 mode 
of  carbon fixation, the rest use the C3 photosynthetic pathway 
(Sage and Monson, 1999).  C4 grasses have much higher water-use 
efficiency in warm temperatures than do C3 grasses, transpiring ap-
proximately a third the amount of  water to fix a given amount of  
carbon dioxide as do C3 grasses.  This ability enables them to more 
effectively use water that is delivered as limited pulses in warm, 
arid and semi-arid environments (Sage and Monson, 1999).  Opti-
mum temperature for CO2 uptake and photosynthesis in C4 plants 
is generally above 30°C and decreases rapidly below 15 to 20°C, 
whereas temperature optima for C3 plants ranges from 10 to 20°C, 
typically with a sharp decrease above 25°C (Black, 1971; Waller and 
Lewis, 1979).  Consequently, growth and flowering of  C4 grasses 
occur principally during the warm season and these grasses pre-
dominate in warm, monsoonal climates (Ehleringer & Monson, 
1993; Ehleringer et al., 1997).  

After the C4 photosynthetic pathway was ascertained by Slack 
and Hatch (1967), Johnson (1976) discussed the distributions of  
plants with contrasting photosynthetic pathways in different parts 

Perennial grass-dominated landscape studded with Joshua trees.  East side of New York Mountains, Mojave National Preserve, San Bernardino 
County, California, 1425 m elevation.  October 25, 2014.
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of  the Mojave Desert as a function of  precipitation seasonality.  
He emphasized the physiological basis for the greater predomi-
nance of  species with either C4 or CAM (crassulacean acid metabo-
lism, typical of  succulents) pathways in eastern portions of  the 
Mojave Desert that receive significant amounts of  warm-season 
precipitation. Due to the occurrence of  large areas dominated by 
C4 perennial grasses in the eastern Mojave Desert, Johnson pro-
posed addition of  “Joshua tree grassland” to plant communities 
recognized in the region.  Rowlands (1978) also recognized the pre-
dominance of  C4 perennial grasses in the region and commented 
“Many stands of  Yucca brevifolia grow in what only can be described 
as a desert grassland….”.  Subsequently, Rowlands (1980, 1982) 
included such perennial grass-dominated communities under the 
umbrella of  desert- and semi-desert grasslands in a classification 
of  Mojave Desert vegetation of  California.  Prior to that classifica-
tion, other than the suggestion by Johnson (1976), no vegetation 
classifications for the Mojave Desert recognized “grassland in any 
of  its forms as constituting an important part of  the California 
desert” (Rowlands, 1980; 1982).

Johnson (1976) and Rowlands (1978, 1980) recognized the 
functional and compositional affinities between the perennial 
grass-dominated vegetation of  the eastern Mojave Desert and the 

more extensive region of  semi-desert grasslands to the east in Ari-
zona and New Mexico.  Despite this awareness, during the last 3-4 
decades since those works, little detailed study has been focused on 
the distribution and ecology of  perennial grass-dominated com-
munities in the east Mojave Desert region. Most recently, the U.S. 
Geological Survey supported the Mojave Desert Ecosystem Program, 
which included classification and mapping of  vegetation of  the 
California portion of  the eastern Mojave Desert, including the ar-
eas where C4 grasses commonly predominate (Thomas et al., 2004).  
The results of  that effort serve as an important, foundational in-
formation base serving the needs of  conservation, management, 
and further research.  However, most of  the area that Johnson 
(1976) would have labeled Joshua tree grassland was described and 
mapped as Joshua tree wooded shrubland by Thomas et al. (2004).  This 
and other discrepancies reflect the continued poor understanding 
of  the perennial grass-dominated communities in the area and a 
need for closer examination. 

Effective management and conservation of  these areas require 
an accurate portrayal of  the composition, occurrence, and eco-
logical functioning of  perennial C4 grass-dominated communities.  
Most of  the area containing these communities within the Cali-
fornia portion of  the eastern Mojave Desert is within the Mojave 

Figure 1.  Location of east Mojave region study area (enclosed in box with broken lines).  Boundaries of the 
Mojave and Sonoran deserts represent those of Brown and Lowe (1982).
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National Preserve, managed by the National Park Service.  Since 
the late 1800s, much of  the area has been used for livestock ranch-
ing, which to various degrees has altered the vegetation (Rowlands, 
1980, 1995).  Knowledge regarding both current and pre-settle-
ment vegetation is an essential baseline for making management 
decisions, including those involving ecological restoration and 
management responses to wildfire.  The formulation of  appro-
priate policy regarding wildfire is highly dependent on accurate 
knowledge about vegetation types, their inherent propensities to 
carry wildfire, as well as predicting and potentially managing post-
fire responses.  Plans for restoration of  fauna extirpated from the 
area (e.g. pronghorn antelope, Antilocapra americana; National Park 
Service, 2005; Danelski, 2010) likewise are best created, evaluated, 
and implemented with the most accurate portrayal of  existing and 
potential vegetation.

This paper presents a comprehensive picture of  the distribution 
and composition of  perennial C4 grass-dominated plant communi-
ties in the eastern Mojave Desert and the environmental factors in-
fluencing individual species’ distributions and community compo-
sition.  Results presented here represent over 25 years (1989-2016) 
of  field observations and data collected at sites in southeastern 
California, southern Nevada, and western Arizona.  Climate, es-
pecially precipitation amounts and seasonality along elevation and 
longitudinal gradients, is first considered as the factor limiting the 
overall geographic occurrence of  dominant C4 grasses. Additional 
influences of  physical landscape features, including geological sub-
strates, landform history, and soil characteristics, on plant commu-
nity composition are then presented.  Within the overall template 
of  physical mechanisms, effects of  livestock grazing and wildfire 
on vegetation are examined. The geographic focus is the area oc-
cupied by C4 perennial grass-dominated communities in California, 
particularly within the Mojave National Preserve and adjacent por-
tions of  southern Nevada.  The inclusion of  information from lo-
cales farther east in Arizona provides an essential, wider geograph-
ic context for understanding the ecological relationships among 
semi-arid grasslands throughout the Southwest.

Study Area and Methods
Area of  study. The study area in the southeastern quarter of  

the Mojave Desert is approximately 240 km wide from east to west 
(113.5° W to 116° W) and 170 km from north to south (34.5° to 
36° N; Fig. 1). The Colorado River divides the area into western 
(California and Nevada) and eastern (Arizona) portions (Fig. 2). 
Typical basin and range topography characterizes the area, with 
mountain ranges generally oriented on a north-south axis and 
separated by wide, alluvium-filled basins.  Pediments, which are 
low-relief, gently sloping erosional surfaces cut into bedrock and 

typically covered with relatively thin veneers of  alluvium (Dohren-
wend and Parsons, 1986), flank many of  the mountains.  Eleva-
tion ranges from approximately 150 m at the Colorado River near 
Needles, California, to slightly more than 2500 m in the Hualapai 
Mountains of  Arizona and approximately 2300 and 2400 m in the 
New York Mountains and Clark Mountain Range of  California. 
The mountains are composed of  diverse rock types: coarse-grained 
plutonics; extrusive igneous rocks, including basalts, andesites, rhy-
olites, and tuffs; metamorphic rocks including granite gneiss; and, 
locally, sedimentary or metamorphosed sedimentary rocks (dolo-
mites, limestone, marble, quartzite).  The study area contains the 
entire Mojave National Preserve, administered by the National Park 
Service since 1994 (Fig. 2).  This area was formerly known as the 
East Mojave National Scenic Area, administered from 1980-1994 by 
the Bureau of  Land Management.  

Lower elevations along the south-central and southeastern mar-

Figure 2- upper.  Location of vegetation sampling sites (solid black dots) 
within study area, superimposed on vegetation map of Brown and Lowe 
(1982).  Small black dots indicated location of vegetation sampling sites.  
Figure 2- lower. Routes traveled during course of fieldwork (gray shaded 
lines).
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gins of  the study area contain Sonoran desertscrub (Fig. 2, upper), 
and upper elevations of  the eastern quarter in Arizona contain 
semidesert grasslands, Great Basin conifer woodland, and interior 
chaparral (Fig. 2); Brown and Lowe, 1982). For areas within the 
study area west of  the Colorado River, Brown and Lowe (1982) and 
Brown (1982b) described and mapped the occurrence of  Great 
Basin conifer woodlands (= juniper and pinyon-juniper wood-
lands) and a small area of  Great Basin desertscrub (dominated by 
big sagebrush, Artemisia tridentata) within the upper elevations of  
the larger mountain ranges (New York Mountains, Clark Mountain 
Range, Providence Mountains, Kingston Range of  California, and 
the Spring and McCullough Ranges of  southern Nevada (Fig. 2).  
Comparable vegetation types were designated and mapped in these 
areas in California by Thomas et al. (2004).

Study site locations.  From 1989 through 2013, data on spe-
cies occurrences and vegetation composition were collected at 190 
sites distributed throughout the study area (Fig. 2-upper). Most 
of  the sites were located at elevations of  1000 m or more. Sites at 
lower elevation were those in which Pleuraphis rigida occurred. The 
largest concentration of  sites is within the boundaries of  the Mo-
jave National Preserve in the vicinity of  the New York Mountains, 
Mid Hills, and Cima Dome, and in adjacent southern Nevada near 
the southern end of  the McCullough Range (Fig. 2-upper). Sites 
in Arizona were principally located in basins surrounding the Cer-
bat and Hualapai Mountains north and south of  Kingman, in areas 
mapped as Mojave desertscrub and semidesert grassland by Brown 
and Lowe (1982) (Fig. 2). Study sites were distributed along eleva-
tion gradients, and sets of  adjacent sites were used to examine in-
fluences of  aspect and contrasts in geologic substrates, landforms, 
and soils. Along pronounced elevation gradients (e.g., New York 
Mountains, Mid Hills, Cima Dome), sites were positioned at regu-
lar intervals of  distance or elevation.  In addition to data collected 
at the 190 sites, extensive travel and reconnaissance throughout the 
study area since 1989 provided a solid familiarity with vegetation 
throughout the region (Fig. 2-lower).  

Vegetation data.   At most sites, an area approximately 0.25 ha 
(50 m x 50 m) was examined thoroughly, all perennial plant spe-
cies present were listed, and visual estimates of  total canopy cover 
of  each were recorded.  This methodology is broadly similar to 
that employed by Thomas et al. (2004), where canopy cover was 
visually estimated.  This approach is fitting for general vegetation 
description because inherent spatial variability in vegetation com-
position is typically much larger than errors from visual estima-
tion, and more exacting methods would substantially reduce the 
number and geographic extent of  samples (Gauch, 1982).  Due 
to limited areal extent of  some sites (e.g., narrow stream terraces, 
small remnants of  some geomorphic surfaces) areas as small as 
1000 m2 were occasionally used.  Based on expectations of  spe-
cies-area relationships, it is recognized that rarer species would be 
less likely encountered in smaller sampling areas.  However, the 

purpose of  the sampling was to describe the dominant species 
comprising communities over a wide geographic area; none of  the 
analyses presented in this paper focused on rarer species.  Further-
more, since subsequent analyses and vegetation classification were 
overwhelmingly driven by the dominant species, the variation in 
size of  areas from which information was collected has little effect 
on the final descriptive results.  In addition to canopy cover, site 
description data included slope inclination, aspect measured with 
a compass, and information on soils and geology.  Before avail-
ability of  GPS, locations of  sites along roadways were recorded as 
vehicle odometer readings from intersections and other prominent 
features (to the nearest 0.1 mile = .16 km).  Beginning about 2000, 
GPS coordinates were recorded in the field.  In 2014, data from 
all sites were compiled, and latitude and longitude for sites lacking 
original GPS data were determined by using the distance measur-
ing tool in Google Earth™ to relocate sites using the original ve-
hicle odometer records.  

Plant identifications were made to the species level except in the 
case of  Lycium and Stephanomeria, due to the difficulty of  reliable 
identification when leaves, flowers, or fruit are absent. The original 
canopy cover data consisted of  values to the nearest percent; spe-
cies with estimated cover less than one percent were assigned an 
arbitrary value of  0.1%.  TWINSPAN (Two-Way Indicator Spe-
cies Analysis; Gauch 1982; McCune and Grace 2002) was used to 
create an ordered table of  species occurrences and classify sites.  
The analysis was performed using WinTWINS version 2.3, avail-
able online: (http://www.ceh.ac.uk/search/site/twinspan).  The 
TWINSPAN analysis used 6 cut levels of  absolute percent canopy 
cover (0, 2, 5, 10, 20, 40), creating canopy cover classes with the 
following ranges:

 Class 1:  < 2% cover
 Class 2: 2-4% cover
 Class 3: 5-9% cover
 Class 4: 10-19% cover
 Class 5: 20-39% cover
 Class 6: > 40% cover
The value ranges in these classes are the same as those used 

by Thomas et al. (2004) in TWINSPAN analyses, with the excep-
tion of  Classes 5 and 6.  Thomas et al. (2004) employed the use 
of  5 classes, with all values > 20% included in a single class. The 
additional higher cover class used in this study is warranted be-
cause of  the considerably greater average canopy cover present 
in many grass-dominated sites, as compared with generally much 
lower cover in extensive desertscrub vegetation of  lower eleva-
tions, predominant throughout the area examined by Thomas et 
al. (2004).  The ordered table created by TWINSPAN summarizes 
the cover class values for different species among sites.  The origi-
nal ordered table was modified into a summary table divided into 
three sets of  plant growth forms:  perennial grasses, woody plants 
and succulents.  This ordered table was used in conjunction with a 
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dendrogram derived from the analysis to illustrate natural group-
ings of  sites according to species composition.  

In addition to the primary data used for vegetation classifica-
tion, more quantitatively precise data were taken at several sites 
where detailed comparisons were required.  These data included 
point-intercept measurements of  canopy cover and plot data.  
Point-intercept sampling consisted of  recording the type of  plant 
canopy cover (or total absence of  plant cover) at points spaced at 
1-m intervals along measured transects.  Plot data were taken from 
the area contained within a 0.1 m2 (31.6 cm x 31.6 cm) sampling 
frame placed at regular intervals along measured transects.  At one 
site (Crescent Peak), 0.25 m2 (50 cm x 50 cm) plots were used. 
Data recorded for each species present in a plot included basal 
cover (perennial grasses only) and canopy cover.  Canopy cover of  
each species was recorded in 6 classes representing the fraction of  
the plot covered: (class 0: absent; class 1: < 1/16 of  plot covered; 
class 2: 1/16=1/8 of  plot covered; class 3: 1/8-1/4 cover; class 
4: 1/4-1/2 cover, class 5: 1/2-3/4 cover, and class 6: > 3/4 of  
plot covered.  For perennial grasses, both canopy and basal cover 
were measured.  Arithmetic midpoints for each class were used 
in statistical analyses.  The sampling methods used for collecting 
particular sets of  data (e.g., technique, plot and sample sizes, etc.) 
are specified along with the presentation of  summary data in the 
text and tables.

Herbarium records.   Online data associated with herbarium 
specimens were obtained from SEINet (Southwest Environmen-
tal Information Network), a network of  regional herbaria (www.
swbiodiversity.org/seinet/).  Using Arc GIS, positional data (lati-
tude, longitude) for individual specimen records of  Bouteloua eri-
opoda, B. gracilis, Pleuraphis rigida, and P. jamesii were used to gener-
ate elevation data for those records.  Distribution maps of  point 
records were created in Arc GIS and the elevation for each record 
was plotted as a function of  longitude.  These maps of  geographic 
occurrence and the elevation-longitude plots were examined for 
outliers.  The detailed specimen data associated with each outlier 
was examined to evaluate the reliability of  those data.  Using this 
process, five specimens were removed from the pool (two records 
of  B. gracilis in urban horticultural settings, poor original locational 
data for two older records of  B. eriopoda, and one misidentified 
specimen of  P. jamesii).  Occurrence records for the four species 
listed above obtained in vegetation sampling were added to the 
herbarium records data.  This final set of  combined data was used 
to create maps of  geographic occurrence and plots of  elevation 
ranges as a function of  longitude.  In addition to SEINet records, 
online herbarium records of  the Consortium of  California Her-
baria (CCH) (http://ucjeps.berkeley.edu/consortium/) were ex-
amined for any records from areas not represented in the SEINet 
records.

Herbarium records obtained online from SEINet were also used 
to determine patterns of  the geographic distribution of  122 com-

mon perennial plant species (36 C4 grasses, 54 trees and shrubs, 
and 32 succulents) in order to assess floristic affinities between the 
eastern Mojave Desert region and other portions of  the American 
Southwest.  This set of  species was derived from lists of  species 
for biotic communities of  the region (Brown, 1982), regional flor-
as (Benson, 1961; Benson and Darrow, 1981; Ingram, 2008; Hum-
phrey, 1970), and personal familiarity with the region. For each 
species, herbarium specimen records were obtained using SEINet, 
and the geographic distribution of  these records was generated in 
the Google Maps™ option.  The geographic distribution of  each 
species was assessed and categorized as either present or absent 
within each of  the following six regions: 

A species was designated as “present” in a region only if  numer-
ous specimen records existed for that region and the records were 
not associated with atypical, isolated habitats (e.g., moist environ-
ments near springs).  Detailed locality data associated with indi-
vidual collection records were examined in order to make those de-
terminations. For example, the tall perennial bunch grass Bothriocloa 
barbinodis, which is common in the semi-arid grasslands of  south-
eastern Arizona, is represented by only a few specimens collected 
in higher elevations of  the eastern Mojave Desert in California and 
southern Nevada.  However, those specimens were from relatively 
moist habitats receiving large inputs of  water (e.g., large ephem-
eral streams, roadsides), and did not represent a species found in 
upland habitats within the region.  Consequently, this species was 
not included as a characteristic species listed in category 4 above.  

Changes in botanical nomenclature of  several plant genera have 
occurred over the duration of  this project.  For example, two pe-
rennial grasses discussed in the text were originally called Hilaria 
rigida and H. jamesii.  The genus name applied to those two taxa was 
changed to Pleuraphis, but more recently, has reverted to Hilaria.  
Except in places where older references using Hilaria are quoted, 
the name Pleuraphis is used throughout the text in order to apply 
the same name as used in the most recent vegetation classifications 
(Thomas et al., 2004; Sawyer et al, 2009).  Although Hymenoclea 
has been combined with Ambrosia, use of  the name Hymenoclea 
is retained to avoid ambiguity that would result by a reference to 
Ambrosia spp., which also contains A. dumosa, a common Mojave 
desertscrub shrub.  Genus names of  two species known as Acacia 

1. Semi-arid grasslands of northeastern Arizona  
    (equivalent to the grama-galleta steppe of Küchler,  
    1964) 
2. Semi-arid grasslands of southeastern Arizona  
3. Semi-arid grasslands of west-central Arizona 
4. Elevations > 1400 m in the east Mojave Desert region  
    California and southern Nevada (the “East Mojave  
    Highlands”) 
5. Lower elevation Mojave desertscrub (< 1000 m) 
6. Sonoran Desertscrub 



Table 1.  Abbreviations of precipitation recording stations used to label 
data points in Figures 4, 5, 6, and 7.
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(A. greggii, A. constricta) have been changed to Senegalia and Vachellia, 
respectively.  For the sake of  consistency with this author’s previ-
ous publications, the name Acacia is used in this paper.  

Geomorphology and soils.   One of  the most comprehensive 
studies in the Mojave Desert region of  time-dependent changes 
in soils formed in different parent materials was conducted within 
the study area on the alluvial piedmont flanking the west side of  
the Providence Mountains (McDonald, 1994; McDonald et al., 
2003).  Collaboration with E.V. McDonald in studies of  plant-soil 
relationships in this area (McAuliffe and McDonald, 1995, Ha-
merlynck et al., 2002) provided a direct familiarity with landforms 
and soils of  the region that facilitated description of  geomorphic 
and soil conditions.  Relative ages of  alluvial geomorphic surfaces 
(fan and stream terrace deposits) were determined primarily from 
topographic relationships (Peterson, 1981) and soil attributes, in-
cluding calcium carbonate accumulation, color (reddening), and B 
horizon development.  This information permitted designation of  
various geomorphic surfaces with a terminology consistent with 
that used by Quaternary geomorphologists and soil scientists (e.g., 
late Pleistocene, mid-Holocene, late Holocene fan surfaces, etc.).

Soil profiles were examined and described along natural or man-
made exposures (erosional scarps along washes, road cuts).  Infor-
mation was collected from profiles according to standard profile 
description methods (Birkeland, 1984) and included depths of  ho-
rizon boundaries, Munsell color, estimated percentage of  volume 
occupied by coarse fragments, wet and dry consistence, plasticity, 
textural class, and stage of  calcium carbonate accumulation (Gile, 
et al., 1966).  Soil samples were collected from selected locations.  
Texture (% sand, silt, clay) was measured with the hydrometer 

method (Bouyoucos, 1962) with the exception of  samples from 
two profiles in southern Nevada, for which laser refraction analysis 
was used (Zobeck, 2004).

Climate records.   Historical monthly total precipitation and 
temperature records for recording stations in Arizona, Nevada, 
and California (Table 1) were obtained online from the Western 
Regional Climate Center (http://www.wrcc.dri.edu/climatedata/
climsum/).  Months in which there were 5 or more days of  miss-
ing records were excluded from further analyses.  For computation 
of  coefficients of  variation associated with seasonal precipitation, 
only sites with 35 or more years of  records were used.  Presen-
tation of  cool-season and warm-season precipitation in this paper di-
vide the year into two 6-month periods (cool-season:  October 
1 – March 31; warm season: April 1 – September 30).  Cool 
season precipitation is designated by the year in which the peri-
od ended (e.g., 2010 cool season precipitation is that occurring 
from October 1, 2009 to March 31, 2010).  Summed precipita-
tion from any other time interval (e.g., monsoonal precipitation, 
July – September) is specified in places where data from par-
ticular intervals are presented.  Daily total precipitation records 
were obtained online from the NOAA National Center for 
Environmental Information: www.ncdc.noaa.gov/cdo-web/ .

Results
Physiography 

The portion of  the study area west of  the Colorado River within 
California and southern Nevada contains highlands with eleva-
tions considerably greater than those found throughout much of  
the remainder of  the Mojave Desert. Two subparallel, north-south 
trending chains of  mountains form this elevated zone. The east-
ernmost chain consists of  the Granite Mountains near the south-
west corner of  the study area and continues northeastward with 
the Providence Mountains, Mid Hills, New York Mountains, Castle 
Peaks, and the McCullough Range (Fig. 3). Approximately 25-40 
km west of  that elevated chain, Cima Dome, Ivanpah Mountains, 
the Clark Mountain Range, and the Spring Mountains form a sec-
ondary elevated axis oriented subparallel to the first (Fig. 3). Col-
lectively, this elevated region is referred to in this paper as the East 
Mojave Highlands. The southern-most end of  the Spring Mountains 
is located in the northwestern part of  the study area.  Charleston 
Peak, the tallest in that range, has an elevation of  3633 m, but is lo-
cated outside of  the study area. Highest peaks in the Clark Moun-
tain Range and New York Mountains have elevations of  2417 m 
and 2296 m, respectively. This elevated region drops off  abruptly 
to the west into a northwest-trending trough containing Soda Lake 
Playa in the south (the terminus of  the Mojave River), Silver Lake 
Playa (both approximately 280 m elevation), Silurian Valley 

Table 1.  Abbreviations of precipitation recording stations
used to label data points in Figures 4, 5, 6, and 7.

ARIZONA STATIONS
AD Alamo Dam
AG Aguila
BG Bagdad
BO Bouse
CD Cordes
CH Castle Hot Springs
CO Congress
HA Harquahala
HI Hillside 4 NNE
KI Kingman
PS Peach Springs
SA Salome
ST Stanton
TO Tonopah
TR Truxton Canyon
TS Tonto Springs RS
WC Walnut Creek
WG Walnut Grove
WI Wickenburg
WK Wikieup
YA Yava 6 Ese
YU Yucca

CALIFORNIA STATIONS 
BA Baker 9 NNW + Baker       
BR Barstow
DA Daggett
DS Dunn Siding
GO Goldstone Echo 2
IN Inyokern
LA Lancaster
MC Mitchell Caverns
MO Mojave
MP Mountain Pass
NE Needles
PA Palmdale
RA Randsburg
SH Shoshone
TN Trona
VI Victorville
YG Yucca Grove

NEVADA STATIONS
RR Red Rock Cany. State Park
SE Searchlight
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(190 m – 245 m), and Death Valley (86 m below sea level) (Figs. 
1, 2).

The lower, considerably more arid elevations of  the Colorado 
River Valley separate the East Mojave Highlands of  California and 
southern Nevada from Arizona mountain ranges of  comparable  
elevations (Hualapai Mountains, 2519 m and Cerbat Mountains, 
2127 m). These Arizona ranges are separated by a distance of  100-
150 km from mountains of  similar elevation to the west in Califor-
nia and southern Nevada (Fig. 3). 

Precipitation
 Throughout the region, precipitation amount increases with el-

evation, and the East Mojave Highlands receive appreciably more 
precipitation than the low-lying areas to the west and south. There 
are relatively few precipitation recording stations within this re-
gion, but modeling results based on available recording stations 
and elevation (Daly, et al., 1994) indicate a sizeable “island” of  
considerably greater precipitation in the East Mojave Highlands 
(Fig. 4, color map). This zone of  greater precipitation is separated 

from regions of  comparable precipitation to the east in Arizona by 
the arid trough of  the Colorado River valley. 

Precipitation seasonality.   The East Mojave Highlands not 
only receive substantially more precipitation than surrounding ar-
eas of  lower elevation, annual precipitation in that region also has 
a bimodal pattern with distinct summer and winter peaks (Fig. 
4).  West of  the East Mojave Highlands, warm-season precipita-
tion rapidly diminishes with the abrupt drop in elevation into the 
long trough containing Soda and Silver Lakes in the south and 
Death Valley to the north, where annual precipitation has a single, 
cool-season peak (indicated by the Shoshone, California monthly 
precipitation record, Fig. 4, top). Dividing annual precipitation 
into warm-season (April – September) and cool-season (October – 
March) inputs, the percentage of  annual precipitation received at 
sites during the warm season is approximately 40% from the area 
of  Wikieup and Kingman, Arizona (approx. 113°-114° W longi-
tude), westward to the Mountain Pass and Mitchell Cavern sta-
tions in the Clark Mountain Range and Providence Mountains, 

Figure 3.   Top – Shaded relief map of east Mojave region study area with 
labeled mountain ranges:  B- Black Mountains, CD- Cima Dome, Ce-
Cerbat Mountains, Cl- Clark Mountain Range, G- Granite Mountains, 
H- Hualapai Mountains, K- Kingston Range, M- McCullough Range, 
N- Newberry Mountains, NY- New York Mountains, Pi- Piute Range, Pr- 
Providence Mountains, S- Spring Mountains.   Bottom – West to east 
elevation cross-section along dashed line shown in relief map.

Figure 4.  Top – 1961-1990 annual average precipitation, based on 
modeling approach of Daly, et al. (1994).   Modified from image produced 
by Western Regional Climate Center: (http://www.wrcc.dri.edu/images/
west.gif).  Superimposed histograms show monthly precipitation 
averages at four stations along an east-west gradient.  Bottom – Warm-
season (April-September) precipitation as a percent of annual total as 
a function of longitude along the east-west gradient.  Station names 
indicated by two-letter abbreviations are listed in Table 1.
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respectively. West of  115.5° W longitude, warm-season precipita-
tion steadily declines to less than 15% of  the annual total in the 
western-most portion of  the Mojave Desert (Fig. 4, lower).  This 
geographic pattern has also been described by other authors (e.g., 
Rowlands et al., 1982).

Warm season precipitation in the region has two components:  
precipitation derived strictly from summer monsoonal activity 
(Douglas et al., 1993; Adams and Comrie, 1997) and that delivered 
by eastern Pacific tropical cyclones (Corbosiero et al., 2009; Ritchie 
et al., 2011).  Incursions of  tropical cyclones into the American 
Southwest occur principally from August through October, with 
a peak in September (Corbosiero et al., 2009; Ritchie et al., 2011).  
During a 14-year period (1992-2005), remnants of  35 tropical cy-
clones (an average of  3.1 per year) brought precipitation to some 
part of  the southwestern United States (Ritchie et al., 2011).  Ap-
proximately one-fifth of  those storms moved in a north-northwest 
track, up the Gulf  of  California, into the lower Colorado River 
Valley and into the eastern Mojave Desert region (Fig. 3 in Ritchie 
et al., 2011). In some years, moisture derived from Pacific tropi-
cal cyclones provided much of  the warm-season precipitation re-
ceived in the east Mojave Desert region.  For example, in 1997 at 
stations near or within the Mojave National Preserve (Searchlight, 

NV; Mountain Pass & Mitchell Caverns, CA) 35.7% and 38.5% of  
June-September precipitation and 20.7% to 24.0% of  total annual 
precipitation was delivered within a two-day period (Sept. 24-25) 
by the remnants of  Hurricane Nora.  Similarly, tropical storm Ivo 
delivered record amounts of  precipitation to the region on a single 
day in late August, 2013. That storm accounted for 61.0% of  the 
warm-season (June-September) precipitation total, and 47.1% of  
the annual total at Searchlight, NV.  That year, total warm-season 
precipitation at Searchlight was 2.5 times that of  the long-term 
average and triggered the most prodigious growth response of  pe-
rennial C4 grasses observed in the area during the entire duration 
of  this study.

East to west precipitation gradient and elevation.   For 
both warm-season (April-September) and cool-season (October-
March) intervals, precipitation amounts increase with elevation 
within the study area.  However, stations west of  the Colorado 
River in southern Nevada and California receive less precipitation 
than stations at comparable elevations east of  the Colorado River 
in Arizona (Figs. 5, 6).  This separation of  eastern and western 
sites is especially pronounced for warm-season precipitation; re-
gression residuals from the relationship between precipitation and 
elevation plotted against longitude demonstrate the strong east to 

Figure 5.  A – Average warm season precipitation amounts as a 
function of elevation.  Stations west of Colorado River in California 
and southern Nevada shown as gray-shaded dots.  B – Regression 
residuals for individual sites as a function of longitude.  Fitted curve is 
a first-order polynomial (see Table 2 for regression statistics). Station 
names indicated by two-letter abbreviations are listed in Table 1.

Figure 6.  A – Average cool season precipitation amounts as a 
function of elevation.  Stations west of Colorado River in California 
and southern Nevada shown as gray-shaded dots.  B – Regression 
residuals for individual sites as a function of longitude. Station names 
indicated by two-letter abbreviations are listed in Table 1.
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west gradient (Fig. 5B).  Because of  the non-linear distribution of  
these residuals, a multiple regression model that includes elevation, 
longitude, and a first-order polynomial term (longitude2) provides 
the best descriptive model for warm-season precipitation within 
this region of  study (Table 2).Elevation alone explains slightly less 
than half  the variance in warm-season precipitation; elevation + 
longitude accounts for 86%, and the inclusion of  the polynomial 
term explains an additional small, but significant amount of  the 
remaining variation.

For cool-season precipitation, the contrast between sites east 
and west of  the Colorado River is somewhat less pronounced 
(Fig. 6A) and the amount of  additional variation in precipitation 

amount explained by longitude is less than for warm-season pre-
cipitation (Fig. 6B, Table 2). Inclusion of  the polynomial term 
(longitude2) does not contribute significantly to the multiple re-
gression model for cool season precipitation, but does for total 
annual precipitation; therefore, a linear term is used in the multiple 
regression predictive model for cool season precipitation (Table 
2). 

Rowlands (1993) analyzed climatic components contributing to 
a rise in the elevation of  the arid-humid boundary over a larg-
er geographic area extending from southeastern Arizona to the 
southern Great Basin in west-central Nevada and adjacent Califor-
nia. His analysis similarly shows a strong longitudinal component 
to this pattern, largely due to diminishing summer precipitation 

inputs towards the west.
Precipitation variability.   Although significant inputs of  sum-

mer monsoonal precipitation extend into the East Mojave High-
lands, summer precipitation is more variable from year to year 
than in areas to the east in west-central Arizona. Across record-
ing stations in the region, peak monsoonal precipitation occurs in 
July and August and the coefficient of  variation of  the summed 
precipitation during these two months increases significantly from 
east to west (Fig. 7). For the sites included within this geographical 
area, the coefficient of  variation of  annual July + August precipita-
tion inputs was significantly related to longitude (partial R2 = .70, 
p < .0001), but was not significantly related to the total amount 
received during those two months (partial R2 = -.33, p > .15; step-
wise multiple regression results).

Geographical and elevational distributions of  domi-
nant C4 perennial grasses

Bouteloua eriopoda. This characteristic species of  semi-arid 
grasslands of  the southwestern United States is found from central 
Texas westward throughout New Mexico and Arizona, southward 
into north-central Mexico, with northern distributional limits in 
southwestern Kansas, southeastern Colorado, and southern Utah. 
The western limit of  its range is to the immediate west and north-
west of  Cima Dome and the Clark Mountains (Figs. 8A, 2, 3). 
In Nevada, it is confined to the southernmost tip of  the state, 
and commonly occurs in the southern part of  the McCullough 
Range (Fig. 2). The northern-most record within Nevada is a sin-
gle specimen collected from the east side of  the Spring Mountains 
approximately 6 km W-SW of  the town of  Blue Diamond near the 
mouth of  Black Velvet Canyon (UNLV herbarium #32683; loca-
tion plotted as an open symbol just outside the north boundary of  
the study area; Fig. 8A). 

Populations of  B. eriopoda in southern Nevada and California are 

Table 2.  Multiple regression models of the influence of elevation and  
longitude on precipitation (PPN = precipitation in millimeters,  
Elev = elevation in meters, Long = longitude in negative degrees). 
 
1. Warm-season (April – September) 
     Regression equation: 
 PPN = 100327 + 0.07692 (Elev) + 1726.52 (Long) + 7.42752 (Long2) 
   Variable Cumulative R2   Significance (P) 
                    Elev          .48  <.0001 
 Long .86     .0178  
 Long2 .89    .0196 
 
2.  Cool-season (October – March) 
     Regression equation: 
             PPN = 2978.14 + 0.07147 (Elev) + 25.3957 (Long)  
   Variable Cumulative R2   Significance (P) 
                    Elev .32    .0002 
 Long .62     .0001  
 Long2     .0717 (not significant) 
 
3.  Total annual precipitation 
     Regression equation: 
             PPN = 236691 + 0.14613 (Elev) + 4086.18 (Long) + 17.6387 (Long2) 
   Variable Cumulative R2   Significance (P) 
                    Elev .41 < .0001 
 Long .81  < .0001  
 Long2 .85    .0161 
 
 
 
                        

Table 2.  Multiple regression models of the influence of elevation and 
longitude on precipitation (PPN = precipitation in millimeters, 
Elev = elevation in meters, Long = longitude in negative degrees).

Figure 7.  Increase in variability of summer monsoonal precipitation 
along a gradient from east to west.  Station names indicated by two-
letter abbreviations are listed in Table 1.
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geographically isolated by a distance of  approximately 80 km from 
the nearest ones in west-central Arizona (Fig. 8A). This gap con-
tains the arid trough of  the Colorado River valley (Figs. 3, 4). 
The lowermost elevation at which B. eriopoda occurs in southern 
Nevada and California (~1100-1200 m) is slightly more than 200 
m higher than that of  the westernmost populations in Arizona, 
in the Detrital and Sacramento valleys immediately west of  the 

Cerbat Mountains (Fig. 3, Fig. 8A, lower panel; immediately west 
of  -114° longitude). The upward shift in the lowermost elevation 
at which B. eriopoda occurs in southern Nevada and California re-
flects the reduced amount of  precipitation at any given elevation 
compared to sites east of  the Colorado River in Arizona (Figs. 5, 
6). Moving eastward from -113° to -111° longitude, B. eriopoda oc-
curs at progressively lower elevations, reflecting the substantial in-

Figure 8.  Mapped occurrences of the four species of perennial grasses discussed in text and relationship 
between elevation and longitude for individual records.  Open symbols indicate herbarium records obtained 
through SEINet; solid black symbols are records obtained during course of this project.  The bold rectangle 
outlines the study area.  The diagonal lines in A and B depict the lower elevation limits of occurrences.



19           McAuliffe      Perennial Grass-dominated Plant Communities of the Eastern Mojave Desert Region

crease in monsoonal precipitation. For example, McAuliffe (1994) 
recorded the presence of  B. eriopoda as low as 762 m elevation on 
a north-facing hillslope near Tucson, Arizona. The lack of  records 
of  B. eriopoda from lower elevations (< 1000 m) east of  approxi-
mately -111° longitude reflects the higher overall base-level eleva-
tion of  that portion of  eastern Arizona (Fig. 8A). 

Bouteloua gracilis.  This is one of  the most widely distributed 
perennial grasses in North America, ranging from southern Can-
ada southward to south-central Mexico, and is characteristic of  
the shortgrass prairies and steppes east of  the Rocky Mountains 
(Sims, 1988). Like B. eriopoda, within the East Mojave Highlands 
it occurs in populations that are geographically isolated from its 
more extensive distribution across Arizona and Utah (Fig. 8B). An 
isolated population also occurs to the southwest in the San Ber-
nardino Mountains, California (approximately -117° longitude). 

Bouteloua gracilis occurs at higher elevations than does B. eriopoda. 
The lower elevational limit of  the isolated populations within the 
East Mojave Highlands is approximately 400 m higher than that of  
B. eriopoda (1500 m vs. 1100 m, Figs. 8A, B). Like B. eriopoda, the 
lower elevation at which B. gracilis occurs rises from east to west 
as a function of  diminishing precipitation input to the west at any 
given elevation (Fig. 8B). 

Pleuraphis rigida.  The bulk of  the geographic distribution of  
this tall, coarse bunch grass is in the lower elevations of  the Mo-
jave and Sonoran Deserts, occupying the more arid portions of  
the lower Colorado River valley where B. eriopoda and B. gracilis are 
absent. However, the upward elevational distribution of  P. rigida 
broadly overlaps the lower elevational distribution of  B. eriopoda 
(Fig. 8C). For example, between -115° and -116° longitude in Cali-
fornia and southern Nevada, P. rigida occurs throughout the entire 
elevational range of  B. eriopoda. Over the entire region, the general 
distribution of  P. rigida as a function of  elevation and longitude 
(Fig. 8C, lower panel) is complementary to that of  the two Bou-
teloua species (Figs. 8A, B) and P. jamesii (Fig. 8D), and its upper 
elevation limit increases from east to west. The lower elevation 
limit of  P. rigida is below sea level near the Salton Sea and in Death 
Valley (J. André, pers. comm.) and nearly to sea level along the 
extremely arid northern coast of  the Gulf  of  California in Sonora 
and Baja California Norte, Mexico.

Pleuraphis jamesii.  This species has a more northerly distribu-
tion than P. rigida and is widespread throughout the Colorado Pla-
teau in northeastern Arizona; its range extends from the Great 
Basin of  Mono County, California, through Nevada, Utah and 
Colorado, and throughout the northern half  of  New Mexico to 
the western-most part of  the Texas panhandle (West, 1972). Like 
B. eriopoda and B. gracilis, populations in the eastern Mojave Desert 
region of  southeastern California and southern Nevada are dis-
junct from populations to the east in Arizona and also from those 
in the Great Basin region of  central to northern Nevada (Fig. 8D). 
It is absent from the eastern half  of  the study area in Arizona, 

but occurs in northwest Arizona north of  the Grand Canyon of  
the Colorado River. In the Eastern Mojave Highlands between 
-115° and -116° longitude, the elevational ranges of  P. jamesii and 
B. eriopoda are nearly identical (Figs. 8A, D, lower panels). In this 
same region, P. jamesii overlaps broadly with the distribution of  P. 
rigida and in some places, the two coexist. Putative hybrids of  the 
two with intermediate morphologies have been documented by 
herbarium specimens collected from the vicinity of  Cima Dome, 
California. 

Use of  cool-season precipitation by C4 grasses
Although the geographic distribution of  C4 perennial grasses 

in the eastern Mojave Desert region corresponds to the occur-
rence of  summer monsoonal precipitation (Figs. 4, 8), abundant 
precipitation in late winter to early spring, if  it occurs, can trig-
ger growth and flowering of  C4 grasses in late spring, well before 
the onset of  summer precipitation.  From the early 1990s through 
2005, January-April precipitation totals at Mountain Pass, Califor-
nia exceeded the long-term average (80 mm) by more than 50 mm 
in 5 years (1992, 1993, 1995, 1998, 2005) (Fig. 9).  In all but one 
of  those years (1993), the abundant cool-season precipitation was 
associated with El Niño events.  In each of  the five years, precipi-

Figure 9.  Departures from long-term average precipitation for 
late winter-spring (January-April) and summer (July-September) 
precipitation for Mountain Pass, California, located approximately 
20 km north of the Cima Dome summit.  2005 was the last year 
that data was recorded at that station.  Light gray bars indicate cool-
season precipitation; dark bars indicate July-September warm season 
precipitation.
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tation during late winter to early spring was stored in the soil, and 
eventually fostered shoot production, leaf  growth, and flowering 
in P. rigida, P. jamesii, and B. eriopoda once sufficient warming oc-
curred in mid-late spring, before the onset of  any summer precipi-
tation.  The timing of  this spring growth and flowering depended 
on elevation. From spring through early summer (March-July) at 
recording stations in the area, the decrease in monthly mean daily 
maximum air temperature with increasing elevation is approxi-
mately 8.6°C per 1000 m (Fig. 10).  For every 150 m increase in 
elevation, there is a lag of  approximately one week in the spring in 

achieving temperature conducive to growth of  C4 grasses (repre-
sented by the horizontal broken line at 25° C, Fig. 10).  Pleuraphis 
rigida at an elevation of  650 m near Kelso, CA, is typically in full 
leaf  and flowering as early as early-mid April following abundant 
cool-season precipitation.  However, more than a month passes 
before similar temperatures adequate for substantial growth of  C4 

grasses occur at an elevation slightly over 1400 m at Mountain 
Pass (Fig. 10, indicated by vertical dotted lines).  At elevations 
above 1400 m, considerable shoot elongation and leaf  production 
by B. eriopoda in response to stored cool-season precipitation do 
not begin earlier than mid-April, and flowering occurs in May or 
even June.  For example, at 1500 m at Cima Dome, 15 km south 
of  the Mountain Springs recording station, B. eriopoda was in full 
vegetative growth and flowering on June 24, 1992, more than two 
months after receipt of  abundant rains in February and March of  

that year, but before the occurrence of  any summer precipitation 
(Fig. 10).  Similar growth responses of  B. eriopoda and P. jamesii at 
these higher elevations within this region were observed in late 
spring of  1993, 1995, 1998, and 2005 following abundant late win-
ter to early spring precipitation.  Similarly, in New Mexico, growth 
of  B. eriopoda after episodes of  abundant winter-early spring pre-
cipitation before the onset of  summer precipitation was noted by 
Nelson (1934).  In the Great Basin of  northwestern Nevada, P. 
jamesii exhibits the same response (Everett et al., 1980).

This deferred use of  soil moisture from cool-season precipita-
tion may provide critical reserves to perennial C4 grasses in this 
region where summer monsoonal precipitation is relatively un-
predictable (Fig. 7).  In years when summer precipitation is mea-
ger, stored cool-season precipitation prompts the only significant 
growth and flowering that occurs. Such was the case in 1995-1996.  
Substantial precipitation in January-March of  1995 (146 mm total, 
Mt. Pass station) triggered growth and flowering of  B. eriopoda at 
nearby locations in late spring of  that year in California and south-
ern Nevada, but there was meager summer precipitation (19.8 mm 
July-August total). The late-winter to early spring precipitation of  
1995 fostered nearly all of  the subsequent growth and reproduc-
tion of  B. eriopoda during that year. Below-average precipitation 
persisted through early 1997, during which there was little to no 
growth until the occurrence of  above-average warm-season pre-
cipitation in 1997, approximately a third of  which was delivered in 
a single late September storm associated with remnants of  Hur-
ricane Nora (Fig. 9).  

Community composition
A hierarchical vegetation classification (TWINSPAN) of  canopy 

cover data from 190 sites together with a summary ordered table 
of  the more common species arranged in three broad functional 
groups (perennial grasses, woody plants, succulents) (Fig. 11) re-
veals affinities in species composition among sites within the study 
area. It also provides a useful foundation for further investiga-
tions of  variation in plant community composition as a function 
of  various environmental attributes. 

Synopsis of  dendrogram divisions and clusters.  Principal 
indicator species for the primary dendrogram division (Division 
Level 1, Fig. 11) are Bouteloua eriopoda, Pleuraphis jamesii, and Guti-
errezia spp. (cluster 1A to the left, Fig. 11); and Pleuraphis rigida, 
Larrea tridentata, and Krameria grayi (Cluster 1B to the right). This 
division partly reflects upper-elevation mesic sites (cluster 1A, 
Groups 1-15) versus more xeric sites of  lower elevations (cluster 
1B, Groups 16-36) (Appendix 1). Cluster 1A is split into Clusters 
2A and 2B; Cluster 2A (Groups 1 & 2) contains 3 sites in Arizona 
characterized by the dominance of  the C4 grasses Scleropogon brevifo-
lia (burrograss) or Pleuraphis mutica (tobosa). These sites are located 
on very fine-textured, valley floor alluvium in Hackberry Valley, 
Arizona. Although S. brevifolia was documented at a few local-

Figure 10.  Upper – Curves showing monthly mean daily maximum 
temperature (January through December) at four different elevations in 
the east Mojave Desert region.  The Las Vegas site (661 m elevation) 
has an elevation nearly equal to the Kelso Dune area discussed in the 
text.  The dashed horizontal line represents the approximate threshold 
above which temperatures are favorable for growth of C4 grasses.  The 
two vertical dashed lines are positioned at the times when mean daily 
maximum temperatures reach the 25° C threshold at two sites (Las 
Vegas, NV and Mt. Pass, CA).  Lower – Total monthly precipitation for 
calendar year 1992 recorded at Mountain Pass, California. 
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Figure 11.  TWINSPAN classification dendrogram and summary ordered table for 190 sampling sites.  Symbols for percent canopy cover classes 
represent the median value for members of that group.  The percent canopy cover classes represent the same cut levels used in the analysis.
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ities in California on the east side of  the New York Mountains, the 
westernmost occurrence of  P. mutica is in Mohave County, west-
central Arizona. 

Cluster 2B is split into Clusters 3C and 3D; Cluster 3C includes 
sites in which Coleogyne ramosissima is either dominant (11 sites in 
Groups 3, 4, 5, 7), co-dominant (3 sites, Group 8) or subdominant 
(1 site in Group 6). Other woody plant species typically included 
Menodora spinescens, Thamnosma montana, Ephedra nevadensis, and Lyci-
um sp. Succulents, including Yucca spp. and Cylindropuntia acanthocar-
pa occurred within these communities, and collectively accounted 
for more canopy cover than woody species other than Coleogyne 
ramosissima. With the exception of  Group 8, perennial grasses are 
either rare or absent from these sites. In Group 8, Bouteloua eriopoda 
and Pleuraphis jamesii co-occur with C. ramosissima; the significance 
of  this association is examined later. All of  the sites in Cluster 3C 
are located west of  the Colorado River in California and southern 
Nevada.

Sites in Cluster 3D are characterized by consider-
ably greater representation of  several perennial grass-
es, most notably B. eriopoda and P. jamesii. In some groups 

(Groups 10, 11, 12), those two species are dominant or co-domi-
nant. Although C. ramosissima is rare or absent from these sites, oth-
er shrub species that are subdominant within the Coleogyne assem-
blages (Cluster 3C) also occur within those assigned to Cluster 3D. 
Group 9, containing a single site, is distinct due to the dominance 
of  Chrysothamnus paniculatus together with subdominants Chilopsis 
linearis and Ambrosia eriocentra. This site is within the margins of  an 
active, braided channel of  a 4th order ephemeral stream (channel 
width 10-18 m). Although the vegetation of  this site is quite dis-
similar from others in Cluster 3D, it is included in that cluster due 
to the presence of  Salvia dorrii, Atriplex canescens, and Gutierrezia 
spp., which also regularly occur in perennial grass-dominated com-
munities. Of  the 79 sites contained within Cluster 3D, all but 5 are 
located in California and southern Nevada (Appendix 1). 

To the right-hand side of  the dendrogram, Cluster 1B is divided 
into Clusters 2C and 2D, the latter of  which contains sites in more 
arid, lower elevations dominated or co-dominated by Larrea tri-
dentata and Ambrosia dumosa. Cluster 2C contains sites dominated 
by Pleuraphis rigida (Groups 16-21 in Cluster 3E). Groups 16-19 
contain sites located in California and southern Nevada. Groups 

Figure 12.  Elevational change in 
composition of perennial grass-
dominated communities in the East 
Mojave Highlands of southern Nevada 
and California.  Lengths of shaded 
horizontal bar segments represent 
canopy cover classes assigned for each 
species at each site.  Numbers beside 
bars are dendrogram groups to which 
individual sites were assigned.  Far 
right -  Occurrence of sites dominated by 
Coleogyne ramosissima represented by 
individual black dots.
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20 and 21, also dominated or co-dominated by P. rigida, are located 
principally east of  the Colorado River in Arizona (24 of  27 sites). 
Groups 22 and 23 contains sites from both east and west of  the 
Colorado River, including historically degraded P. rigida communi-
ties in the Detrital Valley to the west of  the Cerbat Range, Arizona. 
Cluster 3F contains sites where disturbance (either natural or an-
thropogenic) has occurred in the form of  recent fluvial deposition, 
crop agriculture (abandoned oldfields), livestock grazing, or fire. 
These sites typically contain one or more species that rapidly colo-
nize disturbed areas, including Hymenoclea salsola, Stephanomeria sp., 
Ericameria linearifolia, E. cooperi, Gutierrezia microcephala, and Isocoma 
pluriflora.

Elevation gradients and geographic occurrences. Within 
the East Mojave Highlands of  California and southern Nevada, 
sites dominated by perennial C4 grasses exhibit considerable 
change in species composition as a function of  elevation.  Sites 
where combined cover of  perennial C4 grasses (not including the 
short-lived Dasyochloa [= Erioneuron] pulchellum) was 50% or more 
of  total plant canopy cover were designated as grass-dominated 
assemblages. Based on the relative contributions of  the most com-
mon C4 grasses (Pleuraphis rigida, P. jamesii, Bouteloua eriopoda, B. graci-
lis), six categories of  C4 grass-dominated assemblages were distin-
guished (Fig. 12, columns A-F) and are described below. 

Assemblage category A (Fig. 12) represents sites with P. rigida 
but lacking the three other perennial grasses (P. jamesii, B. eriopoda, 
and B. gracilis). Most of  the sites (10 of  11) between 1000 m to over 
1400 m with this composition were assigned to dendrogram clus-
ter 3D, groups 16-20 (Fig. 11).  Some of  these communities con-
tain dense, nearly monospecific stands of  P. rigida (Fig. 13A).  Sites 
on warm, southern exposures frequently contain high densities of  
succulents, including Ferocactus cylindraceus, Cylindropuntia acanthocar-
pa, and Yucca schidigera (Fig. 13B).  In some cases, these stands can 
be extensive in areal extent, but on hillslopes at lower elevations, 
typically occur as small, isolated patches associated with particular 
soil conditions (discussed later in the section Hillslope environ-
ments).  These communities are compositionally and structurally 
distinct from sites in lower, more arid elevations, assigned to den-
drogram cluster 3G, groups 29 and 32 (Fig. 11).  Those two groups 
represent sites that have greater compositional similarity to lower 
elevation Mojave desertscrub assemblages, with Larrea tridentata 
and Ambrosia dumosa often co-occurring on 
sandy substrates (dune deposits) (Appendix 
1; Fig. 13C).  At higher elevations, stands of  
P. rigida are considerably denser and occur 
in markedly different soil environments than 
those from lower elevations; these edaphic 
contrasts are discussed later.  

Bouteloua eriopoda appears at approximately 
1200 m and communities containing both P. 
rigida and B. eriopoda occur up to more than 

Figure 13.  Communities dominated by Pleuraphis rigida. A – North-facing hillslope of 
colluvial aprons over Miocene volcanic rocks (Hackberry Mountains, California, 1144 m elev., 
35.0621°N, 115.1726°W).  Pleuraphis rigida canopies account for more than three-quarters 
of all perennial plant cover. Shrubs include Eriogonum fasciculatus, Lycium sp., Ephedra 
nevadensis, and Encelia virginensis. Sept. 20, 2013.  B – South-facing hillslope of mixed 
Precambrian metamorphic and plutonic rocks.  Grass-dominant vegetation occurs on late 
Pleistocene colluvial apron remnants (hills 23 km west of Searchlight, Nevada, 1345 m elev., 
35.4582°N, 115.1773°W).  Common succulents in these warmer, southern aspects are Yucca 
schidigera, Cylindropuntia acanthocarpa, and Ferocactus cylindraceus. Oct. 11, 2015.  C – 
Lowland stand of P. rigida and Larrea tridentata on late Holocene sand dune deposits 3 km 
south of Kelso, California.  Kelso Dunes are centered on the horizon; the Granite Mountains 
are to the left (650 m elev., 34.9860°N, 115.6512°W).  Oct. 13, 2015.
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1500 m (Fig. 12, categories B & C).  These communities occur ex-
tensively within the East Mojave Highlands, on alluvial piedmonts 
of  the east side of  the McCullough Range, all sides of  the New 
York Mountains, middle elevations of  Cima Dome, and the Ivan-
pah Mountains (Fig. 14A). In the Central Mojave Vegetation Map 
created by the USGS Mojave Desert Ecosystem Program (Thomas 
et al., 2004), most of  the sites dominated by P. rigida  and B. eri-
opoda are included in the vegetation classification and mapping unit 
“Yucca brevifolia Wooded Shrubland Alliance” (Fig. 15).  Communi-
ties with nearly identical composition and appearance occur to the 
east in Mohave County, Arizona (Fig. 14B).

Sites containing B. eriopoda and P. jamesii, but generally lacking P. 
rigida (Fig. 12, categories D & E) are found from approximately 
1400 m to 1650 m, and occur over a wide area of  approximately 
50 x 10 km from the southern end of  the McCullough Range in 
the vicinity of  Crescent Peak, Nevada southward to the areas sur-
rounding Castle Peaks to Ivanpah Pass and the east side of  the 
New York Mountains (Fig. 16A).  Areas dominated by these two 
grasses also occur in the Mid Hills and upper portions of  Cima 
Dome. These extensive, grass-dominated areas were largely in-
cluded within USGS vegetation classification and mapping units 
“Yucca brevifolia Wooded Shrubland Alliance” and  “Juniperus os-
teosperma Wooded Shrubland Alliance (Thomas et al., 2004; Fig. 
15).  Although B. eriopoda and P. jamesii are commonly co-dominant 
throughout this elevation range, one or the other species occasion-
ally occurs in nearly pure stands, depending on soil textural condi-
tions; these edaphic factors are discussed later.  

Bouteloua gracilis makes its appearance at approximately 1625 m, 
and typically predominates at elevations exceeding 1700m (Fig. 
12, category F; Fig. 16B).  Most of  the sites with B. gracilis occur 
in what was designated and mapped as the “Juniperus osteosperma 
Wooded Shrubland Alliance” (Thomas, et al, 2004; Fig. 15).  Yucca 
brevifolia occurs in most sites above 1200 m and Juniperus osteosperma 
is commonplace above 1500 m elevation. These arborescent spe-
cies impart an open, savanna-like appearance to grass-dominated 
landscapes in the higher elevations (Figs. 14, 16). Pinus monophylla 
[and more locally, P. edulis in the eastern New York Mts., J. André, 
pers. comm.] occurs in uppermost elevations, typically above 1650 
m, in the same range where B. gracilis appears (Fig. 12).  At these 
upper elevations, a transition occurs from savanna-like vegetation 
to more closed pinyon-juniper woodland, with live oaks (Quercus 
turbinella, Q. chrysolepis) as subdominants (J. André, pers. comm).

East to west geographic variation in distribution with el-
evation.  For individual dendrogram groups (Fig. 11) including 
sites where C4 perennial grasses in aggregate are dominant (> 50% 
relative cover), sites in Arizona occupy a lower elevation range than 
those to the west in California and Nevada (Appendix 1). Three 
dendrogram groups included sites located on both sides of  the 
Colorado River and demonstrate this upward displacement to the 
west. Dendrogram group 11 included sites in which total canopy 
cover provided by Bouteloua eriopoda generally exceeds 20%. Within 
this group, 19 were located in California and southern Nevada; 
elevations of  those sites ranged from approximately 1350 m to 
1650 m (Fig. 17). Two sites from Arizona located 80-85 km east 
of  the Colorado River in Hackberry Valley were also assigned to 
this dendrogram group, but those sites are approximately 150 m 
lower in elevation than the lowermost sites in California and Ne-
vada (Fig. 17, left side). The upward displacement of  the elevation 
distribution to the west reflects the upward shift of  the lowermost 
occurrences of  B. eriopoda moving from east to west within the 
study area (Fig. 8A) as a function of  the progressively more arid 

Figure 14.  Mixed stands of Pleuraphis rigida and Bouteloua 
eriopoda.  A - Mid-Holocene gravelly alluvial fan deposits east of New 
York Mountains, California.  The two perennial grasses each cover 
approximately a quarter of the ground surface.  Subdominant shrubs 
include Krascheninnikovia lanata, Gutierrezia microcephala, Atriplex 
canescens, Ephedra nevadensis, and Krameria erecta. (1500 m elev., 
35.2188°N, 115.2623W).  March 26, 2013.   B – Fine gravelly-sandy 
alluvial fan deposits 8 km northeast of Dolan Springs, Arizona on the 
north side of the Cerbat Mountains.  Pleuraphis rigida is dominant 
with small amounts of B. eriopoda.  The tall shrubs (left side in front 
of Y. brevifolia and in distant center are Acacia greggii (1056 m elev., 
35.6596°N, 114.2217°W).  Sept. 15, 2103.
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conditions to the west (Figs. 5, 6). 
Sites contained in dendrogram groups 19 and 20 are dominat-

ed by Pleuraphis rigida with B. eriopoda as a subdominant (Fig. 11, 
Appendix 1) and also exhibited an upward elevation shift to the 
west. In both dendrogram groups, average elevations of  sites in 
California and Nevada were considerably higher than elevations of  
sites located 30-80 km east of  the Colorado River in the Detrital, 
Hackberry, and Hualapai valleys of  Arizona (Fig. 17, center and 
right panels).  

Despite these east-to-west differences in elevation ranges in the 
occurrence of  communities dominated by P. rigida and B. eriopoda, 
in many cases vegetation from the two regions is nearly identi-
cal in appearance and species composition (Fig. 14).  However, P. 
jamesii does not occur in the eastern portion of  the study area in 
west-central Arizona (Fig. 8D).  Consequently, the types of  com-
munities occupied by P. jamesii and B. eriopoda in the East Mojave 
Highlands of  California and Nevada (categories D & E, Fig. 12) 

have no exact compositional counterparts in west-central Arizona, 
despite their overall similarities.

Assemblages dominated by other perennial C4 grass spe-
cies.   Two species of  Pleuraphis (P. rigida, P. jamesii) and two Bou-
teloua species (B. eriopoda, B. gracilis) collectively are the dominant 
and most widespread species within perennial grass-covered land-
scapes of  the East Mojave Highlands.  However, in addition to 
communities characterized by one or more of  those species, two 
additional communities dominated by other perennial C4 grass 
species, but with more limited occurrence, were identified.  One 
contains Muhlenbergia porteri and Sporobolus contractus as codomi-
nants; the other contains Sporobolus airoides; both assemblages are 
described below. 

(1) Muhlenbergia porteri – Sporobolus contractus association.  Stands 
dominated by M. porteri, typically with S. contractus as a subdominant, 
occur on wide terraces of  sandy to fine gravelly alluvium next to 
large ephemeral streams.  Lack of  significant soil profile formation 

Figure 15.  Portion of vegetation map of 
Thomas et al. (2004) containing the Mojave 
National Preserve (MNP) with plotted locations 
of three groups of perennial grass dominated 
plant communities discussed in the text.  Those 
dominated by Pleuraphis rigida (red circles) are 
those included in compositional category A (Fig. 
12); those containing a mix of Pleuraphis rigida 
and Bouteloua eriopoda (categories B & C) 
are shown as orange squares; those containing 
B. eriopoda and P. jamesii are depicted as 
light blue triangles.  Full names of vegetation 
alliances of MDEP (Mojave Desert Ecosystem 
Program) map units: Pimo-Juos = Pinus 
monophylla-Juniperus osteosperma woodland; 
Juos = Juniperus osteosperma wooded 
shrubland; Cora = Coleogyne ramosissima 
shrubland; Yubr = Yucca brevifolia wooded 
shrubland; Yusc = Yucca schidigera shrubland; 
Plri = Pleuraphis rigida herbaceous alliance; 
Latr-Amdu = Larrea tridenta-Ambrosia dumosa 
shrubland.
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in these sandy sediments indicates these terraces represent geo-
logically recent deposition, probably within the latest Holocene.  
Other perennial grasses include B. eriopoda, Sporobolus cryptandrus, 
S. flexuosus, and the C3 grasses Achnatherum [= Oryzopsis] hymenoides 
and A. [= Stipa] speciosum (Fig. 18A).  Collectively, perennial grasses 
may in some cases account for up to three-quarters of  all perennial 
plant cover.  Shrubs found in these assemblages include Hymenoclea 
salsola, Lycium spp.,  Atriplex canescens, Salvia dorrii, Krascheninnikovia 
(= Ceratoides) lanata, and Ephedra nevadensis.  Succulents (Yucca brevi-
folia, Cylindropuntia acanthocarpa) occur in low densities.  

Muhlenbergia porteri occurs over a wide range of  elevations, from 
low arid elevations to over 1700 m (observed at the summit of  
Cima Dome, 1750 m elev.) and typically contributes only a small 
amount to total plant canopy cover in communities dominated by 

Pleuraphis rigida, P. jamesii, and B. eriopoda.  However, in the sandy 
to fine gravelly soils of  young alluvial deposits described above, 
M. porteri may be the dominant grass species, contributing the ma-
jority of  plant canopy cover.  Prior to removal of  domestic live-
stock from portions of  the Mojave National Preserve in the early 
2000s, these communities were generally not noticeable, heavy use 
of  M. porteri by livestock.  Muhlenbergia porteri is readily consumed 
by livestock, even in the dormant state, since the plant stores the 
bulk of  its carbohydrate reserves in perennial culms.  Even with 
light grazing pressure, the only M. porteri that persist are plants 
growing within the inaccessible confines of  shrub canopies, often 
those with thorn-like stems (e.g., Lycium spp.) that provide an ef-

Figure 16.  A – Mojavean Joshua tree savanna with Bouteloua 
eripoda (dominant) and Pleuraphis jamesii (subdominant) on 
dissected, calcareous late Tertiary fan deposits; New York Mountains in 
background (1465 m elev., 35.2666°N, 115.2308°W). Oct. 26, 2014.  B – 
Northwest-facing hillslope; colluvial apron deposits on Miocene rhyolite.  
The northwest-facing slopes are dominated by Pleuraphis jamesii and 
Bouteloua gracilis with a small amount of B. eriopoda.  Pleuraphis 
jamesii predominates on fine textured soil of valley floor.  Elevations 
range from 1633 m on the valley floor to 1700 m at the summit of the 
hill (summit = 35.2077°N, 115.3109°W).  Oct. 24, 2014. Figure 17.  Three dendrogram groups containing sites from both 

west and east of the Colorado River (California and Nevada vs. 
Arizona) showing the contrast in elevation ranges of similar vegetation 
assemblages from the two areas.
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fective refuge from livestock.  In little more than a decade follow-
ing livestock removal from most of  the Mojave National Preserve, 
populations of  M. porteri on these young stream terraces have re-
bounded considerably, and plants are fully developed and no lon-
ger limited to the protective confines of  shrub canopies.  

The occurrence of  Hymenoclea salsola, which is a species that rap-
idly colonizes disturbed areas, including recent alluvial deposits, 
indicates these surfaces are geologically young.  The youth of  these 
deposits may be a principal reason that Bouteloua eriopoda is only a 
minor component in these assemblages.  Most of  the perennial 
grass species present, including Achnatherum hymenoides, S. contractus, 
S. cryptandrus, and S. flexuosus are all capable of  rapidly colonizing 

bare areas by seed dispersal.  In contrast, B. eriopoda rarely estab-
lishes from seed (Nielson, 1986), principally spreading through 
stoloniferous growth (Nelson, 1934). Bouteloua eriopoda is often a 
dominant species on alluvial terraces, but only on deposits with 
greater antiquity where Hymenoclea salsola is absent or rare. Varia-
tion in species composition as a function of  age of  alluvial depos-
its is discussed in more detail in the section on alluvial fan deposits. 

(2) Sporobolus airoides association.  This tall, coarse bunch grass, 
commonly known as alkali sacaton, is widely distributed from the 
western-most Great Plains in eastern Wyoming and Colorado, 
throughout New Mexico, Arizona, and Utah, and westward into 
the Great Basin of  Nevada and in California on the east side of  
the Sierra Nevada.  In the Colorado Plateau region, it frequently 
occurs in dense, nearly monospecific stands in fine-textured soils 
of  basin floors.  Herbarium records document the occurrence of  
S. airoides from scattered localities within the Mojave National Pre-
serve (SEINet collection records).  Although this species is clearly 
not a conspicuous component of  the flora as it is in the Colo-
rado Plateau, it dominates at least one limited area, approximately 
1 ha in size, in the East Mojave Highlands on the eastern side of  
the New York Mountains.  This area consists of  unincised, fine-
grained valley floor sediments that receive and retain runoff  from 
surrounding areas (Fig. 18B).  Within this setting, S. airoides is the 
only perennial grass present, covers more than 75% of  the soil 
surface in places, and occupies the same kind of  edaphic environ-
ment as it does in the Colorado Plateau.   Sporobolus airoides also oc-
casionally occurs in other places on the east side of  the New York 
Mountains along ephemeral stream courses with “riparian” grasses 
such as Muhlenbergia rigens (J. André, pers. comm.) and places where 
earthen embankments (earthen livestock tanks, abandoned railroad 
embankments) temporarily impound water and impede drainage. 

Regional vegetation similarities and floral affinities.   Spe-
cies compositions of  perennial grass-dominated plant commu-
nities in the eastern Mojave Desert region vary with elevation.  
Communities with P. rigida at lower elevations (Fig. 12, Group A) 
principally contain species whose distributions include more xeric, 
lower elevations of  the Mojave and Sonoran deserts.  However, 
communities at higher elevations (Fig. 12, groups D-F) are floristi-
cally more similar to cold temperate grasslands in the Colorado 
Plateau and also the warm temperate grasslands of  southeastern 
Arizona and southern New Mexico, and the Sonoran and Mojave 
deserts.  

Of  the four predominant perennial C4 grass species discussed 
in this paper, only one, Pleuraphis rigida, is limited to the Mojave 
and Sonoran Desert regions, and does not occur in the regionally 
extensive semiarid grasslands further east in southeastern Arizona 
and New Mexico (Fig. 8C).  In the lower, more arid elevations 
of  these two deserts, P. rigida typically co-occurs with creosote-
bush (Larrea tridentata) and white bursage (Ambrosia dumosa) on 
sandy dune deposits (Fig. 13C). In these settings, the sparse, 

Figure 18.  A – Muhlenbergia porteri – Sporobolus contractus 
association on geologically recent, gravelly terrace positioned 
approximately 1 m above channel of ephemeral stream.  East 
side of New York Mountains, California (1462 m elev., 35.2713°N, 
115.2352°W).  Sept. 17, 2013.  B – Fine-textured swale containing a 
dense, nearly pure stand of Sporobolus airodes (green due to greater 
moisture availability in swale), east side of New York Mountains (in 
background).  The drier surrounding soils are occupied by Pleuraphis 
jamesii and Bouteloua eriopoda and various shrubs (1487 m elev., 
35.2836°N, 115.2452°W). October 2015.
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Figure 19.  Küchler’s (1964) mapping of grama-galleta steppe (dark gray) and grama-tobosa shrub-steppe (light gray in the southwestern 
United States.  Map data (GIS shape files) for Küchler vegetation types from www.databasin.org.   Small elliptical area in northwestern 
Arizona indicates the location of vegetation cover from 12 sites shown in Fig. 20.  The area is located south of the Little Colorado River and 
the towns of Winslow and Holbrook, along Arizona State Routes 99 and 377. 

Figure 20.  Canopy cover composition of grama-galleta steppe along an elevation gradient, Colorado Plateau of 
northeastern Arizona, south of the little Colorado River and the towns of Winslow and Holbrook.  Data are visual 
estimates of canopy cover.
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widely separated canopies of  the bunch grass and xerophytic 
shrubs have generally been regarded as a desertscrub formation 
(e.g., Creosotebush-Big Galleta Series of  Turner, 1982).  However, at 
higher, less arid elevations (generally > 1000 m in the East Mojave 
Highlands of  California and southern Nevada), P.  rigida occurs 
in considerably denser stands that are more similar structurally to 
grasslands than to desertscrub (Fig. 13A, B).  This latter type of  
community dominated by P. rigida occurs as far east as Yavapai 
County in west-central Arizona.  

With increasing elevation, P. rigida and B. eriopoda fre-
quently co-occur (Fig. 12, Groups B & C).  Communities contain-
ing both species, like those in which P. rigida occurs alone, are not 
found farther east beyond west-central Arizona, where they have 
been included under the heading of  the Sonoran Desert grassland sub-
region of  the Desert Grassland (Schmutz, 1992).    

Depending on aspect, the upper elevation limit of  P. rigida typi-
cally ranges between 1400-1600 m elevation in the East Mojave 
Highlands.  Above these elevations, perennial grass-dominated 
communities typically contain varying combinations of  Bouteloua 
eriopoda and P. jamesii. Above 1600 m, B. gracilis commonly occurs 
with P. jamesii and B. eriopoda, but the latter disappears with increas-
ing elevation (Fig. 12) and juniper and pinyon become increasingly 
prevalent.  The two Bouteloua species together with P. jamesii simi-
larly co-occur as dominants over a wide region in the northeastern 
quarter of  Arizona and northwestern and central New Mexico, 
forming the basis for Küchler’s (1964) Grama-Galleta Steppe (Fig. 
19).  That designation is broadly similar to several other vegeta-
tion classifications: Plains and Great Basin Grasslands (Brown, 1982b; 
Brown and Makings, 2014), Plains-Mesa Grassland (Dick-Peddie, 
1993), and Colorado Plateau Grassland and Great Basin Grassland 
(Robbie, 2004).  

Comparisons made on the basis of  canopy cover demonstrate 
considerable similarity between vegetation dominated by Bouteloua 
spp. and P. jamesii in the East Mojave Highlands and the grama-
galleta steppe found 450 km to the east in the Colorado Plateau 
of  northeastern Arizona (Fig. 20).   Pleuraphis jamesii, Bouteloua eri-
opoda, and B. gracilis collectively provide a substantial majority of  
canopy cover in both regions, with the first two dominant in lower 
elevations and the latter in higher elevations; cover of  junipers and 
pinyon pine also increases with elevation (Figs. 12, 20).  Other 
perennial C4 grass species found in both regions include Sporobolus 
cryptandrus, S. contractus, S. flexuosus, and Scleropogon brevifolius.  Alkali 
sacaton (Sporobolus airoides) frequently occurs at lower elevations 
in the Colorado Plateau region (Fig. 20), but is only occasionally 
encountered in the East Mojave Highlands.  Relatively few spe-
cies of  perennial C4 grasses are found in the Colorado Plateau of  
northeastern Arizona that have not been reported from the East 
Mojave Highlands; these include Lycurus phleoides, Muhlenbergia tor-
reyi, and Bouteloua hirsuta. Overall, the C4 perennial grass flora of  
the East Mojave Highlands is more similar to that of  the Colorado 

Figure 21.  Floristic similarities of perennial C4 grasses (A), woody 
plants (B), and succulents (C) among the six regions discussed in 
the text (NE = northeastern Arizona semiarid grasslands (Colorado 
Plateau), SE = southeastern Arizona semiarid grasslands, WC = west-
central Arizona semiarid grasslands, EM = East Mojave highlands > 
1400 m, MO = lower elevation Mojave Desertscrub < 1000 m, SO = 
Sonoran Desertscrub.  Numerals within or next to the black vertices 
represent the number of species in that region and italicized numbers 
superimposed on the gray edges are the number of species shared by 
a pair of regions.  For the Sonoran Desert (SO) and lower Mojave (MO) 
regions, only those woody plant and succulent species are included 
that also occur in at least one of the other regions.
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Table 3.  Regional occurrences of perennial C4 grasses.  Regions 2, 3 and 4 correspond to the areas A, 
C, and B, respectively mapped in Figure 22.   
 
                                              ---------------------------------- Regions -------------------------------------------- 

Species 1
East Mojave
Highlands, 
CA, NV

2
Colorado 
Plateau 
grassland, 
NE AZ,

3
Semi-desert
Grassland,
W-Central
Arizona

4
Semi-desert 
grassland, 
SE Arizona 

5
Mojave 
Desert
(lower
elev.)

6
Sonoran 
Desert
(lower   
elev.)

Pleuraphis jamesii + +
Sporobolus airoides  + + +
Bouteloua curtipendula + + + +
Bouteloua eriopoda + + + +
Bouteloua gracilis + + + +
Enneapogon desvauxii + + + +
Scleropogon brevifolius + + + +
Sporobolus flexuosus + + + +
Sporobolus contractus + + + +
Sporobolus cryptandrus + + + + +
Muhlenbergia porteri + + + + +
Tridens muticus + + + + +
Muhlenbergia torreyi +
Bouteloua hirsuta + + +
Hopia [=Panicum] obtusa + + +
Lycurus phleoides + + +
Aristida ternipes + + +
Setaria macrostachya + + +
Bothriochloa barbinodis + +
Digitaria californica + +
Eragrostis intermedia + +
Heteropogon contortus + +
Hilaria belangeri + +
Leptochloa dubia + +
Muhlenbergia emersleyi + +
Panicum hallii + +
Pleuraphis mutica + +
Bouteloua chondrosioides +
Bouteloua filiformis +
Bouteloua rothrockii +
Elyonurus barbicumis +
Muhlenbergia rigida +
Schizachyrium cirratum +
Sporobolus wrightii +
Trachypogon secundus +
Tridens grandiflorus +

Table 3.  Regional occurrences of perennial C4 grasses.  Regions 2, 3 and 4 correspond to the areas A, C, 
and B, respectively mapped in Figure 22. 
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Plateau of  northeastern Arizona than to either the warm, semi-
arid grasslands of  west-central Arizona or southeastern Arizona 
(Table 3; Fig 21A).  A relatively small subset of  the diverse peren-
nial C4 grass flora found in west-central and southeastern Arizona 
occurs in the East Mojave Highlands.  In addition, P. jamesii, found 
in both the East Mojave Highlands and the Colorado Plateau, does 
not occur in semiarid grasslands of  west-central and southeastern 

Arizona.
Although the C4 grass floras of  the East Mojave Highlands 

and the Colorado Plateau are similar, the former region contains 
many woody species and succulents that occur in the warm deserts 
and semi-arid grasslands to the south, but not in the Colorado 
Plateau.  Although most of  the common woody plants found in 
the Colorado Plateau (11 of  12) also occur in the East Mojave 
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Table 4.  Regional occurrences of trees and shrubs.  Regions 2, 3 and 4 correspond to the areas 
A, C, and B, respectively mapped in Figure 22. 
                                                                  --------------------------------------------- Regions -------------------------------------------

Species 1
East Mojave
Highlands,
CA, NV

2
Colorado 
Plateau 
grassland, 
NE AZ,
NW NM

3
Semi-desert
grassland,
W-Central
Arizona

4
Semi-desert 
grassland, 
SE Arizona 

5
Mojave 
Desert
(lower   
elev.)

6
Sonoran
Desert
(lower   
elev.)

Cowania mexicana + + +
Purshia tridentata + +
Juniperus spp. + + + +
Pinus monophylla & edulis + + + +
Mahonia fremontii+ haematocarpa + + + +
Rhus trilobata + + + +
Lycium pallidum + + + +
Krascheninnikovia lanata + + + + +
Artemisia ludoviciana + + + + + +
Atriplex canescens + + + + + +
Gutierrezia spp. + + + + + +
Senecio longilobus + + + + + +
Menodora spinescens + +
Ericameria cooperi + +
Salvia dorrii + +
Eriogonum fasciculatum + + + +
Salvia mohavensis + + + +
Thamnosma montana + + + +
Salazaria mexicana + + + +
Prunus fasciculata + + + +
Acamptopappus sphaerocephalus + + + + +
Acacia greggii + + + + +
Hymenoclea (=Ambrosia) salsola + + + + +
Krameria erecta + + + + +
Larrea tridentata + + + + +
Aloysia wrightii + + + +
Menodora scabra + + + +
Eriogonum wrightii + + + +
Canotia holacantha + +
Acacia constricta + + +
Calliandra eriophylla + + +
Fouqueiria splendens + + +
Ziziphus obtusifolia + + +
Janusia gracilis + + +
Prosopis velutina + + +
Mimosa biuncifera + +
Parthenium incanum + +
Cercocarpis breviflorus + +
Baccharis pteronioides + +
Condalia warnockii + +
Acacia neovernicosa +
Dodonaea viscosa +
Flourensia cernua +
Isocoma tenuisecta +
Gossypium thurberi +
Rhus microphylla +

Table 4.  Regional occurrences of trees and shrubs.  Regions 2, 3 and 4 correspond to the areas A, C, and B, respectively mapped in Figure 22.
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Table 5.  Regional occurrences of succulents.  Regions 2, 3 and 4 correspond to the areas A, C, 
and B, respectively mapped in Figure 22. 

                                                                 --------------------------------------------- Regions -------------------------------------------- 

Species 1 
East 
Mojave 
highlands-
CA, NV 

2 
Colorado 
Plateau 
Grassland, 
NE AZ, 
NW NM 

3 
Semi-
desert 
Grassland, 
W-Central 
Arizona 

4 
Semi-
desert 
grassland, 
SE 
Arizona  

5 
Mojave  
Desert 
(Lower 
elev.) 

6 
Sonoran 
Desert 
 

LEAF & CAUDEX SUCCULENTS       
  Yucca angustissima  +     
  Yucca baccata + + + +   
  Yucca schidigera +  +  +  
  Yucca brevifolia +  +  +  
  Yucca elata   + +   
  Nolina microcarpa   + +   
  Agave chrysantha   + +   
  Nolina bigelovii   +   + 
  Dasylirion wheeleri    +   
  Agave palmeri    +   
       
CACTI       
  Pediocactus spp.  +     
  Cylindropuntia whipplei  + +    
  Opuntia macrorhiza  + + +   
  Opuntia polyacantha var. erinacea + + +    
  Coryphantha vivipara + + + +   
  Echinocereus triglochidiatus + + + + +  
  Opuntia phaecantha + + + +  + 
  Opuntia basilaris +  +  +  
  Opuntia curvispina +  +    
  Cylindropuntia ramosissima +  +  + + 
  Opuntia chlorotica +  + +  + 
  Cylidropuntia acanthocarpa +  +   + 
  Grusonia parishii +  +  + + 
  Ferocactus cylindraceus +  +   + 
  Echinocereus engelmannii +  + + + + 
  Opuntia engelmannii   + +  + 
  Cylindropuntia leptocaulis   + +  + 
  Ferocactus wislizeni    +  + 
  Cylindropuntia spinosior    +  + 
  Opuntia macrocentra    +  + 
  Opuntia violacea    +   
  Cylindropuntia imbricata    +   

 

Table 5.  Regional occurrences of succulents.  Regions 2, 3 and 4 correspond to the areas A, C, and B, respectively mapped in Figure 22.
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Highlands, many more species in the latter area also occur in the 
lower, arid elevations of  the Mojave and Sonoran deserts as well as 
the warm-temperate grasslands of  west-central and southeastern 
Arizona (Table 4; Fig. 21B).  Similarly, the succulent plant flora of  
the East Mojave Highlands is more similar to the warm deserts and 
grasslands of  the south than to the cold-temperate grama-galleta 
steppe of  the Colorado Plateau (Table 5, Fig. 21C).  The occur-
rence of  these woody plant and succulent species, many of  which 
greatly exceed the height of  the perennial grasses, contribute a 

structural aspect of  the vegetation of  the East Mojave Highlands 
that is lacking in the uniformly low stature of  the grama-galleta 
steppe of  the Colorado Plateau.  In this respect, the grass-domi-
nated vegetation of  the East Mojave Highlands is structurally and 
architecturally more similar to warm, semi-arid grasslands contain-
ing scattered emergent woody plants and succulents.  

The varying similarities of  the regions with respect to different 
components of  the flora (Fig. 21) can be related in part to rela-
tionships between precipitation and temperature in warm and cold 
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seasons.  Grass-dominated sites in the East Mojave Highlands are 
positioned near the left-hand margin of  the envelope describing 
the relationship between warm-season precipitation and July aver-
age temperatures for sites in the Colorado Plateau in northeastern 
Arizona.  The warm-season precipitation received at Mountain 
Pass (MP in Fig. 22, upper panel), is well below that received by 
warm-temperate grasslands in west-central and southeastern Ari-
zona, both of  which possess considerably more diverse C4 grass 
floras.  The limited, less predictable warm-season precipitation is 
probably the most important factor limiting the diversity of  C4 

grasses in the East Mojave Highlands. 
Winter climate regimes probably play a more important role 

in the distribution of  many of  the large woody and succulent 
plant species found within the East Mojave Highlands.  Many of  
these species also occur in the hot deserts and warm semi-arid 
grasslands to the south.  At similar elevations, winter temperature 
minima in the East Mojave Highlands are comparable to those 

of  the warm-temperate regions of  west-central and southeastern 
Arizona, where average January minima are at most a few degrees 
below freezing (Fig. 22, lower panel).  In contrast, the consider-
ably colder winter climate of  the more interior continental, cold-
temperate Colorado Plateau is probably the greatest single factor 
limiting both the diversity and height of  woody plants and succu-
lents found in that region (Burgess, 1995).

Landscape mosaics: geology, landforms, soils, and veg-
etation

Arid and semiarid landscapes of  the American Southwest con-
tain diverse mosaics of  different geological substrates, landforms, 
and associated soils.  Geological characteristics that control soil 
formation and soil hydrological behaviors strongly influence the 
composition of  plant communities in arid and semiarid regions 
(McAuliffe, 1994, 1999, 2003).  Geomorphic processes by which 
materials are eroded, transported, and deposited modify land-
scapes. Deposition of  materials creates new geomorphic surfaces 
within which soils develop; pedogenesis over periods of  thousands 
to tens of  thousands of  years or more profoundly alters soils. Sub-
sequent erosion may partly or entirely remove those soils, creat-
ing complex mosaics of  contrasting soil environments that affect 
plant distributions (McAuliffe 1995, 1999).  Thus knowledge of  
late Quaternary landscape evolution provides an indispensable 
foundation for deciphering complex vegetation patterning within 
arid and semiarid landscapes throughout the region (McAuliffe 
2003).

The study area is within the Basin and Range Physiographic 
Province, characterized by long, narrow mountain ranges sepa-
rated by broad, alluvium-filled basins.  Two broad categories of  
terrains within the study area – hillslopes underlain by bedrock and 
the piedmonts and basins filled with alluvial deposits – both in-
clude some landforms with associated soils that support C4 grass-
dominated vegetation, and others that do not.

Hillslope environments.   Soil characteristics typically vary 
considerably within and among topographically and geologically 
complex hillslopes.  Consequently, describing and understanding 
patterns of  plant distributions and vegetation in hillslope environ-
ments can be extremely challenging (McAuliffe 1999).  A basic 
understanding of  processes that shape hillslope morphology and 
soils reveals many ecological patterns.

Colluvial deposit evolution. Physical and chemical weathering of  
bedrock generates mainly gravelly to cobbly detritus.  These mate-
rials accumulate, move downslope primarily by diffusive processes, 
and typically thicken in middle to lower portions of  slopes to form 
colluvial aprons (Fig. 23A) (Wysocki, et al., 2000). Rock type, re-
lief, and local base level changes (e.g., depth of  cutting of  stream 
channels near bases of  slopes) influence characteristics of  collu-
vial aprons, their stability, and soils that develop in them. Coarse, 
stony colluvium provides a matrix within which well-formed, 
fine-grained soil horizons eventually develop.  Stabilized deposits 
of  stony colluvium entrap eolian dust, which is the predominant 

Figure 22. Upper – climate envelopes showing relationship between 
average total warm season precipitation and average July temperature 
for the three regions shown in the Arizona map   (A = semiarid 
grasslands of the Colorado Plateau, B = semiarid grasslands of 
southeastern Arizona, C = semiarid grasslands of west-central 
Arizona).  Points on the map (open & closed circles, triangles) show the 
location of recording stations and correspond to points plotted on the 
graph.  The three stars represent recording stations in the East Mojave 
Highlands (MP = Mountain Pass, California, 1441 m elev., 
MC = Mitchell Caverns, California, 1325 m, SE = Searchlight, Nevada, 
1079 m).  Lower – Climate envelopes for the same regions showing 
relationship between average total cool season precipitation and 
January average minimum temperature.
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source of  fine-grained materials for soil horizon development in 
coarse, stony substrates in arid and semiarid environments (Mc-
Fadden, et al., 1986, Persico, et al., 2011; Hirmas and Graham, 
2011; McFadden, 2013).  Very fine sand, silt, and clay-sized, eolian 
particles deposited on rough, stony surfaces are transported down-
ward into the soil by water and accumulate at various depths. Over 
millennia, continued accumulation and weathering of  these fine 
materials create relatively thick, fine-textured B horizons in which 
the volumetric proportion of  coarse gravelly to stony materials 
diminishes compared to that of  the original stony colluvial de-

posit (McFadden et al., 1987; McFadden, 2013).  The coarse, stony 
surfaces of  older colluvial deposits can deceptively mask underly-
ing soils containing relatively thick, fine-grained B horizons (Fig. 
23B, 24).  Such soils possess developmental characteristics indicat-
ing ages up to several tens of  thousands of  years old (McDonald, 
1993; McDonald et al., 2003; L.D. McFadden, pers. comm.).

Soils within colluvial apron deposits throughout the study area 
(McCullough Range, Mid Hills, New York Mountains, Hackberry 
Mountains, Kingston Range) commonly exhibit developmental 
features indicating late Pleistocene ages.  These features include 
slight reddening of  the B horizon due to accumulation of  oxi-
dized iron compounds, weak to moderate development of  clay-
enriched B horizons, and moderate calcium carbonate accumula-
tion in non-calcareous colluvium (Fig. 24, Table 6).  Fine-grained 
B horizons substantially increase the water-holding capacity per 
unit soil bulk volume, which is usually concentrated within the up-
per half  meter of  the soil.  Furthermore, volumetric displacement 
of  coarse, rocky materials by fine-grained materials within the B 
horizon (McFadden, 2013) creates a soil environment conducive 
to exploitation by relatively shallow, diffuse, fibrous root systems 
of  perennial C4 grasses (Fig. 25A, Table 6).  Yucca brevifolia, which 
commonly co-occurs with perennial grasses in these kinds of  soils, 
also has a relatively shallow, diffuse root system (Fig. 25B). 

Hillslope erosion.  In some places, older colluvial deposits and as-
sociated soils are relatively well-preserved across large hillslopes 
(Fig. 16B).  However, many colluvial aprons are eroded to varying 
degrees by hillslope drainages, with triangular- or wedge-shaped 
colluvial apron remnants narrowing to points at their upper ends and 
separated from one another by first-order hillslope channels (Fig. 
23A). Deep hillslope channels topographically sever the surfaces 
of  those remnants from receipt of  runoff  from areas upslope. The 
degree of  erosion of  older colluvial deposits depends on many 
factors, including rock type and associated resistance to weather-
ing, local base level changes, and vegetation cover.  Colluvial apron 
remnants may be extensive, covering large portions of  the slope 
(Fig. 23A), or they may persist as extremely small, isolated patches, 
elevated above surrounding portions of  the slope (Fig. 24C, 26).  
Where colluvial aprons have been eroded by either fluvial action 
(cutting of  rills and channels) or mass movements (debris flows), 
fine-textured B horizons may be completely removed, exposing 
deeper, pedogenically unmodified colluvium or relatively unweath-
ered bedrock (Figs. 23A, 24C, 26); these topographic lows may 
also contain little modified, more recent accumulations of  stony 
colluvium.  Those materials create a fundamentally different root-
ing environment than those of  well-developed, older soils with 
moderately thick, fine-grained horizons.

Vegetation responses.  At elevations above approximately 1000 m 
in the East Mojave Highlands, moderately well-developed, fine-
grained soil horizons on colluvial aprons and colluvial apron rem-
nants are typically dominated by perennial C4 grasses:  P. rigida at 

Figure 23.  A – Hillslope composed of Miocene volcanic rocks with 
middle to lower portions of slope mantled by colluvial apron remnants.  
The relatively uniform, light colored surfaces of the remnants is due 
to the dense cover of Pleuraphis rigida with occasional Bouteloua 
eriopoda. Areas where erosion has exposed underlying bedrock are 
principally occupied by various shrubs.  The excavated cut through 
the lower portion of the slope was formerly occupied by a railroad 
line (California Eastern Railway) constructed in 1901 and abandoned 
around 1920.  (Railroad cut = 1412 m elev., 35.3116°N, 115.2274°N).  
B – Les McFadden next to soil exposure in railroad cut.  The uppermost 
unit I is late Pleistocene colluvium containing a soil with a moderately 
well-developed profile. That colluvial deposit buries older colluvium and 
associated soil that contains a strongly reddened and clay-enriched 
B horizon (unit II).  Unit III is a strongly cemented calcic horizon that 
formed beneath the B horizon in layer II.  December 18, 2014.
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Figure 24.  Hillslope colluvial deposits and associated soils.  A – Perennial grass-covered colluvial apron on north-facing hillslope, west of 
Searchlight, Nevada (profile description 11 Apr-2015-1 in Table 6).  Les McFadden is describing the soil in an excavated exposure along an 
erosional scarp; Lyman Persico is to the right.  B – View of upper 100 cm of soil profile; note abundance of roots (primarily Pleuraphis jamesii) in 
the upper 50 cm.  See Table 1 for details of profile description.  C – Isolated remnant of a formerly more extensive colluvial apron deposit on a 
south-facing hillslope opposite that shown above in A.  The eroded remnant has a sparse cover of Pleuraphis rigida and succulents.  Lateral areas 
from which erosion has exposed bedrock are occupied by various shrubs (Eriogonum fasciculatum, Larrea tridentata, Krameria erecta, Ephedra 
nevadensis, Aloysia wrightii) and succulents (Yucca schidigera, Ferocactus cylindraceus, Opuntia acanthocarpa).  The lower portion of the 
colluvial apron remnant has been cut by a roadway excavation (location of profile description 16 Dec-2014-1 in Table 6).  D – View of top meter of 
soil profile exposure; note angular, relatively unweathered clasts and zone of fine-grained soil (~ 30 – 60 cm depth) that is relatively devoid of stony 
materials.
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lower elevations (1050-1440 m), mixtures of  P. rigida and B. eriopoda 
at 1200-1500 m, B. eriopoda and P. jamesii at 1400-1650 m, and even 
higher, B. gracilis and P. jamesii.  Throughout this elevation range, 
colluvial aprons have relatively deep soils with moderately well de-
veloped, fine-grained B horizons, commonly with silt loam, loam, 
sandy clay loam, and occasionally clay textural classes (Table 6).  

At the lower end of  the elevation range where P. rigida occu-
pies hillslope environments, considerable erosion has often yielded 
relatively small, separated colluvial apron remnants of  what were 
once much more extensive, older deposits and associated soils.  
Consequently, stands of  P. rigida on hillslopes at lower elevations 
frequently exist as widely separated, or isolated patches that cor-
respond to remnant patches of  older soils that have not yet been 
lost to erosion (Figs. 24C, 26).  

As described above, erosion of  older colluvial deposits on hill-
slopes exposes relatively unaltered, stony colluvium or fractured, 

weathered bedrock. Where fine-grained B horizons have been 
removed, rainfall percolates into the limited interstices within a 
coarse, stony matrix and deeper fractures of  the underlying bed-
rock. Although relatively deep percolation and storage of  water 
occurs in these settings, typically those moisture supplies are spa-
tially variable (Sternberg et al., 1996; McAuliffe, 2003) but are more 
constant over time (Monson and Smith, 1982). In these environ-
ments, woody plants with deeper, widely spreading taproot sys-
tems such as drought-resistant evergreens like Larrea tridentata and 
Purshia tridentata, which require access to moisture year-round, are 
more common than are perennial grasses (see captions for descrip-
tions of  vegetation in these different settings, Figs. 23A, 24B).  

Under less arid conditions at higher elevations and northerly as-
pects, colluvial aprons with well-developed soils generally exhibit 
considerably less dissection and support denser, more continuous 
cover of  perennial grasses (Figs. 16B, 24A).  This context-de-
pendent difference in the extent of  soil erosion on older (i.e., late 
Pleistocene) colluvial aprons suggests that relatively dense, grass-
dominated vegetation has played a critical role in stabilizing the soil 
surface and inhibiting erosion.  In effect, the denser stands of  pe-
rennial grasses foster the continued development and maintenance 
of  the soil required for their support.   

Occurrence of  P. rigida at lower, more arid elevations.  At lower, more 
arid elevations, vegetation dominated by P. rigida is restricted to 
deep, sandy substrates lacking substantial soil horizon develop-
ment.  For example, at approximately 660 m elevation in the vi-
cinity of  Kelso Dunes, P. rigida is dominant or co-dominant with 
Larrea tridentata and Ambrosia dumosa on late Holocene eolian sand 
deposits that have little or no soil horizon development (dendro-
gram groups 31, 32, Fig. 11; Fig. 13C), but is absent or rare on 
nearby late Pleistocene alluvial deposits with clay-enriched B ho-
rizons (Hamerlynck et al. 2002).  The contrast in the textures of  
soils that support stands of  P. rigida in arid, lower elevations vs. 
semi-arid, higher elevations illustrates the inverse texture effect (Noy-
Mier, 1973; Walter, 1979).  In more arid environments, highly per-
meable, sandy soils foster rapid infiltration of  precipitation, and 
deeper percolation and storage of  moisture.  Despite the lower 
moisture holding capacity of  such coarse-textured sandy soils, 
deeper storage of  moisture lessens evaporative losses to the atmo-
sphere, enabling the predominance of  these grasses.  Only at high-
er elevations where temperature cools and precipitation increases, 
do clay-enriched B horizons with higher moisture-holding capacity 
provide hospitable soil conditions for P. rigida.

Rock type, weathering, and persistence of  hillslope colluvial deposits.  
Some hillslopes are extensively mantled by older colluvial deposits 
that have been stable long enough to foster substantial soil hori-
zon development.  Other hillslopes altogether lack extensive or 
persistent accumulations of  colluvium and associated soils.  This 
contrast is partly related to the resistance to weathering of  differ-
ent kinds of  rocks and the manner in which weathering occurs. 

Figure 25.  A – Diffuse, fibrous root system of Bouteloua eriopoda.  B – 
Diffuse root system of Yucca brevifolia; note same pocketknife at base 
for scale.



Table 6.  Soil profile data, colluvial apron remnants on hillslopes 23 km west of Searchlight, Nevada (Nipton Hills study site location).  Soil profiles were 
described by Leslie D. McFadden; soil texture analyses (% sand, silt & clay) using laser refraction analysis was provided by Lyman Persico.
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Many coarse-grained, granitic rocks weather rapidly and disinte-
grate into their constituent mineral grains (grus) due to differential 
chemical weathering and expansion of  some minerals (e.g., biotite 
mica) relative to others (Birkeland, 1984).  Despite rapid sediment 
production by such rocks in moderately steep, sparsely vegetat-
ed slopes of  arid and semiarid environments, the relatively fine, 
granular sediments are readily transported by overland flow and 
removed from the slopes.  Consequently, thick mantles of  these 
materials do not commonly accumulate on steeper slopes, and if  
they do, they do not persist for the lengths of  time (103 -104 years) 
required for substantial soil profile development. 

 In contrast, some rock types are considerably more resistant 
to weathering in arid and semi-arid environments, including some 
fine-grained intrusive igneous rocks (e.g. aplite occurring in dikes 
within granitic bodies), extrusive igneous rocks including basalt, 
andesite, rhyolite and welded tuffs, and metamorphic rocks such as 
granite gneiss and quartzite (Bull, 1991). Chemical weathering of  

these kinds of  rocks proceeds slowly, but physical weathering by 
fracturing typically yields relatively large, angular fragments.  Pro-
cesses responsible for fracturing include differential thermal ex-
pansion due the diurnal progression of  solar heating of  opposite 
faces of  clasts (McFadden et al., 2005; Eppes et al., 2010), lightning 
strikes (Knight and Grab, 2013), and possible effects of  freeze-
thaw cycles that may have occurred, but only at higher elevations 
during cooler glacial intervals.  Relatively coarse, stony materi-
als created by these processes are not readily moved by overland 
flow, leading to accumulations of  relatively thick, stable colluvial 
mantles that provide conditions required for dust accumulation 
and soil horizon formation described previously.  In contrast to 
warm humid climates, in arid and semi-arid settings the contribu-
tion of  eolian dust inputs to the volume of  fine-grained soil ho-
rizons greatly exceeds that provided by local chemical weathering 
and decomposition of  weathering-resistant, coarse, stony colluvial 
materials (Yaalong and Ganor, 1973, McFadden et al., 1986, Si-

Table 6.  Soil profile data, colluvial apron remnants on hillslopes 23 km west of Searchlight, Nevada (Nipton Hills study site 
location).  Soil profiles were described by Leslie D. McFadden; soil texture analyses (% sand, silt & clay) using laser 
refraction analysis was provided by Lyman Persico. 

Profile 11 Apr-2015-1 (Pictured in Fig. 24 A,B)  Latitude & Longitude:  35.45716, -115,17670,  Elevation: 1345 m 
Slope inclination: 25°;  Aspect: 315° NW (corrected for declination) 

Horizon Depth 
(cm) 

Munsell 
Color  
(dry) 

% 
Sand 

 

% 
Silt 

% 
Clay  

Textural 
class 

Root distributions 

A1 0-1 10YR 6/4 44 8 8 Loam  
A2 1-4 10YR 7/4 34 11 9 Silt 

Loam 
 

Bw 4-21 10YR 6/4 27 57 16 Silt 
Loam 

Plentiful very fine to fine roots 
(grasses), few medium roots (Ephedra) 

Btk1 21-71 10YR-
7.5YR 
6/6 

26 56 18 Silt 
Loam 

Upper part (21-35 cm): common very 
fine to fine roots (grasses) 
Below 35 cm: few very fine to fine 
roots 

Btk2 71-
121+ 

7.5 YR 
6/6 

23 59 18 Silt 
Loam 

Roots absent 

 

Profile 16 Dec-2014-1 (Pictured in Fig. 24, C,D)  Latitude & Longitude:  35.45932, -115.17541,   Elevation: 1372 m 
Slope inclination: 25°;  Aspect: 185° S (corrected for declination) 

Horizon Depth 
(cm) 

Munsell 
Color  
(dry) 

% 
Sand 

 

% 
Silt 

% 
Clay  

Textural 
class 

Additional comments 

Av 0-1 10YR 5/4 57 35 8 Sandy 
Loam 

 

A 1-10 10YR 5/4 30 52 18 Silt 
Loam 

 

AB 10-25 10YR 6/6 36 49 15 Loam  
Bwk 24-45 7.5YR 6/6 33 52 15 Silt 

Loam 
From 30-70 cm depth, profile is 
relatively clast-free and fine-grained 
soil matrix predominates 

Btk 45-70 7.5YR 5/6 32 53 15 Silt 
Loam 

 

Bwk’ 70-85 10YR 5/6 34 52 14 Silt 
Loam 

 

Bw 85-
125+ 

10YR 6/6 40 48 12 Loam  
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monson, 1995, Persico et al., 2011; McFadden 2013).  In this sense, 
the weathering-resistant colluvium is not the principal soil parent 
material, per se; rather it serves as a stable matrix within which eo-
lian parent materials accumulate and are further modified, forming 
soil horizons.

The consequences of  these differences in rock type on colluvium 
production and accumulation, landform stability, soil formation, 
and ultimately, vegetation composition are prominently expressed 
in the Mid Hills to the north of  Cedar Canyon Road in the Mojave 
National Preserve.  Large, subparallel aplite dikes cut across the 
predominantly monzogranite terrain and form prominent ridges 
elevated 30-40 m above the surrounding landscape (Fig. 27).  The 
biotite-bearing, coarse-grained monzogranite (mapping unit Kmh 
of  Miller et al, 1991) chemically weathers rapidly, decomposing to 
gravelly grus.  In contrast, the composition of  aplite (predomi-
nantly quartz and feldspar, but lacking biotite) and its fine, inter-
locking grain make it highly resistant to chemical weathering.  The 
prominent aplite ridges exist because of  this rock’s considerably 
greater resistance to weathering and erosion compared to the sur-
rounding coarse-grained plutonic rocks.  Although the aplite dikes 
are at most a few meters thick, cobble-sized angular fragments of  
aplite colluvium have accumulated downslope on top of  more 
weatherable rock types, thereby armoring and stabilizing those 
slopes, creating the conditions required for substantial soil profile 
development (Fig. 28A, B). Those soils contain slightly reddened, 
clay-enriched B horizons similar to those described in other hill-
slope colluvium deposits (Table 6) and support perennial grasses 
(B. eriopoda and P. jamesii) and succulents, including O. acanthocarpa, 
Y. baccata, and Y. brevifolia) (Fig. 28B), all of  which have relatively 
shallow root systems that are capable of  relatively rapid uptale of  
water stored within the upper half  meter of  the well-developed 
soil. Persico et al. (2011) described the details of  geomorphic and 
soil-forming processes in an extremely similar geological setting 
associated with aplite outcrops within coarse-grained granitic 
rocks in central New Mexico.  

In contrast, nearby areas that lack stabilizing mantles of  aplite 
colluvium consist of  exposed, highly weatherable monzongranite 
and diabase and exhibit pronounced corestone topography con-
sisting of  large areas with exposed, weathered and rounded bed-
rock surfaces (Fig. 28C).  In these areas, slopes possess scant ac-
cumulations of  the fine-grained sediments (grus) derived from the 
rapid rock weathering.  In such settings, the sparse, thin colluvium 
and negligible soil mantle provide little capacity for soil moisture 
storage; deep percolation of  water along fractures and bedrock 
joints provides the most significant moisture source for woody 
plants with deeper, extensive taproot systems (e.g., Sternberg, et 
al., 1996) and pinyon-juniper woodlands predominate.  Substantial, 
aerial exposure of  large roots of  old juniper trees in the area of  
corestone topography indicates the rapidity of  weathering, erosion, 
and vertical downwasting of  these granitic terrains (Fig. 28D).  

Figure 26.  Small, isolated erosional remnants of colluvial aprons in 
more xeric, lower elevations.  A – south-facing hillslope in the Kingston 
Range, California; isolated colluvial apron remnant is the light-colored 
patch right of center, and is elevated approximately 1 m above the 
surrounding slope (1218 m elev., 35.7750°N, 115.8479°W).  May 3, 
1993.  B – closeup view of the above.  Pleuraphis rigida is dominant, 
together with Yucca schidigera and Ferocactus cylindraceus.  The 
soil is comparable to those described in Table 6.  Surrounding areas 
from which those soils have been removed by erosion are dominated 
by shrubs.  C – Isolated patches of late Pleistocene colluvial apron 
remnants on a south-facing hillslopes 23 km west of Searchlight, 
Nevada with a similarly contrasting vegetation – Pleuraphis rigida 
predominates on the deeper, fine-grained soils of the remnant and 
shrubs predominated in areas where those soils have been removed 
by erosion (1365 m elev., 35.4590°N, 115.1766°W).  October, 2015.
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The spatial patterning of  soils and vegetation associated with 
outcroppings of  aplite dikes in the Mid Hills creates patches of  
grass-dominated vegetation on the order of  a tenth of  a square 
kilometer or less embedded within the extensive matrix of  pinyon-
juniper woodlands (Fig. 26).  Patterning at larger scales (100 to 102 

km2) is associated with other geological contrasts within the East 
Mojave Highlands.  Although the Mid Hills and southern part of  
the New York Mountains are principally composed of  coarse-
grained Mesozoic intrusive rocks, much of  the northern half  con-
sists of  early Proterozoic amphibolites and migmatites (mapping 
units Xa and Xm of  Miller et al., 1991; Fig. 29), which are highly 
metamorphosed rocks including dark, banded gneiss.  These fine-
grained metamorphic rocks are extremely resistant to chemical 
weathering and, like aplite, yield coarse, weathering- and erosion-
resistant, stable colluvial mantles that foster the development and 
retention of  well-formed soils on moderately steep hillslopes.  The 
geomorphic and ecological consequences of  this geological con-
trast are apparent in landscape views of  the New York Mountains.  
Views towards the southeast and southwest show the contrast be-

tween the rugged corestone topography associated with coarse-
grained Mesozoic intrusive rocks to the south, versus the smooth 
hillslope contours associated with the weathering-resistant rocks to 
the north (Fig. 29A, B).  Whereas pinyon-juniper woodlands pre-
dominate in the granitic corestone terrain, perennial grass-domi-
nated vegetation predominates on the smooth, curvilinear slopes 
mantled with stable colluvial aprons and associated soils (Fig. 
29A, B). Other rock types also outcrop extensively in the north-
ern part of  the New York Mountains, including Tertiary andesites, 
basalts, and volcanic breccias (mapping unit Tab of  Miller et al., 
1991), which also are more resistant to chemical weathering than 
the coarse-grained monzogranite to the south.  Colluvial aprons 
and apron remnants with well-developed soils supporting C4 grass-
dominated vegetation also predominate in landscapes underlain by 
those extrusive igneous rocks, and are visible to the north and east 
of  Ivanpah Road (Fig. 23A). 

Relationships among rock type, geomorphic pro-
cesses, and soil formation contribute to comparable vegetation 
contrasts and patterning at even larger geographic scales (> 103 

Figure 27.  Upper – Google Earth ™ oblique view of east to west-trending ridges in the Mid Hills, 1.5 km north of Cedar Canyon 
Road, Mojave National Preserve.  The arrows labeled a and a’ represent the end points of the diagrammatic cross-section.  (point 
a’ = 1740 m elev., 35.1896°N, 115.4160°W).  Photographs in Fig. 28 from the south-facing slope of the center ridge, midway 
between a and a’.  Lower – Diagrammatic cross section showing aplite dikes as sources of weathering resistant colluvium that 
armors slopes of highly weatherable, coarse-grained granitic rocks. 
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km2) throughout the American Southwest.  For example, McAu-
liffe (2003) described the regional distribution of  shrub-dominat-
ed interior chaparral versus perennial C4 grasslands across the cen-
tral portion of  Arizona as a function of  the occurrence of  rapidly 
weathered granitic rocks versus more weathering-resistant rock 
types that foster landscape stability and soil formation.

Local relief.  In landscapes with considerable local relief, coarse-
grained, crystalline intrusive rocks that rapidly weather to gravelly 
grus typically do not yield persistent colluvial deposits because 
these relatively fine sediments are readily removed by overland and 
channel flows in moderately steep hillslope settings.   However, 
in low relief  environments, the same kinds of  highly weatherable 

Figure 28.  A – Crest of aplite ridge shown in Fig. 27.  This highly weathering resistant rock yields coarse angular fragments that move downslope 
and accumulate as colluvial deposits over more readily weathered coarse granitic rocks.  B – Vegetation on south-facing hillslope below aplite 
ridge dominated by perennial grasses (Bouteloua eriopoda, Pleuraphis jamesii) and succulents (Yucca brevifolia, Y. baccata, Cylindropuntia 
acanthocarpa).  Many C. acanthocarpa are dead, presumably due to extended drought conditions; the predominant woody species is Gutierrezia 
microcephala (1684 m elev., 35.1851°N, 115.4143W).  C – South-facing slope, 250 m south of location in B, above, in area of highly weatherable 
granitic rocks and diabase not covered with aplite colluvium.  Note protruding, rounded granitic corestones to left and comparable, dark-colored 
diabase corestones to right.  Arrow shows the location of exposed juniper tree root (1656 m elev., 35.1828°N, 115.4146°W).  D – Large, dead and 
weathered root of Juniperus osteosperma (tree in upper right).  Given that the root initially developed beneath the soil surface, its present elevation 
above the soil surface indicates the extent of erosion of the surface since the root’s establishment.  This remote, rugged area is far removed from 
any livestock impacts, eliminating that as a cause for the surface erosion at the site. March 2013. 
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Figure 29.  Top - Geologic map of the New York Mountains, adapted from Miller, et al. (1991).  Medium-grained, readily weathered granitic 
rocks (monzogranite; light gray, Kmh) predominate to the southwest.   Weathering-resistant Proterozoic metamorphic rocks (light to dark brown) 
predominate in the north.  Mapping unit Tab consists of Miocene volcanic rocks (andesite, basalt, and rhyolite).  The blue colored units in the center 
consist largely of Paleozoic limestones, dolomites, marble, and quartzite.  Red labeled arrows indicate direction of panoramic photographs A and 
B.  A – Panoramic photo composite, view towards southeast.  Unit Kmh to the right of dashed line consists of medium-coarse grained, highly 
weatherable monzogranite, yielding rugged corestone topography covered with pinyon juniper woodland.  More weathering resistant rock types to 
left (mixed Paleozoic sedimentary and metamorphic rocks) yield smooth slopes with persistent colluvial aprons and associated, well-developed 
soils that are occupied by perennial grasses.  B – Panoramic photo composite, view towards southwest.  Rugged monzogranite mountains on 
left; hill with smooth slope contours in center to right foreground is composed of Proterozoic metamorphic rocks (ignimbrites & migmatites), with 
persistent colluvial mantles, and well-developed soils. Crest of hillslope is 1275 m elev.; northeast side is dominated by Pleuraphis rigida and 
Bouteloua eriopoda. Southerly aspects of same hill are dominated by P.  rigida.  
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rocks can yield more persistent colluvial mantles and well-devel-
oped soils that support C4 perennial grasses.  For example, Cima 
Dome, a 10 km-wide pediment dome, and most of  the New York 
Mountains, are both composed of  medium to coarse-grained bio-
tite monzogranite, which rapidly weathers to gravelly grus.  How-
ever, Cima Dome generally lacks the extreme vertical relief  and 
widespread corestone topography that is prevalent in the New 
York Mountains and instead has smooth, gentle slopes of  approxi-
mately 5° inclination (Fig. 30).  Seismic measurements have indi-
cated weathering of  the monzogranite of  Cima Dome to depths 
of  at least 40 m (Dohrenwend et al., 1987).  Despite this great 
depth of  weathering, fine gravelly grus is retained on these gentle 
slopes, both as colluvium covering the deeply weathered bedrock 
and as accumulations of  sandy-gravelly sediments within low-
gradient, anastomizing fluves (Fig. 31A). Some of  these deposits 
have been stable long enough to develop cambic or weak argil-
lic soil horizons with recognizable structural change, reddening, 
and slight clay accumulation.  On Cima Dome, these soils support 
communities dominated by Pleuraphis rigida, Bouteloua eriopoda and 
P.  jamesii in lower elevations and P. jamesii and B. gracilis in higher 
elevations (Fig. 31B).  In such settings, vegetation cover and dif-
fuse root systems of  perennial grasses probably inhibit erosion, 
thereby preventing incision and loss of  these fine-grained deposits.

Calcareous substrates.  Calcareous parent materials include lime-
stone, dolomite, and marble and gravelly to bouldery sediments 
derived from those rocks.  Soil horizons enriched with cemented 
layers of  calcium carbonate (pedogenic carbonate, commonly 

called “caliche”) can also provide a calcareous parent material 
when upper soil horizons (e.g., overlying clay-enriched Bt hori-
zons) are lost to erosion.  In arid and semi-arid climates, soils that 
form within these materials differ markedly from those that devel-
op within non-calcareous substrates.  Ionic calcium (Ca2+) tends to 
flocculate clay particles in suspension, inhibiting downward trans-
port of  clays (clay illuviation) and formation of  clay-enriched B 
horizons (Goss et al., 1973, Gile et al., 1981, Birkeland et al., 1984). 
Whereas soils in older deposits (e.g., late Pleistocene colluvium or 
fan deposits) of  non-calcareous materials typically have distinct, 
clay-enriched (argillic) Bt horizons, soils of  similar age on calcare-
ous substrates typically lack such horizons and instead possess Bw 
horizons, typically with loam or sandy loam textures, depending on 

Figure 30.  A – Google Earth ™ view of Cima Dome and the New York 
Mountains, both composed of readily weathered, granitic rocks.  B – 
Profile of Cima Dome, viewed from southeast.  C – profile of the New 
York Mountains, viewed from the east side. 

Figure 31.  A – Google Earth ™ aerial image of Cima Dome, showing 
the low-relief surface with anastomizing network of unchannelized 
fluves that serve as repositories for gravelly to sandy sediments derived 
from weathering of the granite pediment surface.  B – View across 
a fluve near the Cima Dome summit showing the predominance 
of perennial grasses in the relatively deep, sandy-gravelly soils.  
Pleuraphis jamesii and Bouteloua gracilis are codominants, and 
Salvia dorrii  and Ephedra nevadensis are the major shrubs.  Principal 
succulents are Yucca brevifolia, Y. baccata, and Cylindropuntia 
acanthocarpa.  The prevalence of shrubs increases in interfluve areas 
where soils are thinner over deeply weathered biotite monzogranite.



Table 7.  Contrast in plant species composition at paired sites with adjacent contrasts of 
calcareous and non-calcareous parent materials.  Plant species data are visual estimates of 
percent canopy cover; plus signs (+) indicate less than 1% cover.    

                       Paired sites – west aspect;               Paired sites – southwest aspect;
                       14-16° slope inclination 12° slope inclination

Calcareous:
Dolomite
Parent 
material 

Non-
calcareous:
Quartzite

Calcareous:
dissected 
Tertiary fan
deposits

Non-
calcareous:
Miocene 
Basalt

Site coordinates 35.2159N,
115.3030W

35.2155N,
115.3030W

35.2859N,
115.2150W

35.2872N,
115.2180W

Elevation (m) 1650 1652 1445 1433
Maximum horizon development Bwk Bt Bwk Bt
Soil Color (Munsell hue) 10YR 5/3 5YR 4/6 10YR 4/3 7.5YR 4/4
B horizon textural class Loam Clay Sandy loam Sandy clay 

loam
HCl reaction Violent Non-

effervescent
Strong Non-

effervescent

Perennial grasses
Bouteloua eriopoda 15 10 45 0
B. gracilis +
Pleuraphis jamesii + 30 5 20
P. rigida + 20
Stipa speciosa + + +
Aristida sp. + + +
Sporobolus cryptandrus + +
Muhlenbergia porteri + +
Tridens muticus + +

Woody plants
Juniperus osteosperma 5 5
Krameria erecta 1 1 2 +
Ephedra nevadensis 1 1
Gutierrezia microcephala 1 + 1
Hymenoclea sp. 2 1
Lycium sp. + +
Menodora spinescens +
Eriogonum fasciculatum + 3

Succulents
Yucca baccata 2 2 5 1
Y. schidigera + +
Y. brevifolia + + 2 2
Cylindropuntia acanthocarpa + + + 2
Opuntia phaeacatha + + +
O. chlorotica + +
O. erinacea + + +
Grusonia parishii +
Echinocereus engelmannii + + + +

Table 7.  Contrast in plant species composition at paired sites with adjacent contrasts of calcareous and non-calcareous parent materials.  Plant species 
data are visual estimates of percent canopy cover; plus signs (+) indicate less than 1% cover. 
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sand content of  parent materials.
Although perennial C4 grasses are found in both kinds of  soils, 

well-developed argillic horizons with higher clay contents favor 
certain perennial grasses. For example, in south-central Arizona, 
Bouteloua eriopoda reaches maximal development in soils with san-
dy loam and loam textures; it is generally absent from soils with 
high clay contents that impede deeper rainfall infiltration. Instead, 
C4 grass species with shallower root systems including Bouteloua 
curtipendula, Hilaria belangeri, and Pleuraphis mutica predominate in 
clayey soils (Schmutz, 1992; McAuliffe & Burgess, 1995).  Similar 

contrasts occur in the Eastern Mojave Highlands.  For example, 
on the southeastern flank of  the New York Mountains, Paleozoic 
limestones and dolomites frequently contact outcroppings of  non-
calcareous rocks, including extrusive igneous rocks (welded rhyo-
lite ash-flow tuffs; unit Tw of  Miller et al. 1991) and quartzite.  A 
pair of  such sites was examined where a sharp geologic contact 
divided a single hillslope into portions underlain by dolomite ver-
sus quartzite (Table 7). The two portions of  the slope have iden-
tical westerly aspects and moderate slope (14-16° slope inclina-
tion). Slopes of  both portions contained soils that had developed 
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beneath colluvial mantles, but those soils differed greatly in hori-
zonation and texture.  Those associated with quartzite possessed 
strongly developed, reddened (5 YR Munsell hues) clay-enriched B 
horizons with up to 50% clay content (clay textural class). A 5-cm-
thick A horizon above the B horizons contained 27% clay (sandy 
clay loam).  In contrast, soils developed within dolomite colluvium 
were generally thinner, lacked a reddened argillic horizon (10 YR 
Munsell hues) and contained a maximum of  11% clay (loam tex-
tural class).  Perennial grass species composition changed abruptly 
at the boundary between these soils; dominance of  P. jamesii on 
the clayey soil of  the quartzite substrate shifted to dominance of  
B. eriopoda on the loamy calcareous soil associated with dolomite 
(Table 7). 

A similar contrast in soils and vegetation associated with non-
calcareous vs. calcareous parent materials occurs along contacts 
between exposures of  extrusive igneous rocks (Miocene andesites 
and basalts; unit Tab of  Miller et al. 1991) and widespread, highly 
dissected late Tertiary fan and debris flow deposits (QTg of  Miller, 
et al., 1991) on the northeastern flanks of  the New York Moun-
tains (Figs. 29, 32).  The Tertiary fan deposits contain diverse rock 
types, including granite, metamorphic rocks, and limestone.  The 
original surface and configuration of  the Tertiary fan deposits have 
long since been removed by erosion, which has sculpted the land-
scape into subparallel low, rounded ridges and valleys with as much 

as 20-30 m of  vertical relief  over horizontal distances of  100-200 
m. The eroded Tertiary fan deposits and exposed Miocene volca-
nic rocks are juxtaposed in many places; the contrasting surface 
color (light vs. dark, respectively) clearly demarcate their contact 
(Fig. 32).

In addition to the calcareous rocks contained within the origi-
nal Tertiary fan deposits, calcium carbonate-enriched soil horizons 
within those deposits have been extensively exposed by erosion, 
adding appreciably to the calcium carbonate content of  the surface 
substrate.  These high-carbonate parent materials have relatively 
deep, coarse-textured soils (loamy sand to sandy loam) in which 
B. eriopoda is dominant and P. jamesii is a minor component; clay 
content of  the upper 10 cm was 12.4%.  In contrast, adjacent ex-
posures of  Miocene volcanic rocks with the same aspect and slope 
inclination possess well-developed, clayey soils with nearly twice 
the clay content in the upper 10 cm (22%).  On these more fine-
textured soils, dominance of  perennial grasses shifts to P. jamesii 
and P. rigida, but B. eriopoda is rare (Fig. 33; Table 7).  

Although P. jamesii predominates on soils with greater clay con-
tent at sites in the East Mojave Highlands, soil conditions favored 
by this grass may vary geographically as a function of  precipitation 
input.  For example, at more arid sites in the Great Basin of  Ne-
vada, Platou et al. (1986) reported P. jamesii prefers coarse, loamy 
soils with surface horizons of  low clay content.  This contrasting 

Figure 32.  Google Earth™ oblique aerial view of the northeast side of the New York Mountains showing the interface between dissected late 
Tertiary fan deposits (Qtg) and Miocene volcanic rocks (Tab).  The two substrates provide calcareous vs. non-calcareous parent materials, 
respectively, that influence soil formation.  Vegetation contrasts between the paired sites A and B are presented on the right side of Table 6.
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response is probably similar to the inverse texture response exhib-
ited by P. rigida, which is common in low, arid elevations only on 
deep, sandy soils, but occupies soils with higher clay content in 
higher, less arid elevations. 

The predominance of  B. eriopoda on loamy calcareous soils ap-
parently is not due to a dependence on abundant soil carbonate, 
because B. eriopoda also occurs and sometimes dominates on non-
calcareous substrates (e.g., soils formed in non-calcareous granitic 
sediments on Cima Dome that entirely lack calcium carbonate-
enriched horizons). Instead, the common denominator tipping the 
balance between dominance of  B. eriopoda vs. P. jamesii is probably 

Figure 33 (left).  A – Vegetation on south-facing slope of Miocene 
volcanic (basalt) parent material.  Dominant grasses are Pleuraphis 
jamesii and P. rigida; Bouteloua eriopoda is rare in the clay-rich soil 
(1433 m elev., 35.2872°N, 115.2182°W). B – Vegetation on adjacent, 
south-facing slope of dissected late Tertiary fan depoits.  Dominant 
grass is Boutloua eriopoda and P. jamesii contributes only a small 
fraction of cover.  Soils are deep sandy loams in the calcareous, 
gravelly parent materials (1445 m elev., 35.2859°N, 115.2154°W).

Figure 34 (below).   Southwest-facing hillslope of Paleozoic limestone, 
east side of New York Mountains, California. Perennial grasses 
predominate only within discontinuous patches of colluvium and 
associated deeper soils. Predominant grasses are Bouteloua eriopoda 
and Tridens muticus.  Bedrock is exposed in many areas and shrubs 
predominate in places with negligible mantles of colluvium and soil.  
Yucca brevifolia is relatively rare in the thin soils. The dominant shrub 
is Purshia tridentata, with several other species of shrubs and shallow-
rooted succulents, especially Opuntia spp. (center, foreground) (1619 m 
elev., 35.2168°N, 115.2850°W).  March 26, 2013.
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the deeper infiltration of  moisture in soils that lack strong argillic 
horizons, which favors the somewhat greater rooting depth of  B. 
eriopoda (e.g., Fig. 2.5 in McAuliffe and Burgess, 1995; McAuliffe, 
2003).

In addition to the influence of  calcareous parent materials on 
soil profile development, the manner in which calcareous bedrock 
weathers in arid and semiarid environments also affects the nature 
of  soils and vegetation on hillslopes.  Massive limestone, dolomite, 
and marble exhibit relatively slow rates of  chemical weathering in 
arid environments by surface dissolution.   Furthermore, physical 
weathering (e.g., by fracturing) of  these rock types typically yields 
lesser  volumes of  coarse colluvium than many other kinds of  
rocks, including extrusive igneous rocks and volcanic rocks (Ped-
erson et al., 2001).  As a consequence of  limited colluvium pro-
duction, moderately steep slopes underlain by massive limestone 
frequently have large areas of  exposed bedrock and only thin, dis-
continuous patches of  colluvium and associated soils (Fig. 34).  
The relatively small capacity for storage of  moisture in these soils 
contributes to a more xeric and patchy edaphic environment than 
typically occurs in slopes underlain by other kinds of  rocks that 
generate thicker mantles of  colluvium.  Consequently, hillslopes 

underlain by calcareous rocks frequently contain a diverse mix 
of  plant life forms, including xerophytic, evergreen shrubs that 
probably access moisture within deep cracks and bedrock joints 
(e.g., Purshia tridentata, Cercocarpus ledidolius), succulents (especially 
shallow-rooted cacti), but only moderate quantities of  perennial 
grasses, restricted to patches of  fine-grained soils.  Similar con-
trasts between hillslopes of  limestone vs. non-calcareous rock 
types have been documented in other areas of  semi-arid grass-
lands in south-central Arizona (Schmutz, et al., 1992; McAuliffe & 
Burgess, 1995).  

Alluvial fan environments.   Most of  the gently sloping pied-
monts flanking mountains in the Basin and Range Province are 
mosaics of  alluvial deposits emplaced at various times through-
out the Pleistocene up to the present (e.g., Peterson, 1981; Bull, 
1991; McDonald et al., 2003).  As in hillslope colluvial deposits, 
parent material (rock types from which the alluvium was derived) 
and time strongly influence soil development.  The types of  rocks 
exposed within upland drainage basins strongly influence the char-
acteristics and volume of  sediments delivered to stream systems 
for deposition in alluvial fans.  Coarse-grained crystalline plutonic 
rocks that readily weather to gravelly grus yield large quantities 

Figure 35.  Labled Google Earth (TM) image showing alluvial fan deposits on east side of New York Mountains, California.  Numbered white points 
are vegetation sample sites presented in Figure 37.  Hoizontal dashed line represents the northern boundary of fans associated with the Caruthers 
Canyon drainage basin.  Diagrammatic depiction of transect a – a’ is presented in Fig. 40.
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of  coarse sandy to gravelly sediments that are readily transported 
by running water.   In contrast, sediments from more rocks that 
weather principally by mechanical fracturing are typically much 
coarser, including cobble- and boulder-sized materials.  Alluvial 
fans comprised of  coarse, stony materials are far more resistant 
to subsequent dissection and erosion than are fans constructed of  
finer, gravelly sediments.  Position within alluvial piedmonts also 
influences deposit characteristics, including slope inclination and 
particle size, thereby affecting subsequent soil properties.  Geo-
morphic contrasts within the alluvial piedmont on the eastern side 
of  the New York Mountains demonstrate the manner in which 
rock type and fan position influence depositional and erosional 
processes, alluvial fan morphology, soils, and vegetation. 

Fans composed of  sediments from readily weathered, granitic rocks.  The 
large ephemeral stream originating in Caruthers Canyon (Fig. 35) 
has a drainage basin underlain almost entirely by coarse-grained 
monzogranite (G” in Fig. 35).  Sediments comprising the broad 
alluvial fan complex extending from Caruthers Canyon are derived 
from this drainage basin. The east-west dashed line in the lower 
portion of  Figure 35 shows the northern margin of  this fan com-
plex (labelled “Caruthers Canyon Fan”).  These fans are composed 
of  relatively fine-grained, gravelly sediments, and the landscape 
has very little vertical relief  at any given distance from the mouth 
of  Caruthers Canyon.  Channels, including the main ephemeral 
stream channel, are highly braided in both proximal and distal fan 
locations, reflecting the limited capacity of  the ephemeral stream 

Figure 36.  Vegetation in upper elevations of Caruthers Canyon fan complex. A – Savanna-like vegetation with Juniperus osteosperma and Yucca 
brevifolia on late Pleistocene fan deposits with intact soils.  Predominant grasses are Bouteloua eriopoda and Pleuraphis jamesii (Site 2, Fig. 
35; 1574 m elev., 35.2160°N, 115.2801°W).  B – Mid Holocene fan deposits with Bouteloua eriopoda, Pleuraphis rigida, and Yucca brevifolia 
(Site 5, Fig. 35; 1500 m elev., 35.2188°N, 115.2623°W).  C – Older Pleistocene deposits with erosionally truncated soils dominated by Juniperus 
osteosperma and various shrub species.  Perennial grasses are a minor component (Site 8, Fig. 35; 1446 m elev., 35.2042°N, 115.2477°W).  D – 
Closeup view of soil surface of Site 8 showing exposed, broken petrocalcic horizons on surface of truncated Pleistocene soil.  March 26, 2013.
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system to transport and remove the abundant supply of  sandy to 
gravelly sediments.  Late Pleistocene fan surfaces are predomi-
nant in proximal (upslope) portions of  the fan near the mouth 
of  Caruthers Canyon (Fig. 35).  Intact portions of  these older 
deposits contain soil with slightly reddened (7.5 Munsell hues), 
slightly clay-enriched Bt horizons (Fig. 35 inset), which are similar 
to other soils in the region on dated late Pleistocene fan deposits 
(McDonald, 1994; McDonald et al., 2003).  Lower portions of  the 
Bt horizon contain slight accumulations of  calcium carbonate (Btk 
horizon, Fig. 35), beneath which are cemented calcic horizons 
(“caliche”), exposed along vertical scarps cut by the main stream 
in upper portions of  the fan. Those cemented horizons probably 
are associated with buried, truncated soils of  older fan surfaces. 
Light-colored patches in middle to upper portions of  the fan are 
truncated soils of  older Pleistocene deposits where clay-enriched 
Bt horizons have been stripped by erosion, exposing underlying, 
cemented calcic horizons at the surface (Fig. 35).

Large expanses of  mid- to late Holocene fan deposits become 
prevalent with increasing distance from the mountain front and 
are typically inset at most 1-2 m below Pleistocene fan surfaces.  
Those Holocene deposits exhibit only weak soil horizon develop-
ment, with no significant reddening or clay accumulations in the 
B horizon. Instead, B horizons at most exhibit only slight struc-
tural development, some of  which may classify as Bw horizons.  In 
many places these Holocene deposits are thick; however, in middle 
to distal portions of  the fan, they commonly bury late Pleistocene 
fan deposits with thin veneers of  Holocene alluvium.

Along the 8 km distance from the mouth of  Caruthers Canyon 
to Ivanpah Road (Fig. 35), elevation decreases from 1600 m to 
1325 m, and plant community composition varies in response to 
both elevation (= climate) and soil characteristics.  In upper por-
tions of  the fan, late Pleistocene deposits with intact soils support 
savanna-like vegetation with widely spaced juniper trees (Juniperus 
osteosperma), perennial grasses (B. eriopoda, P. jamesii, P. rigida) and 
several shrub species occupying areas between tree canopies (Fig. 
36A; Fig. 37, sites 1, 2, 6).  Where well-developed soils have been 
truncated by erosion, with cemented calcic horizons exposed on 
the surface, junipers persist, but perennial grasses are a minor 
component of  the vegetation.  Instead, shrubs including Polygala 
acanthoclada, Eriogonum microthecum, and Purshia tridentata contribute 
most of  the canopy cover between trees, (Fig. 36, C, D; Fig. 37, 
Site 8).  The shift in dominance from perennial grasses to woody 
plants in these truncated soils indicates that shallow, cemented 
calcic horizons restrict development of  fibrous, diffuse roots of  
grasses, a similar response observed in hillslope environments 
where colluvial mantles and associated soils have been lost to ero-
sion, and bedrock fractures provide the principal context for mois-
ture storage and root development.

Perennial grasses form the dominant plant cover on Holocene 
fan deposits that have deep, sandy to fine-gravelly soils and min-

imal horizon development (Fig. 35 inset).  Junipers are far less 
common or even absent from these surfaces, thus Pleistocene and 
Holocene fan deposits are clearly demarcated by changes in den-
sities of  junipers (Fig. 37, sites 3-5, 7).  Yucca brevifolia provides 
the dominant arborescent component on Holocene surfaces (Fig. 
36B).  Perennial grass composition shifts from dominance of  B. 
eriopoda at higher elevations to increased prevalence of  P. rigida in 
lower elevations (Fig. 37).

Vegetation in lower portions of  the fan near Ivanpah Road ex-
hibits the mark of  anthropogenic impacts dating to the late 1800s.  
A railstop and post office originally named Ledge (later changed 
to Maruba), located at the intersection of  Ivanpah and New York 
Mountain Roads, was the nucleus for a small homestead farming 
community in the early 1900s.  Most homesteads in the area were 
established shortly after 1910 (Sharp and Moore, 2004).  Fields 
of  various sizes were cleared in lower to middle portions of  the 
fan, but most of  these attempts at non-irrigated agriculture were 
unsuccessful and completely abandoned within a decade (Carpen-
ter et al., 1986) and the railroad service to Maruba was discontin-
ued in 1923 (Sharp and Moore, 2004). A prominent oldfield, 40 
acres (16.2 ha) in area, straddles New York Mountain Road, 1.6 
km directly west of  the intersection of  that road and Ivanpah Rd. 
(Fig. 35).  That particular oldfield was not included in the study 
of  oldfield succession by Carpenter, et al. (1986). The cleared area 
was part of  the homestead of  Millard F. Elliott, one of  the more 
successful farmers in the area. Elliott grew an orchard (apricots, 
peaches and grapes) and various row crops on that tract of  land.  
Dead, downed trunks of  the fruit trees remain to this day along a 
major wash through this tract. The homestead was abandoned in 
the early 1930s after his death (location map, photos, and descrip-
tions of  the Elliott homestead in Sharp and Moore, 2004).  After 
nearly complete abandonment of  the area by homesteaders by the 
1920s, the Maruba town site became the headquarters of  the OX 
Ranch in the early 1930s (Schoffstall, 2010), which was in opera-
tion until removal of  livestock from this portion of  the Mojave 
National Preserve around 2000.  The effects on vegetation of  this 
varied use of  the landscape for a century are layered on top of  the 
effects of  soil heterogeneity and climate.

Larrea tridentata occurs in lower portions of  the fan, but is abun-
dant only on soils with fragments of  cemented calcic horizons at 
the surface, indicating erosionally truncated soils of  older Pleisto-
cene fan deposits that were buried by thin mantles of  more recent 
Holocene sediments (Fig. 37, site 11).  However, even in these 
settings, most of  the L. tridentata are relatively young plants, with 
basal stem crowns less than 15 cm diameter, which probably estab-
lished within the last century (Fig. 38A).  The intensity of  livestock 
use in this area is evidenced by livestock trails incised up to 10 cm 
depth, radiating from the OX Ranch headquarters, and by pedes-
talling of  perennial grasses up to 5 cm (observations in October, 
2004).  Larrea tridentata is a minor component on adjacent Holo-
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cene alluvial deposits; P. rigida contributes the most canopy cover 
and B. eriopoda, a lesser amount (Fig. 37, sites 10 & 12; Fig. 38B).  
The abundance of  short-lived Ericameria cooperi in these perennial 
grass-dominated areas probably reflects a vegetation response to 
long-term, heavy use by livestock in this area, located approxi-
mately 1 km from the OX Ranch headquarters.  

The Elliott oldfield borders a fenced area to the east where the 
original vegetation was not cleared. Comparison of  the two areas 
provides an indication of  the slow pace of  vegetation recovery.  
In the area that was not cleared, perennial grasses (P. rigida, domi-

nant; B. eriopoda, subdominant) predominate, with both Y. brevifolia 
and Y. baccata also contributing substantially to vegetation cover 
(Fig. 37, Site 10; Fig. 38C).  In contrast, the adjacent oldfield is 
largely occupied by relatively short-lived subshrubs that readily 
colonize disturbed areas (Hymenoclea salsola, Ericameria cooperi; Fig. 
37, Site 9; Fig. 38D).  Although more than 80 years have passed 
since any agricultural use of  the cleared area, Pleuraphis rigida and 
B. eriopoda are almost completely absent; perennial grasses are only 
present in relatively small amounts, comprised of  species that 
readily disperse and establish by seed (Achnatherum speciosum, A. hy-

Figure 37.  Canopy cover of dominant plant species on different geomorphic surfaces and soils along an elevation gradient, Caruthers Canyon fan 
complex.  Site locations 1-12 are shown in Figure 35.
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menoides, Sporobolus cryptandrus).  
Fans composed of  sediments derived from weathering-resistant rocks.  In 

contrast to the alluvial fan complex in the Carruthers Canyon 
drainage, fan deposits north of  the dashed line in Figure 35 em-
anate from drainage basins containing more weathering resistant 
rocks, including massive limestone, dolomite, extrusive igneous, 
and metamorphic rocks.  Most of  these deposits, especially older 
ones, contain coarse, cobbly materials.  Once emplaced in fan de-
posits, the coarser materials resist further displacement by the rela-
tively small volumes of  runoff  generated on the fan surfaces.  This 
contrasts with the relative ease in which the fine-grained, sandy to 

gravelly sediments derived from monzogranite can be transported.  
Consequently, extensive areas of  considerably older deposits per-
sist within the landscape to the north of  Caruthers Canyon fan 
(labeled dissected older Pleistocene fan remnants; Fig. 35), comprising 
at least half  the alluvial piedmont between Ivanpah Road and the 
mountain front.  These remnants are dissected by on-fan drain-
ages, creating ridge-and-ravine topography with a gently rolling 
appearance (Fig. 39). Similar older, dissected fan remnants in 
the nearby Providence Mountains date from the early to middle 
Pleistocene, more than several hundred thousand years old (Mc-
Donald, 1994; McDonald, et al., 2003). On-fan channel systems, as 

Figure 38.  Vegetation in lower elevations, Caruthers Canyon fan.  A – Partially truncated Pleistocene surface with fragments of cemented calcic 
horizons on sandy to gravelly surface.  Most Larrea tridentata have relatively small (< 15 cm) basal diameters and probably represent plants 
established within the last century.  Most of the abundant smaller shrubs are Ericameria cooperi and Hymnoclea salsola (Site 11, Fig. 35; 1352 
m elev., 35.2048°N, 115.2131°W).  B – Holocene fan deposits lacking calcic horizon fragments at surface; Pleuraphis rigida and Bouteloua 
eriopoda predominate (Site 12, Fig. 35; 1350 m elev., 35.2079°N, 115.2119°W).  C – Vegetation that was not cleared from Holocene fan deposits 
next to Elliott homestead oldfield.  Pleuraphis rigida and B. eriopoda provide the majority of plant cover (Site 10, Fig. 35; 1369 m elev., 35.2037°N, 
115.2205°W).  D – Elliott oldfield next to intact vegetation.  Predominant species are short-lived shrubs (Hymenoclea salsola, Gutierrezia 
microcephela, Ericameria spp., Acamptopappus sphaerocephalus.  Despite 80 years since abandonment, the oldfield nearly entirely lacks P. 
rigida and B. eriopoda (Site 9, Fig. 35; 1370 m elev., 35.2039°N, 115.2212°W).  March 25, 2013.
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well as ephemeral streams originating within upland areas exhibit 
well-defined, dendritic networks contrasting with the wide, braided 
networks typical of  the Caruthers fan complex to the south (Fig. 
35).  Late Pleistocene deposits occur as broad inset fans positioned 
up to 5 m below the ridgelines of  adjacent dissected older Pleis-
tocene fan remnants.  Holocene deposits are limited to relatively 
narrow terraces along the major channels (Fig. 40).  The smaller 
aerial extent of  Holocene deposits reflects a far more limited sedi-
ment supply from basins consisting largely of  weathering-resistant 
rocks.

Several factors associated with variation in alluvial deposit age 
affect plant distributions: (1) the direct effect of  time for plant 
succession since deposition of  relatively recent deposits, (2) time-
dependent soil developmental changes, and (3) subsequent trunca-
tion or erosion of  soils over longer periods of  geologic time.

A transect across the channel of  the Sagamore Canyon Wash 
and adjacent fan deposits (Fig. 35, transect a – a’; Fig. 40) shows 
the topographic relationships of  the various surfaces, including 
ridgelines of  dissected older Pleistocene fan remnants (P1), the 
planar surface of  a late Pleistocene inset fan (P2), a pronounced 
middle Holocene terrace (H1) and two smaller, late Holocene ter-
races (H2, H3) (Fig. 40).  The progressive increase in near-surface 
silt+clay content of  soils from the youngest Holocene (H3) ter-
race (14.6%) to the late Pleistocene (P2) inset fan (39.8%) reflects 
the cumulative input of  eolian dust typical of  Mojave Desert soils.  
The substantial jump in silt+clay content in the soil of  the oldest 
(H1) Holocene terrace suggests it may be a few thousand years 
older than the two younger terraces, both of  which were probably 
deposited within the last few centuries.  Evidence for recent depo-
sition is the maximum height attained by Joshua trees on the two 

Figure 39.  Alluvial fan surfaces at Sagamore Fan transect, view towards the south.  Table Top Mountain is on the right horizon.  Foreground is late 
Pleistocene fan, dropping off into Holocene terraces.  Older, truncated Pleistocene surfaces rise above the other side of Sagamore Canyon Wash.  
Dominant perennial grass in foreground is Bouteloua eriopoda, with Pleuraphis rigida as a subdominant.  September 18, 2013.
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East side of the New York Mountains, San Bernadino County, California. October 26, 2014.
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Table 8.  Vegetation compositions on alluvial fans and terraces of different ages; Sagamore Wash drainage, east flank of 
New York Mountains, California; 1408 – 1414 m elevation. Data are visual estimates of percent canopy cover; plus signs 
(+) indicate less than 1% cover; collected along transect a-a’ shown in Figure 36.  Stratigraphic relationships of alluvial 
surfaces diagrammed in Figure 38.

Channel 
bars

H3 (latest 
Holocene)

H2 (late 
Holocene)

H1 (mid-
Holocene)

P2 (Late
Pleistocene)

P2 (older
Pleistocene)

% silt + clay (0-10 cm depth) 14.6 17.6 24.6 39.8 34.4
Perennial grasses

Bouteloua eriopoda 10 25 30 1
Pleuraphis rigida 15 10 2
P. jamesii 4
Scleropogon brevifolius 2
Muhlenbergia porteri + 1 2 1 + +
Sporobolus contractus + + +
Stipa speciosa + + + + +
Achnatherum hymenoides +

Woody plants
Chrysothamnus paniculatus 70
Chilopsis linearis 5 1
Ambrosia eriocentra 5 1
Salvia dorrii 1 15 2
Prunus fasciculatus 1 +
Hymenoclea sp. 1 2 15 5 +
Gutierrezia microcephala + 2 1 1 4 5
Encelia virginensis +
Salazaria mexicana + +
Ephedra nevadensis 5 5 2 + 1
Atriplex canescens + +
Krascheninnikovia lanata 5 2 15
Psilostrophe cooperi + +
Lycium sp. 1 + +
Ericameria cooperi 1
Larrea tridentata + +

Succulents
Yucca baccata 2 1 1 1
Y. brevifolia + 1 1 1 1
Cylindropuntia acanthocarpa + + + + +
Grusonia parishii + +
Echinocereus triglochidiatus + +
E. engelmannii + +

Y. brevifolia size
Maximum heights (m) < 2 2-4 5
Rosettes (branches) per plant 1

unbranched
2-20 50+

Table 8.  Vegetation compositions on alluvial fans and terraces of different ages; Sagamore Wash drainage, east flank of New York Mountains, 
California; 1408 – 1414 m elevation. Data are visual estimates of percent canopy cover; plus signs (+) indicate less than 1% cover; collected 
along transect a-a’ shown in Figure 35.  Stratigraphic relationships of alluvial surfaces diagrammed in Figure 40.
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youngest terraces. Only very young plants, all less than 2 m tall and 
unbranched, are found on the youngest terrace (Table 8), reflect-
ing a size distribution similar to that observed in the Elliott old-
field, abandoned less than a century ago (Fig. 38D).  Those on the 
next oldest (H2) terrace range between 2-4 m tall, with early stages 
of  branching underway.  Only on the oldest, middle Holocene 
(H1) terrace have Joshua trees reached their maximal adult heights 
(> 5m) and degree of  branching (Table 8).  Analogous shifts in 
age/size structure of  long-lived plants related to depositional ages 
of  Holocene deposits have also been described in two Sonoran 

Desert settings (McAuliffe, 1991, 1994, 1999).
Although there is only a slight difference in soil texture between 

the two youngest Holocene terraces, B. eriopoda is absent from the 
most recent H3 terrace, and shrubs, especially Salvia dorrii, pre-
dominate (Table 8).  The absence of  B. eriopoda probably reflects 
the youth of  this deposit – it simply has not existed long enough 
to be colonized by this perennial grass, which exhibits very in-
frequent seedling establishment (Neilson, 1986) and only slowly 
colonizes unoccupied areas through stoloniferous propagation 
(Canfield, 1948; Brown and Gersmehl, 1985). On the somewhat 
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older, H2 terrace, B. eriopoda is present, but contributes only about 
half  the canopy cover compared with all woody species combined.  
Only on the oldest (H1) Holocene terrace and the late Pleisto-
cene inset fan does B. eriopoda become the dominant component 
of  canopy cover, with substantial cover also provided by P. rigida. 
It is likely that the progressive development of  soils through the 
continuing addition of  eolian fines increases soil water holding ca-
pacity, also contributes to the prevalence of  perennial grasses on 
the middle Holocene terrace.

Some differences in species composition among the various sur-
faces are probably more related to influences of  soil texture on 
hydrology (infiltration, subsurface percolation), rather than to suc-
cessional changes over time.  For example, the perennial C4 grass 
species, Scleropogon brevifolius, occurs only on the late Pleistocene 
fan in soils with considerably higher clay content.  This grass is 
similarly restricted to fine-textured soils of  basin floors through-
out much of  its range in Arizona, often as an associate with tobosa 
(Pleuraphis mutica; e.g., dendrogram group 2A, Fig. 11).  

The oldest geomorphic surfaces in the Sagamore Wash section  
(Fig. 40, P1 surface) consists of  erosional remnants of  a much 
older Pleistocene fan surface.  Clay-enriched Bt horizons have been 
almost entirely eroded away to expose underlying calcium-carbon-
ate rich horizons.  These carbonate-rich horizons have served as 
parent material for very different kinds of  soils than found on the 
late Pleistocene fan surface.  On the broad crests of  those ridges, 
winterfat (Krascheninnikovia lanata) is dominant and perennial grass-
es subdominant, a response typical of  sites throughout the area 
with relatively shallow, partly cemented calcic horizons.  Vegetation 
compositions on eroded remnants of  older fans are often patchy 
and spatially variable, reflecting presence or absence of  shallow, 
cemented calcic horizons that can impede root development of  
perennial grasses. 

Areas of  runoff  and sediment accumulation. Portions of  the land-

scape that retain runoff  from surrounding areas support dense 
perennial grass stands.  The stand of  Sporobolus airoides on the east 
side of  the New York Mountains (Fig. 18B) and the anastomiz-
ing, sediment-filled fluves occupied by Bouteloua spp. and Pleuraphis 
jamesii on Cima Dome (Fig. 31) are two examples presented earlier.  
The most extensive examples of  these environments occur in the 
lower alluvial piedmont of  Lanfair Valley, southeast and east of  
the New York Mountains and Mid Hills.  There, fine-grained sedi-
ments fill many fluves, creating long, narrow swales occupied by 
dense stands of  Pleuraphis rigida.  In these settings, P. rigida canopies 
frequently cover more than three-quarters of  the soil surface (Fig. 
41).  Pleuraphis jamesii occasionally occurs in such swales, especial-
ly in those with finer soil texture. The edaphic, hydrological, and 
physiognomic characteristics of  these environments are similar to 
tobosa swales of  semidesert grassland regions in southern Arizona 
and New Mexico and western Texas, where P. muticus occupies 
comparable sediment- and water-accumulating sites (Muldavin, 
1997, Innes, 2012; Levi and Fehmi, 2014).

In an area exceeding 200 km2, bounded on the west and east 
by Ivanpah Road and the Paiute Range, respectively, and extend-
ing from the Castle Mountains southward to the Bobcat Hills and 
Vontrigger Hills, at least 100 linear kilometers of  these big galleta 
swales exist, and locally may cover up to a few percent of  the land 
surface (Fig. 42A).  The swales are found in lower order, on-fan 
drainages (1st through 3rd Strahler stream order) that have relatively 
small catchment areas and low gradients (< 2% slope inclination).  
The small runoff  source areas and low gradients constrain dis-
charge and stream power, thereby fostering deposition of  fine-
grained sediments derived principally from sheet flow over the 
adjacent, more sparsely vegetated fan surfaces.  Dense perennial 
grass cover futher decreases runoff  velocity, fosters sediment ac-
cumulation and retention, and inhibits channel cutting.  The veg-
etated swales range in width from less than 10 m to over 50 m, and 

Figure 40.  Stratigraphic relationship of Quaternary alluvial deposits along the a – a’ transect shown in Fig. 35.   Vegetation data collected from various 
surfaces in Table 8.
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although they constitute a relatively small proportion of  the land-
scape, they contribute disproportionately to total vegetative pro-
duction (Fig. 41B). In contrast, larger ephemeral streams draining 
much larger watershed areas have well-developed, active channels 
and lack densely grassed swales (Fig. 41A).  Where channels occur 
in big galleta swales, they often are discontinuous, consisting of  
short channel reaches alternating with unincised reaches (Fig. 42). 

This kind of  channel system is referred to as a discontinuous ephemer-
al stream (Bull, 1997), which is typical in semi-arid grasslands, and is 
highly sensitive to diverse impacts, including climate variation and 
land uses that affect vegetation cover.  In these systems, incised 
channels migrate headward, typically accompanied by aggradation 
and channel filling downstream, thereby maintaining the discontin-
uous pattern of  channel reaches.  However, marked reduction of  
vegetation due to any cause, including extended drought or graz-
ing, can lead to the extension and integration of  channel reaches.  
When this occurs, a hydrologic threshold may be crossed where 
different self-reinforcing feedbacks between vegetation and run-
off  foster persistence of  entrenched, continuous channel reaches, 
reduced moisture retention, and persistence of  sparser vegetation 
cover (Bull, 1997). The existence of  the sediment-filled, densely 
vegetated swales is the result of  strong self-reinforcing feedback 

Figure 41.  Google Earth ™ aerial image of a pair of big galleta swales 
within 1st and 2nd order stream drainages (dark linear features in 
upper half), located 4.3 km northeast of the OX Ranch headquarters, 
Lanfair Valley.  The pair of subparallel drainages extends approximately 
3 km upstream from their confluence on the right side of the image; 
the watershed area above that confluence is approximately 1.2 km2.  In 
contrast, a 4th to 5th order stream with a well-developed, continuous 
channel is in the lower half of the view.  That stream extends more than 
16 km to its source on the steep slopes of the New York Mountains 
and has a watershed area of approximately 18 km2 upstream (left) 
of the road crossing on the right side of the image.  The white arrow 
indicates the location and direction of the accompanying ground 
photo below.  Image date- 13 January 2015.    B.  Ground photo of 
big galleta swale on 16 March 2016 with New York Mountains in the 
background.  Pleuraphis rigida covers approximately 80% of the soil 
surface; Muhlenbergia porteri also present.  Scattered shrubs include 
Ephedra nevadensis, Lycium spp., Larrea tridentata, Hymenoclea 
salsola, Ericameria cooperi, and Gutierrezia microcephala, collectively 
accounting for only a few percent total ground cover.  Succulents 
include Yucca brevifolia, Y. baccata, Cylindropuntia acanthocarpa, 
Opuntia erinacea, Echinocereus triglochidiatus, and E. engelmannii.  
1278 m elev.; 35.23011°N, 115.15463°W.

Figure 42.  A- Dendritic drainage network in Lanfair Valley; darker linear 
features are sediment-filled fluves covered by Pleuraphis rigida.  Center 
of view is approximately 4 km southeast of the intersection of Ivanpah 
and Cedar Canyon Roads (Google Earth ™ view, 13 January 2015 
image).  The small rectangle left of center represents the area enlarged 
in B, below.  The area bounded by light-colored roads on east, west, 
and south sides and the narrow east-to-west line of darker vegetation 
near the north margin contains an area of approximately 3.8 km2 and 
a total of 12.72 linear km of densely vegetated swales ranging from 
7.5 to 50 m width.  B- Enlarged area showing two adjacent, parallel 
swales.  The arrow points to a short, discontinuous channel in the swale 
to the right, whereas the swale on the left is unincised.  The area next 
to the channel is lighter in color, representing diminished vegetation in 
an area where water rapidly exits the system rather than being stored.  
Coordinates of the arrow:  35.10675°N, 115.15452°W; 1173 m elev.



57           McAuliffe      Perennial Grass-dominated Plant Communities of the Eastern Mojave Desert Region

Figure 43.  Repeat photography of site on east side of New York Mountains, north of Sagamore Mine Rd.  Perennial grasses were uniformly 
grazed to within 1-2 cm of the soil surface at the time of the 1990 photo.  In 2013, Bouteloua eriopoda provided the majority of plant cover; 
Muhlenbergia porteri and Pleuraphis jamesii both contributed a small amount of cover.  View towards the northeast; Castle Mountains on 
horizon (1431 m elev., 35.2459°N, 115.2319°W).
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between surface hydrology and vegetation cover; dense stands of  
perennial grass are essential for maintaining the requisite hydro-
logical conditions. Many big galleta swales in the lower Lanfair Val-
ley contain discontinuous ephemeral streams (Fig. 42B).  In some 
sites, continuous channels with relatively vertical channel walls 
cutting through sediment-filled swales suggest the extension and 
integration of  formerly discontinuous channels in historic times.  
Density of  P. rigida in the vicinity of  incised channels is invariably 
much sparser than in unincised swales.

Influences of  wildfire
Fire is generally regarded to have played a negligible role in 

shaping Mojave Desert ecosystems in pre-settlement times. Many 
wildfires that have occurred in this region within the last several 
decades are attributed to the recent proliferation of  non-native, 
cool-season ephemeral grasses, particularly red brome (Bromus 
rubens) (Brooks & Matchett, 2006).  Although wildfires may have 
rarely occurred during pre-settlement times in sparsely vegetated, 
shrub-dominated Mojave Desert ecosystems of  arid, lower eleva-
tions, this generalization probably does not apply to the East Mo-
jave Highlands, where much denser cover of  C4 grasses occurs.  
However, the extensive use of  these landscapes for livestock pro-
duction since the late 1800s greatly reduced the fuel load of  peren-
nial grasses, yielding vegetation in which widely dispersed shrub 
canopies dominated, providing little in the way of  spatially con-
tinuous fuel loads (Figs. 43A, 44A).  In such conditions, wildfires 
of  any significant size fueled only by native plant species would 
not be expected.  The eventual removal of  livestock from federal 
lands in the northern portion of  the Mojave National Preserve, in-
cluding much of  Lanfair Valley, the northern Mid Hills, New York 
Mountains, Castle Peak, and the Cima Dome area by 2002 (Darby 
et al., 2009; J. André, pers. comm.) initiated a large-scale experiment 
regarding the degree to which livestock grazing influenced native 
vegetation.  After livestock removal, combined with summers of  
ample precipitation, perennial C4 grasses rebounded, yielding near-
continuous, dense cover of  fine fuels in many places (Figs. 43B, 
44B). Such production was especially pronounced in the elevation 
range where B. eriopoda and P. jamesii predominate, providing more 
than sufficient spatial continuity of  fine fuels needed to readily 
carry fire (e.g., Fig. 39).  In addition to the production by the dom-
inant perennial grasses, prolific growth of  native warm-season 
ephemeral grass species (e.g., B. barbata, Aristida adscensionis) can 
add to the fine fuel load.  At the end of  the summer 2013 growing 
season, native warm-season grasses contributed the vast majority 
of  combustible fine fuels; winter precipitation in the previous sea-
son (Sept. 2012-April 2013) was well below average, consequently 
there was no significant contribution by cool-season, non-native 
grasses to above-ground, standing biomass.  Following summers 
of  abundant grass production, above-ground, dry biomass persists 
through the winter and spring and is available for ignition by dry 

lightning strikes during the next monsoon season.  
In addition to fires ignited by lightning, the aboriginal inhab-

itants of  the region, the Nuwuvi (Southern Paiute), intentionally 
burned landscapes to achieve multiple purposes, including enhanc-
ing plant productivity, reducing of  fuel loads within stands of  pin-
yon pine, and hunting drives (Lefler, 2014). To the north in the 
Great Basin, fire was similarly used by early inhabitants (McAdoo 
et al., 2013), and pre-settlement fire regimes were a product of  
the interaction between climate (responsible for fuel loading) and, 
in part, intentional ignition by humans (Kitchen et al, 2016). It is 
highly likely that the perennial grassed landscapes of  the East Mo-
jave Highlands were also purposefully burned at least occasionally 
by early inhabitants.  

In perennial grass-dominated landscapes like those on the east-
ern flanks of  the New York Mountains, even a very infrequent 
recurrence of  fire in pre-settlement times may have contributed to 
the maintenance of  perennial grass-dominated vegetation.  Row-
lands (1978, 1995b) also observed that the cessation of  grazing 
in Joshua Tree National Monument (now National Park) fostered 
the abundant growth of  native, perennial grasses in some areas, 
resulting in “spectacular wildfires.” The possibility that fire in pre-
settlement times played a significant ecological role in the eastern 
Mojave Desert merits further investigation.  Evidence supporting 
the occurrence of  fire in pre-settlement time is presented below. 

Fire and the distribution of  blackbrush (Coleogyne ramo-
sissima) communities.   The very patchy, irregular distribution 
of  the shrub Coleogyne ramossisima in the East Mojave Highlands 
may be a persistent legacy of  pre-settlement wildfires.  Communi-
ties strongly dominated by C. ramosissima (hereafter referred to as 
‘blackbrush communities”) are quite distinct, typically containing 
very low densities of  other woody plant species, moderate densi-
ties of  various succulent plants (Yucca spp., Cylindropuntia acantho-
carpa), but C4 perennial grasses are usually rare or altogether absent 
(Fig. 11, dendrogram groups 3, 4, 5 & 7). Within the East Mojave 
Highlands, blackbrush communities occupy nearly the same eleva-
tion range as communities dominated by B. eriopoda and P. jamesii 
(Fig. 12).  The geological and soil environments inhabited by the 
two very dissimilar plant community types broadly overlap.  Both 
blackbrush- and perennial grass-dominated communities occur on 
colluvial deposits and associated deeper soils of  hillslopes and allu-
vial fans derived from a variety of  rock types, including limestone 
and intrusive and extrusive igneous rocks. 

The distribution of  blackbrush communities has been mapped 
in detail in the California portion of  the eastern and central Mojave 
Desert as part of  the U.S.G.S. Central Mojave Ecosystems Proj-
ect (Thomas, et al., 2004).  Within the Mojave National Preserve, 
most blackbrush communities consist of  relatively small, scattered 
patches less than a few kilometers in breadth (Fig. 45).  Soil en-
vironments potentially inhabitable by blackbrush occur through-
out the vicinity of  the New York Mountains, Mid Hills, and Cima 



Figure 44.  Repeat photography of site 2.5 km east of apex of Cima Dome, California; Teutonia Peak in background.  Perennial 
grasses (B. eriopoda and P. jamesii) grazed to within 2 cm of soil surface in 1998.  Salvia doorii, Ericameria cooperi, and Ephedra 
nevadensis are the dominant shrubs.  In 2013, Bouteloua eriopoda provided an estimated 30% ground cover; P. jamesii provided 
5%.  Approximately half of the Salvia doorii present in 1998 were dead in 2013, probably due to prolonged deficits in cool-season 
precipitation  that began in 1999 (see McAuliffe and Hamerlynck, 2010).
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Dome, yet blackbrush communities are absent from wide areas in 
those locales (Fig. 15).  In contrast, in the Mojave Desert to the 
north and west of  the Mojave National Preserve, blackbrush com-
munities occupy geographically extensive, unbroken areas.  For 
example, blackbrush communities ring the entire Panamint Range 
immediately west of  Death Valley (Fig. 45).  Similarly, extensive, 
relatively unbroken swaths covered by blackbrush, sometimes ex-
ceeding 20 km in length, occur at suitable elevations associated 
with other mountain ranges (e.g, Amargosa Range, Funeral Moun-
tains, Granite Mountains within the Irwin Military Range; Fig. 
45).   The only mountain range within the study area that exhibits a 
similar pattern is the Kingston Range, located in the far northwest 
corner (Fig. 45).  However, that location places it well beyond the 
range of  significant monsoonal influence and it does not contain 
extensive areas dominated by perennial grasses as do the areas lo-
cated farther southeast.

The spotty, irregular occurrence of  blackbrush communities in 
otherwise suitable elevations and soil environments in the East 
Mojave Highlands may represent the consequence of  occasional 
wildfires fueled by relatively dense growth of  perennial C4 grasses 
in pre-settlement times.  Fire readily eliminates Coleogyne ramosis-
sima, burning plants to the ground; burned plants do not resprout 

(Brooks and Matchett, 2003; Brooks et al., 2007; pers. obs.) and 
subsequent recruitment by seedlings is exceptionally slow (Callison 
et al., 1985).  Large seed size limits dispersal, and heavy preda-
tion on seeds by rodents contributes to very low rates of  seed-
ling emergence (Meyer & Pendleton, 2005).  Studies of  natural 
establishment of  blackbrush within burned areas show negligible 
recolonization by the shrub after many decades (Callison et al., 
1985; Brooks et al., 2007), indicating that very long, fire-free in-
tervals (at least on the order of  centuries or even millenia) are 
probably required for re-establishment of  dense stands (Webb et 

Figure 45.  Distribution of blackbrush communities (in black).  Shape 
files of mapped occurrences from the U.S.G.S. Central Mojave Desert 
project. Light gray shading represents the entire area mapped. 

Figure 46.  A – View of Crescent Peak, Nevada from the west. The 
peak’s elevation is 1828 m; the gently sloping fan piedmont in the 
foreground ranges from approximately 1340 to 1460 m. The darker 
vegetation of the foreground and lower mountain slopes is dominated 
by blackbrush (Coleogyne ramosissima) with Mojave yucca (Yucca 
schidigera) and banana yucca (Y. baccata). Mojave yucca drops out 
with increasing elevation and Joshua trees (Y. brevifolia) and banana 
yucca predominate on the mountain slopes. White arrow indicates 
small juniper located along this interface (pictured right of center in 
B).  B – View towards south of lower slope of Crescent Peak along the 
interface of burned (left) and unburned (right).  Bouteloua eriopoda 
and Pleuraphis jamesii provide the majority of vegetation cover in the 
burned area, but are only a minor component in the understory of 
Coleogyne ramosissima in the unburned area to the right.  Vegetation 
data in Table 8 (interface of burned and unburned area ~ 1600 m elev., 
35.4762°N, 115.1351°W).  April 30, 1997.



Table 9.  Comparison of vegetation of burned and unburned areas of Crescent Peak, Nevada; data collected 30 
April 1997.  Percent canopy cover data are visual estimates. Basal cover data for the two dominant perennial 
grasses (in parentheses) and frequency of occurrence data are from 0.25m2 plots (n = 40 in each area).  Cells 
with hyphens (-) indicate the taxon was not encountered within the area of visual estimation of canopy cover or 
the cumulative sampling frame area for frequency of occurrence data.   

Burned area Unburned area
% canopy 

cover;
(% basal cover)

Frequency of
occurrence

% canopy 
cover;

(% basal cover)

Frequency of
occurrence

Perennial grasses
Bouteloua eriopoda 20  (3.6) .575 1  (0.6) .275
Pleuraphis jamesii 20  (4.1) .425 5  (1.0) .300
B. curtipendula 1 .025 - -
Achnatherum speciosum 1 .100 <1 .025

Woody plants
Coleogyne ramosissima 1 .025 30 .550
Stephanomeria sp. 2 .050 <1 -
Gutierrezia microcephala 1 .025 <1 .025
Menodora spinescens 1 .025 2 .125
Eriogonum fasciculatum - - 1 .050
Juniperus osteosperma - - 1 -
Lycium sp. 1 - <1 .025
Sphaeralcea sp. 1 .075 <1 .025
Artemisia ludoviciana 1 .075 - -

Succulents
Yucca brevifolia 1 - 2 -
Y. bacatta 2 .025 2 .100
Opuntia erinacea <1 .075 1 .075
O. chlorotica <1 - - -
O. phaeacantha/engelmanii <1 .025 - -
Cylindropuntia acanthocarpa <1 - 1 .025
Echinocereus engelmanii <1 .025 <1 .075
E. triglochidiatus <1 - <1 -
Coryphantha vivipara - - <1 -

Table 9.  Comparison of vegetation of burned and unburned areas of Crescent Peak, Nevada; data  collected  30 April 1997.  Percent canopy cover data 
are visual estimates. Basal cover for two dominant perennial grasses (in parentheses) and frequency of occurrence data are from 0.25m2 plots (n = 40 
in each area). 
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al.,1987; Brooks et al. 2007).  Ignition of  wildfires by lightning is 
much more prevalent in areas that receive significant monsoonal 
precipitation in the eastern Mojave Desert, and within this region, 
blackbrush communities have been impacted by fire out of  pro-
portion to the area they cover (Tagestad et al., 2016). Given the 
extremely slow recolonization of  burned areas by blackbrush, even 
very infrequent wildfires (e.g., recurrence intervals of  a century or 
longer) would be sufficient to prevent development of  vegetation 
dominated by blackbrush. Conversely, in the Mojave Desert to the 
north and west where summer precipitation diminishes (Fig. 4) 
and perennial C4 grasses have probably never been a predominant 
component of  the vegetation, wildfires were either exceptionally 
rare or altogether absent in pre-settlement times.  The general ab-
sence of  fire in those landscapes would have fostered the more 
widespread and extensive development of  blackbrush communi-
ties. Fire emerged as a significant factor in those areas only re-
cently with the proliferation of  non-native, cool-season ephemeral 
grasses (Brooks and Matchette, 2006). 

Effects of  historically recent fire in a blackbrush-domi-
nated community containing scattered perennial grasses. 
Within the study area, some stands of  C. ramosissima contain scat-

tered individuals of  both B. eriopoda and P. jamesii, represented by 
sites assigned to dendrogram group 8 (Fig. 11). This sparse occur-
rence of  the two grass species within areas dominated by black-
brush was observed at several locales at the north end of  the New 
York Mountains, the southern end of  the McCullough Range in 
Nevada, and on Cima Dome. Following wildfire in such vegeta-
tion, C. ramosissima is virtually eliminated and C4 grasses prolifer-
ate.  This response was documented on the west-facing slopes of  
Crescent Peak, Nevada, 20 km west of  Searchlight, Nevada. The 
lower slopes of  Crescent Peak are dominated by blackbrush, but 
with very low densities of  B. eriopoda and P. jamesii scattered amidst 
the shrubs.  An abrupt transition from the dark-colored, black-
brush-clad lower slopes to the light-colored upper is the boundary 
of  burned (upslope) and unburned (downslope) areas (Fig. 46). 
Within the light-colored area above this boundary, burned stems 
of  Yucca brevifolia, Y. baccata and Juniperus osteosperma clearly indicate 
the occurrence of  fire (observations in April, 1997). Fire nearly 
eliminated C. ramosissima and J. osteosperma from a wide, irregular 
band over a distance of  approximately 1 km from north to south. 
Within this wide swath, occasional patches ranging from 10-50 m 
diameter that escaped burning were occupied by blackbrush. In 
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burned areas, charred, basal remains of  dead C. ramosissima oc-
curred in 30% of  0.25 m2 plots (n = 40), indicating that C. ramo-
sissima formerly dominated the area before the fire.  Within the 
burned area, Bouteloua eriopoda and P. jamesii were dominant, each 
with an estimated 20% canopy cover (Table 9). In contrast, C. ra-
mosissima provided most of  the canopy cover in adjacent unburned 
areas and the two perennial grass species were infrequently en-
countered in interspaces between the dense, compact canopies of  
C. ramosissima. Within the unburned area dominated by C. ramosis-
sima, a significantly lower percentage of  sample plots contained 
one or both of  the two perennial grass species than in the adjacent 
burned area (52.5% vs 82.5%, respectively, n = 40 plots per loca-
tion; χ2 = 8.2, P < .01). Canopy cover of  C. ramosissima in the 
unburned area was approximately 30%. Growth of  B. eriopoda and 
P. jamesii in the presence of  this relatively dense shrub cover was 
suppressed; individual plants of  both grasses were in much poorer 
condition, with little growth during the previous year, compared 
with those in the burned area. Basal cover of  both grass species 
in the burned area was 4-6 times that measured in the unburned 
area (B. eriopoda: burned = 3.6%, unburned = 0.6%; P. jamesii: 
burned = 5.0%, unburned = 1.0%). Bouteloua curtipendula was also 
present in the burned area but was completely absent from the 
unburned area (Table 9). The higher abundance of  Stephanomeria 
sp. in the burned area reflects the capacity of  this short-lived shrub 
to rapidly colonize disturbed areas by wind-dispersed seeds.  Al-
though many Joshua trees (Y. brevifolia) were killed by the fire, some 
survived. Yucca baccata is capable of  vigorous resprouting after fire 
and thus was equally abundant in burned and unburned areas (Fig. 
46, Table 9). 

The extent of  decay and weathering of  charred woody plant re-
mains at the site indicated that the fire probably occurred as much 
as several decades before the 1997 observations.  Although the 
exact timing of  the Crescent Peak fire was not determined, its oc-
currence near the summit of  that peak is consistent with ignition 
by lightning, due to the greater likelihood of  strikes on mountain 
ridges and summits (Libby, 1986; Knight and Grab, 2013).  To the 
immediate south of  Crescent Peak in the New York Mountains, 
Mid Hills, and Providence Mountains, 77% of  157 wildfires re-
corded from 1984 to 2005 were ignited by lightning during July 
and August (National Park Service, 2004). Mapped occurrences 
of  ignition points of  wildfires (lightning vs. human-caused) in the 
region from 1980-2004 clearly shows the prevalence of  lightning-
caused fires in the East Mojave highlands centered on the New 
York Mountains, extending northward to the Spring Range west 
of  Las Vegas Nevada (Fig. 1 in Brooks and Matchett, 2006). 

Evidence of  elimination of  blackbrush by a pre-settlement 
era wildfire.   The occurrence of  grass-dominated vegetation on 
other peaks and upper slopes near Crescent Peak can similarly be 
attributed to the effects of  lightning-ignited wildfires in eliminat-
ing blackbrush in pre-settlement times, contributing to the prolif-

eration and dominance of  perennial C4 grasses.  One of  these sites 
is approximately 0.8 km southeast of  Nipton Pass (high point on 
Nevada Route 164 between Searchlight, Nevada and Nipton Cali-
fornia). The site is 3 km north of  the Crescent Peak site discussed 
previously and is geologically similar, with colluvium-mantled 
slopes on metamorphically altered Precambrian granitic rocks (Fig. 
47). The north-facing slopes range in elevation from approximate-
ly 1475 m at the base to 1668 m, comparable to the elevation range 
occupied by C. ramosissima at Crescent Peak.  Like Crescent Peak, 
the lower slopes are dominated by C. ramosissima and contain rare, 
scattered individuals of  B. eriopoda and P. jamesii. The upper slopes 
are dominated by B. eriopoda and P. jamesii (Table 10). However, 
in contrast to Crescent Peak, the boundaries between blackbrush- 
and grass-dominated portions of  the slope are more diffuse, lack-
ing the sharp demarcation one would expect to see at the margin 
of  a recently burned area (cf. Figs. 46 vs. 47). The change in veg-
etation is not associated with any change in substrate, soil, or slope 
inclination. Particular irregularities in the occurrence of  C. ramosis-
sima on this slope suggest that pre-settlement fire is responsible 
for the dominance by grasses in most of  the upper parts of  the 
slope. At the western end of  the hillslope, C. ramosissima extends to 
the summit; a first-order drainage channel separates this area from 
grass-dominated vegetation to the immediate east of  the channel. 
This pattern is interpreted as the result of  fire moving across the 
slope, but blocked by the channel, which acted as a firebreak.  

In addition, a broad, isolated patch of  C. ramosissima occurs right 
below the summit (Fig. 47), indicating that the vegetation zonation 
is not related to elevation.  This patch probably represents an un-
burned “island” of  blackbrush similar to such patches that occur 
within the large area that burned on the slopes of  Crescent Peak.  
Like the transition from the broad belt of  blackbrush at the base 
of  the hillslope to the zone dominated by grass, the margins of  
this isolated patch of  C. ramosissima are diffuse. 

The overall spatial configuration of  the grass-dominated areas 
at Nipton Pass is strikingly similar to the zone from which black-
brush was eliminated by fire on the upper slopes of  Crescent Peak.  
However, despite extensive searching, no charred plant remains 
were found, indicating that if  a fire had occurred, it did so well 
more than a century ago, and all remains would have since com-
pletely decayed and disappeared. Such a fire would have occurred 
before the spread of  non-native, cool-season ephemeral grasses 
in the region (Reid et al., 2008). The diffuse boundaries separating 
blackbrush from grass-dominated areas is attributed to the slow 
recolonization of  these areas by C. ramosissima after being elimi-
nated by the fire. Comparison of  basal diameters of  blackbush 
plants above and below this diffuse margin shows smaller plants 
in the grassed area upslope and significantly larger, plants in the 
adjacent area dominated by blackbrush (Fig. 48).  The contrast-
ing size distributions indicate younger plants in the upslope area, 
representing more recent establishment and colonization of  areas 
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where blackbrush had been previously eliminated by fire. 
Clearly, not all blackbrush communities will respond in the man-

ner described in the two cases above. The rapid transformation of  
a blackbrush community in the aftermath of  a wildfire into one 
dominated by perennial grasses can occur only when there is a 

propagule source within a blackbrush stand. However, these grass-
es are entirely absent from many stands of  blackbrush in the area 
(e.g., dendrogram group 3, Fig. 11), and after burning, such sites 
are rapidly colonized by a variety of  species with wind-dispersed 
seeds, including short-lived subshrubs such as Stephanomeria spp., 
Gutierrezia microcephala, and Encelia sp. (Fig. 11, dendrogram groups 
27 & 28) (see also Engel and Abella, 2011). 

Effects of  historically recent fires fueled by non-native 
grasses.   Within the last several decades, wildfires fueled largely 
or partly by non-native, cool-season ephemeral grasses have oc-
curred in plant communities other than those dominated by black-
brush. Perennial C4 grasses, if  present before the fire, subsequently 
increased markedly.  Vegetation changes following wildfire were 
recorded at three sites at various elevations where different sets 
of  dominant perennial grasses occur: (1) lower elevation (1300 m) 
where P. rigida typically dominates (2) intermediate elevation 
(1460 m) where P. rigida and B. eriopoda co-occur, and (3) at higher 
elevation (> 1500 m), where B. eriopoda and P. jamesii are codomi-
nant (Fig. 12, Categories A – E).   

(1) Responses of  P. rigida in lower elevation mixed shrub vegetation. 
In June, 1994 a fire ignited by lightning burned 38 km2 in Lan-
fair Valley.  Beginning in 1998, vegetation data and repeat pho-
tography were used to document post-fire vegetation responses. 
The study site is located along Cedar Canyon Road, 4 km west of  
the intersection with Lanfair Road.  Cedar Canyon Road created 
a firebreak that prevented the fire from spreading south of  the 
road.  Plant cover was measured by point-intercept sampling along 
four parallel, 50-m transects on the north side of  Cedar Canyon 

Table 10.  Plant species composition on north-facing slope, Nipton pass,  
Nevada. Grass-dominated site (left column) is located approximately 120 m  
upslope from site  dominated by  Coleogyne ramosissima (right column).  
Values are visual estimates of percent canopy cover.  Values < 1% are  
indicated by “+”.   

Site 7-Feb-13-2
(35.50632° N,
115.13142° W)
Elev. = 1590 m

Site 7-Feb-13-3
(35.50697° N,
115.13240° W)
Elev. = 1550 m

Perennial grasses
Bouteloua eriopoda 15 +
Pleuraphis jamesii 30 +
Achnatherum speciosum + +

Woody plants
Coleogyne ramosissima + 40
Ephedra nevadensis 5 1
Menodora scabra +
Encelia virginensis +
Gutierrezia microcephala 1
Eriogonum fasciculatum 5 2
Sphaeralcea  ambigua +

Succulents
Yucca brevifolia 1 1
Y. baccata 1 1
Cylindropuntia acanthocarpa + +
Opuntia chlorotica +
O. erinacea + +
Echinocereus englemannii + +

Table 10.  Plant species composition on north-facing slope, Nipton pass, 
Nevada. Grass-dominated site (left column) is located approximately 120 m 
upslope from site  dominated by  Coleogyne ramosissima (right column). 

Figure 47.  North-facing hillslope, 0.8 km south of Nipton Pass, Nevada.  Lower slopes are strongly dominated by Coleogyne ramossisima; upper 
slopes dominated by Bouteloua eriopoda and Pleuraphis jamesii (cover data in Table ). The line between a and a’ represents the diffuse boundary 
of grass- vs. blackbrush-dominated vegetation; basal diameters of C. ramosissima were recorded on opposite sides of this boundary (Fig. 46).  The 
label “ch” refers to a channel in the slope; blackbrush, which predominates to the right of the channel, stops abruptly at the channel.  The transect 
a – a’ is approximately 1585 m elev. (35.5053°N, 115.1320°W).  February, 2015.



Table 11.  Point-intercept data from the Lanfair Valley burn site.  Data consists of 200 point-
intercepts on each date collected along four 50-m transects placed in identical locations on 
each date.  Values indicate percent total cover. 

Plant species Unburned site
4 March 1998

Burned site
4 March 
1998

Burned site
30 Oct.  
2004

Burned site
19 Sept 2013

Eliminated or decreased after
1994 fire  
Ericameria cooperi 14.5
Eriogonum fasciculatum 7.5
Cylindropuntia acanthocarpa 4.0
Tetradymia canescens 3.0
Y. baccata 1.0
Opuntia erinacea 0.5
Yucca brevifolia 0.5 0.5

Unaffected or increased after
1994 fire
Pleuraphis rigida 12.5 17 15.5 34.5
Ephedra nevadensis 3.0 2 6 5.5
Salazaria mexicana 2 2 3
Krameria erecta 2.0 2 3 3.5
Hymenoclea sp. 0.5 1
Sphaeralcea sp. 0.5 1

Total Canopy Cover 46.5 26.5 25.5 49.5
 

64 Desert Plants 32(1)      September 2016

Road (burned), and paired with another four transects south of  
the road (unburned). The substrate consists of  fine-gravelly, late 
Pleistocene alluvial fan deposits with a moderately well-developed, 
reddened Bt horizon.  Unburned vegetation south of  the road is 
dominated by shrubs, with Ericameria cooperi the dominant, along 
with Eriogonum fasciculatum, Tetradymia stenolepis, and Ephedra nevaden-
sis as subdominants (Table 11).  Cylindropuntia acanthocarpa is abun-
dant at the site, with a contribution to canopy cover comparable to 
individual subdominant shrub species.  Pleuraphis rigida contributes 
approximately one-quarter of  all perennial plant cover. Yucca brevi-
folia is visually conspicuous, but contributes relatively little to total 
cover (Fig. 49A). 

In March 1998, vegetation burned in 1994 on the north side of  
Cedar Canyon Road contained abundant, charred remains of  C. 
acanthocarpa and Y. brevifolia at densities comparable to the adjacent 
unburned site (Fig. 49A, B).  Additionally, charred basal stems of  
shrubs consumed by fire were distributed throughout the site, in-
dicating shrub densities and a pre-fire vegetation composition that 
was originally similar to that on the south side of  the road.  Eri-
cameria cooperi, Eriogonum fasciculatum, and Tetradymia stenolepis were 
absent from the burned site, but several other subdominant shrubs 
(Ephedra nevadensis, Salazaria mexicana, and Krameria erecta) resprout-
ed following incineration of  above-ground stems.  Although pro-
viding only sparse cover in 1998, Pleuraphis rigida dominated (Table 
11, Fig. 49B).  Relatively sparse cover of  P. rigida was also recorded 
in October 2004, which is attributed to a combination of  below-
average warm-season rainfall preceding the dates of  data collec-
tion, and in 1998, and consumption of  above-ground herbage by 

livestock, which were eventually removed from the site by 2002.  
The marked increase of  P. rigida observed in September 2013 (Fig. 
49C, Table 11) is attributed to record amounts of  warm-season 
precipitation during summer, 2013, combined with the absence 
of  livestock.  This increase in P. rigida demonstrated that fire trig-
gered transformation from dominance by shrubs to native peren-
nial grass. As of  March, 2016, the composition of  unburned des-
ertscrub vegetation to the south side of  Cedar Canyon Road had 
not changed appreciably and remained dominated by E. cooperi.

The dominance of  the relatively short-lived shrub E. cooperi in 
unburned vegetation at the site is most likely the legacy of  anthro-
pogenic disturbance beginning in the early 1900s.  Like the home-
stead community of  Ledge (= Maruba), located 8.5 km north and 
discussed previously, this part of  Lanfair Valley was briefly occu-
pied by homesteaders from 1910 through the early 1920s and con-
tains oldfields that had been cleared of  natural vegetation at that 
time (Carpenter et al., 1986).  Ericameria cooperi rapidly colonizes 
in the wake of  many kinds of  disturbances, and with Hymenoclea 
salsola, characteristically dominates abandoned agricultural fields 
in the vicinity of  the study area (Carpenter et al., 1986; personal 
observations).  The study site is not within one of  these oldfields, 
but is located approximately 0.5 km west of  a 10-acre (8.1-ha) 
cleared area that was abandoned in 1915 (site B3 in Carpenter et 
al., 1986).  Although there is no evidence that the study site was 
ever cleared for crop agriculture, widespread use of  areas away 
from fields for grazing by domestic livestock, including draft ani-
mals, during the brief  period of  homestead occupancy no doubt 
significantly altered vegetation across the landscape. In addition, 

Table 11.  Point-intercept data from the Lanfair Valley burn site.  Data consists of 200 point-intercepts on each 
date collected along four 50-m transects placed in identical locations on each date.
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even after homesteaders abandoned the area by the mid-1920s, the 
area was continually used for livestock grazing through the remain-
der of  the 20th century by ranches in the area. The elevation of  
the site is 1300 m, where grassy vegetation dominated by P. rigida 
is expected on similar soils (Fig. 12, Categories A & B).  In pre-
settlement times it is likely that E. cooperi was a minor component 
of  the vegetation, and P. rigida probably provided most canopy 
cover, consistent with early pre-settlement written descriptions of  
Lanfair Valley as prairie-like in appearance (Foreman, 1941; Row-
lands, 1995b).  Consequently, even though the 1994 fire was largely 
fueled by non-native ephemeral grasses, this fire initiated shifts in 
vegetation to a state more similar to pre-settlement times, when 
native perennial grasses predominated.  More details of  earliest 
pre-settlement descriptions of  Lanfair Valley are included in the 
Discussion within the section Livestock grazing and vegetation 
change.

(2) Responses of  P. rigida and B. eriopoda at intermediate elevation. 
A site in the Mid Hills to the south side of  Cedar Canyon Road 
was originally examined and photographed in 1992, then was sub-
sequently burned in the June 2005 Hackberry Fire.  The site is 
located at   1460 m elevation on gently sloping alluvial fan deposits 
of  gravelly granitic alluvium, within the elevation range where P. 
rigida and B. eriopoda co-occur (Fig. 12, Categories B & C).  Pleu-
raphis rigida was dominant at this site in 1992, together with small 
quantities of  Bouteloua eriopoda. Shrubs recorded in 1992 included 
Coleogyne ramosissima, Menodora spinescens, Gutierrezia microcephala, 

Figure 48.  Basal stem crown diameters of blackbrush above (grassed 
area) and below (blackbrush-dominated area) the interface between 
the two zones (a – a’ in Fig. 47).  Bold arrows and numbers represent 
significantly different arithmetic means.  Data collected February 17, 
2015

Figure 49.  Vegetation in burned and unburned areas at the Lanfair 
Valley site.  A – unburned vegetation immediately south of Cedar 
Canyon Road.  B – Burned vegetation to north side of Cedar 
Canyon Road in 1998.  Note density of burned, standing remains of 
Cylindropuntia acanthocarpa and Yucca brevifolia, comparable to 
densities of both in unburned vegetation.  C – Repeat photography 
of burned vegetation showing marked increase of Pleuraphis rigida. 
Vegetation cover data in Table 11. The site is 1.3 km south of the Mojave 
Road, the approximate path of the 1853-54 Whipple expedition (see 
historical account by Whipple of Lanfair Valley in Discussion).  (1300 m 
elev., 35.1275°N, 115.2274°W).
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Ephedra nevadensis, and Thamnosma montana, which collectively pro-
vided less than a quarter of  canopy cover as was provided by pe-
rennial grasses (Fig. 50A).  

The principal effect of  the 2005 fire was to significantly reduce 
shrub cover and completely eliminate C. ramosissima.  As a result, 
the relative cover of  both P. rigida and B. eriopoda increased by the 
time of  the March, 2013 matched photograph. Most Y. brevifolia 
were killed (especially those in the background of  the photo, Fig. 
50), but a few survived, similar to the observations of  the burned 
portion of  Crescent Peak discussed above.  Wildfire at this site has 
clearly reinforced and increased the dominance of  the two peren-
nial grasses.

(3) Responses of  B. eriopoda and P. jamesii at higher elevation.  In 
a mixed shrub-perennial grass community on Cima Dome where 
Bouteloua eriopoda and Pleuraphis jamesii occur as subdominants, fire 
markedly reduced woody plant density and cover and promoted 
a substantial increase of  both grasses. A small fire that occurred 
between 30 December 2005 and 5 May 2009 [constrained by dated 

Google Earth TM images] burned approximately 12 ha in an irregu-
lar swath approximately 1 km long and ¼ km wide and was halted 
by the firebreak created by Valley View Ranch Road on the north-
west side (Fig. 51).  Elevation ranges from 1506-1545 m within the 
burned area.

The western margin of  the burned area is less than ¾ km from 
the main headquarters of  the Valley View Ranch, which contained 
livestock corrals and water sources during the time of  active ranch-
ing. Due to the close proximity of  these facilities, the impacts of  
cattle on vegetation are apparent, including a marked increase in 
abundance of  shrubs that colonize disturbed areas, such as Hy-
menoclea salsola and Ericameria cooperi, and livestock paths radiating 
from the corrals and water.  One of  these prominent trails crosses 
the southern portion of  the burned area (Fig. 51A). Vegetation 
data from adjacent burned and unburned areas were collected on 
30 March 2013, near the northern tip of  the burned area, 1.4 km 
from the ranch headquarters.  The dominant plant within unburned 
vegetation, both in frequency of  occurrence in plots and estimated 
canopy cover, was Ericameria cooperi, present in 44% of  the plots, 
with canopies covering an estimated 25% of  the soil surface (Ta-
ble 12).  Hymenoclea salsola occurred in 18% of  the plots.  Bouteloua 
eriopoda and Pleuraphis jamesii were subdominants, occurring in 20% 
and 16% of  plots respectively, and both contributed approximately 

Figure 50.  Repeat photography of site to south of Cedar Canyon Road, 
Mid Hills, California, burned in the Hackberry Complex fire of 2005.  
The impact of the fire was to reinforce dominance of perennial grasses; 
Coleogyne ramosissima present in 1992 were eliminated by the fire.  
The dominant perennial grass is Pleuraphis rigida, together with small 
amounts of Bouteloua eriopoda (1478 m elev., 35.1646N, 115.4326W).

Figure 51.  A - Aerial view of burned area on Cima Dome (2013 aerial 
imagery).  The “x” shows the camera location and direction of the 
photo below (1507 m elev., 35.3268N, 115.5704W).  B – Contrast 
of unburned shrub-dominated vegetation (left) and perennial grass-
dominated vegetation (right).  Cover and frequency data in Table 11.  
(March 30, 2013). 



Table 12.  Comparison of adjacent unburned and burned areas on Cima Dome; occurrence of 
fire between dates of 30 Dec. 2005 (Google Earth image shows site intact) and 30 April 2009.   
Frequency of occurrence represents the proportion of plots containing basal cover of perennial 
grasses or canopy cover of woody plants and succulents; data collected from 0.1 m2 plots 
positioned at 1 m intervals along a linear transect (n = 50 plots per site).  Cover data are visual 
estimates of percent canopy cover of individual species within the area immediately 
surrounding each 50 m transect.  Data collected 30 March 2013.  
  
          Unburned                  Burned 

 Frequency Cover Frequency Cover 

Woody plants     
  Ericameria cooperi .44 25 0 <1 
  Hymenoclea salsola .18 2 .06 2 
  Salazaria mexicana .12 2 -- <1 
  Salvia dorrii .02 <1 --  
  Ephedra nevadensis .06 1 .02 1 
  Thamnosma montana -- 1 -- 1 
  Gutierrezia microcephala -- <1 .04 1 
  Lycium sp. -- <1 .02 <1 
  Grayia spinosa -- <1 -- -- 
  Basal occurrence, all shrub species combined .36 -- .30 -- 
Perennial grasses     
  Bouteloua eriopoda .20 5 .36 12 
  Pleuraphis jamesii .16 5 .62 12 
  Plots with either B. eriopoda & P. jamesii or both .32 -- .74 -- 
  Sporobolus cryptandrus .04 <1 .04 1 
  Stipa speciosa .02 <1 -- <1 
  Achnatherum hymenoides -- <1 -- <1 
  Muhlenbergia porteri -- <1 -- <1 
Succulents     
  Yucca baccata -- <1 .06 1 
  Y. brevifolia -- 1 -- <1 
  Cylindropuntia acanthocarpa -- <1 -- <1 

 
GPS coordinates of transect end points: 
Unburned:  (35.32668, -115.57040), (35.32653, -115.57019) 
Burned: (35.32663, -115.57041), (35.32678, -115.57060) 
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5% canopy cover.  Large portions of  Cima Dome contain similar 
mixed shrub-grass communities that are frequently dominated by 
E. cooperi and H. salsola.  The widespread occurrence of  these two 
shrub species across Cima Dome, especially within 2 km of  live-
stock watering places, is probably a legacy of  previous heavy use 
of  this landscape by livestock.  

Ericameria cooperi was nearly eliminated from the burned area; 
none of  the 50 plots contained living plants.  However, charred 
stubs of  the basal stems of  small shrubs were contained in 30% 
of  the plots, a proportion that is indistinguishable from 36% of  
the plots in the unburned area that contained basal stems of  living 
shrubs (χ2 = 0.31, p > .50).  Most of  the burned remains of  basal 
stems appeared to be those of  E. cooperi, indicating that shrub-
dominated vegetation originally occurred in the burned area. With-
in the burn, B. eriopoda and P. jamesii clearly dominated, occurring 
in 36% and 62%, respectively, of  the 50 plots, frequencies  that 
are significantly greater than those species in the unburned areas 
(χ2 = 10.39 and 22.236; P < .005 and .002, for B. eriopoda and P. 
jamesii, respectively), and 74% of  the plots within the burn con-

tained one or both of  the two grass species.  Canopy cover of  
both grasses was more than double that in the unburned area.  In 
March 2013, no recruitment of  E. cooperi had yet occurred in the 
burned area.  The principal effect of  the fire was to significantly 
reduce woody plant cover, nearly eliminate E. cooperi, and promote 
the marked increase of  two perennial grasses.  Although consider-
able mortality of  Yucca brevifolia occurred within the burned area, 
some plants survived the fire, as observed at other sites.  Much like 
the response of  P. rigida following the Lanfair Valley fire, wildfires 
occurring on Cima Dome, where perennial C4 grasses often are 
subdominant, may restore dominance of  those grasses, now that 
domestic livestock are removed.

Table 12.  Comparison of adjacent unburned and burned areas on Cima Dome; occurrence of fire between dates of 30 Dec. 2005 (Google Earth 
image shows site intact) and 30 April 2009.   Frequency of occurrence represents the proportion of plots containing basal cover of perennial grasses 
or canopy cover of woody plants and succulents; data collected from 0.1 m2 plots positioned at 1 m intervals along a linear transect (n = 50 plots per 
site).  Cover data are visual estimates of percent canopy cover of individual species within the area immediately surrounding each 50 m transect.  Data 
collected 30 March 2013.
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Discussion
Landscapes dominated by perennial C4 grasses in the eastern 

Mojave Desert represent the western-most expression of  warm-
temperate “desert grasslands” of  the American Southwest, a view 
that was also expressed by Johnson (1976) and Rowlands (1978, 
1995a).  Although floristic and community compositions of  des-
ert grasslands vary over a wide geographic range in the South-
west (Tables 3-5; Fig. 21), the combination of  C4 grasses together 
with various woody plants and succulents contributes to an overall 
similar physiognomic and functional character in different locales.  
Plant communities dominated by perennial C4 grasses in the east 
Mojave region, especially those in which Bouteloua eriopoda occurs, 
are located at a relatively abrupt geographic transition at the north-
western limit of  reliable warm-season, monsoonal precipitation 
(Figs. 4B, 8A;).  Consequently, the area represents a sharp eco-
tonal transition from vegetation dependent on relatively predict-
able warm-season precipitation inputs to plant communities more 

dependent on cool-season precipitation (Johnson, 1976).  
The scant research recognition of  the grass-dominated plant 

communities of  this region is partly because botanical documenta-
tion of  the native perennial grasses in the eastern Mojave Desert 
has occurred only recently, despite its use for ranching enterprises 
for more than a century.  This is particularly true for B. eriopoda 
(Fig. 52). Herbarium records of  B. eriopoda prior to the 1970s from 
west of  the Colorado River are sparse (California Consortium of  
Herbaria and SEINet records).  The initial Jepson floras of  Cali-
fornia (Jepson 1923, 1925) do not include B. eriopoda.  The earli-
est known specimen, located in Harvard’s Gray Herbarium, was 
collected by E.C. Jaeger in 1931 from the east side of  the Clark 
Mountains.  The only other specimen from the 1930s was collected 
in 1937 by J. C. Roos.  More than a decade elapsed before multiple 
collections from the area were made by Roos from 1948 through 
1950, but too late for that information to be included in the com-
prehensive works on grasses of  the United States (Hitchcock, 
1950; Gould, 1951), neither of  which list B. eriopoda as occurring in 
either California or Nevada.   The first published documentation 

Figure 52.  Black grama (Bouteloua eriopoda), a characteristic species 
of warm, semi-arid grasslands of the American Southwest.  Inked 
impression of pressed plant from Yavapai County, Arizona, by the 
author.

Figure 53.  Galleta (Pleuraphis jamesii), common throughout the 
Colorado Plateau and westward into the Great Basin.  Inked impression 
of pressed plant from Navajo County, Arizona.
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of B. eriopoda occurring in “Joshua tree woodlands” and “pinyon-
juniper woodlands” of  the eastern Mojave Desert in California ap-
peared in Munz and Keck (1959).  Munz (1974) again listed the 
occurrence of  B. eriopoda in the eastern Mojave Desert region in his 
flora of  southern California.  Not until the 1970s do more speci-
mens of  B. eriopoda appear in regional herbaria.  Bostick (1973) 
in an unpublished Master’s thesis (Univ. of  Nevada, Las Vegas) 
also documented B. eriopoda in the McCullough Range of  south-
ernmost Nevada.  He commented that the grass was common and 
abundant and noted with surprise that he provided the first writ-
ten account of  B. eriopoda in Nevada.  Similarly, the occurrence of  
Pleuraphis jamesii (Fig. 53) in the East Mojave Highlands was not 
widely recognized in the early 1970s.   A comprehensive review 
of  the taxonomy, ecology, and management of  P. jamesii (West, 
1972) does not include the eastern Mojave Desert in its distribu-
tion range.  Johnson (1976) was the first to discuss the ecological 
significance of  B. eriopoda and other C4 grasses in the region.  He 
proposed the name “Joshua tree grassland” for grass-dominated 

landscapes that contain scattered Joshua trees and noted “vegeta-
tion with the same general association of  species is more extensively developed 
farther east in Arizona.”  However, given the limited study devoted to 
this topic before the mid-1970s, it is not surprising that perennial 
grass-dominated communities containing B. eriopoda and P. jamesii 
in the eastern Mojave Desert are not mentioned in Barbour and 
Major (1977) nor included in vegetation classification schemes for 
California at the time (Parker and Matyas, 1979).  Barbour and Ma-
jor (1977) included Hilaria (= Pleuraphis) jamesii in their work on the 
vegetation of  California as occurring within the sagebrush steppe 
of  the Great Basin, but did not mention its occurrence within the 
eastern Mojave region.

Rowlands (1980, 1995) and Rolands et al. (1982) grouped these 
perennial grass-dominated communities under the umbrella of  
desert- and semi-desert grasslands in their classification of  Mojave 
Desert vegetation in California.  That classification included two 
perennial grass-dominated vegetation types in the eastern Mojave 
Desert:  Big Galleta Scrub-Steppe (including P. rigida, B. eriopoda, and 
Muhlenbergia porteri) and Galleta-Blue Grama Scrub-Steppe (including 
P. jamesii and B. gracilis).  However, general ignorance of  the oc-
currence of  vegetation dominated by various perennial grasses in 
the eastern Mojave Desert is also partly due to limited published 
dissemination of  information. With the exception of  Rowlands et 
al. (1982), the primary, earlier written accounts have consisted of  
theses and dissertations that were entirely or largely unpublished 
(Bostick, 1973; Rowlands,1978), symposium proceedings and spe-
cial publications with limited distribution and visibility (Johnson, 
1976; Rowlands, 1980), or unpublished reports of  federal agen-
cies (BLM, 1976 cited by Rowlands, 1995; see additional BLM re-
ports listed in Rowlands, 1995).  As a consequence, more recently 
published works deriving information from the primary literature 
inadvertently continue to omit information regarding perennial 
grass-dominated vegetation of  the eastern Mojave Desert region.  
Although the updated Jepson manuals of  California flora (Hick-
man, 1993; Baldwin et al., 2002; Baldwin et al. 2012) now include 
the occurrence of  B. eriopoda in the eastern Mojave Desert, the 
comprehensive treatment of  Mojave desertscrub vegetation in 
California (Keeler-Wolf, 2007) does not include any reference to 
B. eriopoda or communities in which it is dominant or co-dominant; 
the recent book on California native grasslands (Keeler-Wolf  et al., 
2007) and the Manual of  California Vegetation, 2nd Edition (Sawyer, et 
al., 2009) make the same omission.  After widespread conversion 
of  former native grasslands of  California’s Central Valley to crop 
agriculture, the perennial grass-dominated landscapes of  the East 
Mojave Highlands represent a very significant area of  the state’s 
remaining native grasslands and merit wider recognition.  The ab-
sence of  an accurate technical representation of  perennial grass-
dominated plant communities of  the East Mojave Highlands ulti-
mately contributes to a lack of  public awareness.  For example, an 
excellent, non-technical, illustrated guide to plants of  the eastern 

Figure 54.  Blue grama (Bouteloua gracilis), one of the most 
widespread perennial grasses in North America and characteristic of 
the shortgrass prairies and steppes east of the Rocky Mountains. Inked 
impression of pressed plant from Navajo County, Arizona.
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Mojave Desert (Knute, 1991) includes B. gracilis (Fig. 54), but not 
B. eriopoda, even though the former actually has a more limited geo-
graphic distribution in the area than does B. eriopoda (Fig. 8A, B).

Recent vegetation classification and mapping
 In the mid- to late 1990s, the Mojave Desert Ecosystem Pro-

gram of  the U.S. Geological Survey conducted an extensive pro-
gram of  vegetation classification and mapping for the Central 
Mojave Desert in California, which included all of  the Mojave 
National Preserve (Thomas et al., 2004).  The project identified 70 
plant species alliances that conformed to hierarchical classification 
requirements of  the National Vegetation Classification (FGDC, 
2008). The mapping effort was based on landscape units identified 
on aerial imagery, combined with ground surveys and predictive 
modeling approaches (see Thomas et al., 2004 for detailed meth-
odology).  The vegetation map created through this process pro-
vides a valuable resource for land managers, resource management 
agencies, regional planners, conservationists, researchers, and the 
interested public.  

Overall, the map reliably reflects vegetation patterning (e.g., the 
distribution of  blackbrush communities depicted in Fig. 45) and 
is a tremendous advance in defining various plant assemblages 
and their occurrences.  However, the descriptions and mapping 
of  vegetation alliances do not fully represent the composition of  
grass-dominated communities or their geographic occurrences in 
the East Mojave Highlands.  Two C4 perennial grass alliances were 
listed in Thomas et al. (2004):  the “Pleuraphis rigida Herbaceous Al-
liance” and the “Pleuraphis jamesii Herbaceous Alliance.”  These two 
categories are only a partial representation of  the regional com-
munities in which perennial C4 grasses are dominant.  In addition, 
many of  the grass-dominated landscapes of  the eastern Mojave 
region, especially those in which Bouteloua eriopoda and Pleuraphis 
jamesii co-occur, were mapped as two types of  woodland 
shrubland alliances:  the “Yucca brevifolia wooded shrubland alli-
ance” where “Yucca brevifolia is the emergent small tree … over 
a shrub canopy,” and the “Juniperus osteosperma wooded shrubland 
alliance.”  The “Yucca brevifolia wooded shrubland alliance” also in-
corporates and maps assemblages containing Y. brevifolia in geo-
graphically different parts of  the Mojave Desert as a single entity. 
For example, sites in the vicinity of  the New York Mountains and 
Cima Dome, where C4 perennial grasses (P. rigida, P. jamesii, B. eri-
opoda) are the principal understory species, are mapped as the same 
unit as vegetation containing Y. brevifolia in the northwestern corner 
of  the Mojave Desert on the foothills of  the southern end of  the 
Inyo Mountains, where little summer precipitation occurs and C4 
grasses are uncommon.  Keeler-Wolf  (2007) claimed that numeri-
cal vegetation classification and indicator species analysis associ-
ated with the Mojave Desert Ecosystem Initiative demonstrated 
that Y. brevifolia is a significant indicator of  a “Joshua tree sparsely 
wooded shrubland.” However, this type of  indicator species analy-

sis only describes the regular occurrence of  a sparse overstory of  
Y. brevifolia, with little regard to the actual dominant species that 
independently occur in compositionally distinct assemblages. This 
was originally pointed out in detail by Rowlands (1978).   The use 
of  an all-inclusive name like “Yucca brevifolia wooded shrubland al-
liance” represents a return to the similar designation “Joshua tree 
woodland” (Munz and Keck, 1959; Jaeger and Smith, 1971; Ord-
nuff  1974, and others), roundly criticized by Rowlands (1978) as 
not accounting for the considerable variation in dominant species 
with which Y. brevifolia co-occurs over a wide geographic area. 

Thomas et al. (2004), included B. eriopoda only in the description 
of  the Pleuraphis rigida Herbaceous Alliance. The elevation range 
listed for that alliance is 500 to 1,400 m, a designation that com-
bines the sparse, lowland stands of  P. rigida associated with desert 
shrubs (but never B. eriopoda) on sandy substrates (Category A, Fig. 
12; sites < 1000 m) with considerably denser stands in higher, less 
arid elevations that frequently contain B. eriopoda (Categories B & 
C, Fig. 12, > 1200 m).  However, most of  the elevation range over 
which B. eriopoda occurs in the East Mojave Highlands is above 
1400 m (Fig. 12).  The description in Thomas et al. (2004) of  the 
“Pleuraphis jamesii Herbaceous Alliance” does not list B. eriopoda as 
an associated species; yet in most settings (with the exception of  
limited areas where soils have high clay content), both species typi-
cally co-occur; often with B. eriopoda as the dominant (Category D; 
Fig. 12; photographically illustrated in Figs. 16A, 43B, and 44B).

Plant communities in the East Mojave Highlands in which P. 
jamesii and B. eriopoda co-occur and collectively comprise the major-
ity of  plant canopy cover are found between approximately 1400 
m and 1650 m (Fig. 12).  Yet all the California sites described in 
this paper that contain this association were included by Thom-
as et al. (2004) within areas mapped as “Yucca brevifolia Wooded 
Shrubland” and “Juniperus osteosperma Wooded Shrubland” (Fig. 
15).  Although Y. brevifolia and J. osteosperma typically occur in these 
grass-dominated landscapes (Fig. 16) and may visually dominate 
due to their emergent stature, these arborescent species contribute 
only a small fraction of  total vegetation canopy cover, a point also 
emphasized by Rowlands (1978).  Referring to and mapping these 
perennial grass-dominated assemblages as “wooded shrublands” 
mischaracterizes their actual physiognomic composition and by 
extension, ecological functioning. 

Classifying and mapping these perennial grass-dominated areas 
as types of  shrublands in Thomas et al. (2004) has a straightfor-
ward explanation.  Field collection of  canopy cover data in that 
project was conducted in Fall 1997, winter-spring 1998, and spring 
1999 (Thomas et al., 2004; K. Thomas, pers. comm).  Four con-
secutive years (1993-1996) of  below-average summer precipitation 
in the eastern Mojave Desert preceded the 1997-1999 sampling 
period (e.g., Fig. 9).  Total summer precipitation was above-av-
erage in 1997, but most of  that was from a single tropical Pacific 
cyclone (Hurricane Nora) that penetrated the region in the last 



Table 13.  Principal types of vegetation dominated by perennial C4 grasses in the eastern Mojave Desert region. 
Table 13.  Principal types of vegetation dominated by perennial C4 grasses in the eastern Mojave Desert 
region.  

                                       Typical associated species 

Vegetation type & 
dominant species 

Perennial grasses Shrubs Succulents 

1.  Arid lowland 
Pleuraphis rigida 
shrub-steppe 

 Larrea tridentata,  
Ambrosia dumosa,  
Krameria grayi 

 

2.  Semi-arid upland 
Pleuraphis rigida 
shrub-steppe 

Bouteloua eriopoda, 
Muhlenbergia 
porteri,  
A. hymenoides 

Ephedra nevadensis,  
Eriogonum fasciculatum, 
Ericameria cooperi, 
Lycium spp., 
Acamptopappus 
sphaerocephalus, 
Salazaria mexicana 

Yucca brevifolia,  
Y. schidigera,  
Cylindropuntia 
acanthocarpa,  
Ferocactus cylindraceus, 

3.  Bouteloua eriopoda- 
Pleuraphis jamesii 
shrub-steppe 

P. rigida, M. porteri,  
Achnatherum 
speciosum, A. 
hymenoides 

Menodora spinescens, 
Salvia dorrii, Atriplex 
canescens, 
Krascheninnikovia lanata, 
Thamnosma montana, 
Ericameria cooperi, 
Salazaria mexicana, 
Acacia greggii, Ephedra 
nevadensis, Lycium sp., 
Eriogonum fasciculatum 

Y. brevifolia,  
Y. baccata,  
Cylidropuntia 
acanthocarpa,  
Opuntia erinacea 

4.  Juniperus 
osteosperma - 
Bouteloua spp. – 
Pleuraphis jamesii 
temperate savanna  

    (B. eriopoda and/or 
B. gracilis, depending 
on elevation) 

Achnatherum 
speciosum  

Prunus fasciculatus, 
Purshia tridentata, 
Ephedra nevadensis 

Y.  brevifolia,  
Y. baccata,  
O. erinacea 

5.  Muhlenbergia 
porteri – Sporobolus 
contractus shrub-
steppe 

B. eriopoda, 
Sporobolus 
cryptandrus, 
Achnatherum 
hymenoides  

Hymenoclea salsola, 
Atriplex canescens, Salvia 
dorrii, Krascheninnikovia 
lanata, Ephedra 
nevadensis  

 

6.  Sporobolus airoides 
grassland/ 

    shrubsteppe 

 Lycium sp.,  
Atriplex canescens, 

Y. brevifolia 
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week of  September.  This precipitation event, late in the warm 
season, had little effect on C4 grasses.  In fall of  1997 and the 
subsequent spring, I observed substantial mortality of  B. eriopoda 
(McCullough Range, Nevada), and B. gracilis (Cima Dome, Cali-
fornia). The direct effects of  drought on perennial grasses were 
compounded by impacts of  livestock grazing.  In 1997 and 1998 
at sites occupied by B. eriopoda and P. jamesii on Cima Dome, both 
grasses were frequently difficult to recognize and distinguish be-
cause most had been consumed by livestock to within a centimeter 
or two of  the soil surface (e.g., Fig. 44A).  In some cases, B. eriopoda 
was grazed so close to the soil surface that it could be identified 
only by excavating next to the base of  stems to verify the presence 
of  the tomentose, sub-soil basal portions (hence another common 
name for the grass: woolly foot grama). 

A repeat of  below-average precipitation in summer, 1998 (Fig. 
9) did little to promote growth of  surviving perennial grasses in 
the region by the time of  the final USGS surveys in spring, 1999.  
Under such conditions, landscapes did appear to be dominated by 

shrubs, in association with Joshua trees (Fig. 44A) and visual es-
timates of  species compositions collected at that time no doubt 
reflected that state.   

Removal of  livestock from portions of  the Mojave National 
Preserve in the early 2000s, coupled with several years of  ample 
summer precipitation from 2005 through 2014 generated a tre-
mendous resurgence of  perennial grasses in many areas where 
their growth and regeneration had been previously impeded (Fig. 
44B).  This resurgence has been especially striking for B. eriopoda 
because this grass is particularly susceptible to overuse by live-
stock.  It provides highly palatable forage year-round, even during 
periods of  dormancy during winter or drought (Nelson, 1934) due 
to its above-ground storage of  carbohydrates in the culms.  In ob-
servations from spring 2013 through 2015, vegetation in which B. 
eriopoda is either dominant or co-dominant existed over a wide area 
in the East Mojave Highlands, especially on the eastern front of  
the New York Mountains, Mid Hills, and upper portions of  Cima 
Dome in California, and the southern portion of  the McCullough 

Figure 55.  West side of the New York Mountains, facing west with Mojavean Joshua Tree Savanna on south-facing slopes (right side), and 
Mojavean Juniper Savanna on north-facing slopes (left side).  Elevation of the rocky knob on right is 1404 m.  Pleuraphis rigida and Bouteloua 
eriopoda are dominant grasses on the south aspect; B. eriopoda, B. gracilis, and P. jamesii are found on the north aspect.  Ivanpah Road is 
located at the base of the north-facing slope.  February 21, 2015.
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Range in southern Nevada.  This resurgence, and in many places 
prevalence, of  B. eriopoda merits recognition in any regionally com-
prehensive vegetation description.

Another contributor to the results of  Thomas et al. (2004) may 
be one modeling approach used in assigning identities to mapped 
vegetation units.  Because of  the large area covered in the map-
ping project, predictive modeling based on relationships between 
vegetation and environmental parameters was used for probabilis-
tic mapping of  plant alliance occurrences. Although this approach 
was deemed necessary and generally yielded satisfactory results, 
environmental attributes associated with both the Pleuraphis rigida 
and Pleuraphis jamesii Herbaceous Alliances were combined for pre-
dictive modeling and in map labeling. However, given consider-
able differences in the elevational distributions of  these two spe-
cies (Figs. 8, 12), where attributes of  low elevation Pleuraphis rigida 
stands (like those associated with Kelso Dunes) are combined with 
those of  upper elevation P. jamesii, it is probable that such a hetero-
geneous amalgam would not clearly delineate distinct vegetation 
assemblages.

Classification of  perennial grass-dominated vegetation 
in the eastern Mojave Desert region

Based on species composition data presented in this paper, 
there are at least six distinct associations in which C4 perennial 
grasses predominate in the eastern Mojave Desert region (Table 
13).  Communities dominated by Pleuraphis rigida are divided into 
two categories. The first is found at lower, more arid elevations, 
typically on eolian sand deposits (Arid lowland Pleuraphis rigida 
shrub-steppe), in which Larrea tridentata, Ambrosia dumosa, and 
Krameria grayi commonly co-occur (Fig. 13C).  In some situations, 
especially on extremely young eolian deposits, shrubs may be ab-
sent altogether.  This association also occurs on the same kind of  
substrate in lower elevation, more arid portions of  the Sonoran 
Desert in southwestern Arizona, southern California, and Sonora, 
Mexico. The second type of  P. rigida community occurs at higher, 
less arid sites (Semi-arid upland Pleuraphis rigida shrub steppe) 
and contains a different suite of  shrubs from that of  the arid low-
lands, and also contains various succulents, including Yucca brevifolia 
(Table 13).  Bouteloua eriopoda commonly occurs in stands of  P. 
rigida in the semi-arid uplands (Fig. 12, categories B&C,), but never 
in the arid lowlands.  The presence of  B. eriopoda, cacti and yuccas, 
together with the different assemblage of  associated shrubs merits 
recognizing separate upland and lowland associations.  Yucca brevi-
folia imparts a savanna-like physiognomy to many upland stands, 
especially at higher elevations. Vegetation with essentially the same 
appearance and species composition is found from the East Mo-
jave Highlands of  California and southern Nevada eastward to 
west-central Arizona, as pointed out by Johnson (1976) (Fig. 14).

The third and fourth groups (Table 13) are those in which Bou-
teloua spp. and P. jamesii co-occur.  The Bouteloua eriopoda-Pleura-

phis jamesii shrub steppe contains many of  the same shrub and 
succulent species as the semi-arid upland P. rigida communities.  
These assemblages with P. jamesii occur only in southern Nevada 
and adjacent California, but not in west-central Arizona. Like the 
upland Pleuraphis rigida communities, the typical occurrence of  Yuc-
ca brevifolia creates a savanna-like appearance.  Thomas et al. (2004) 
designated a “Pleuraphis jamesii Herbaceous Alliance” in which the 
namesake is the sole dominant grass and listed two general locali-
ties within the Mojave Desert of  California where it occurs: (1) 
“near the New York Mountains, Lanfair Valley, and the Mid Hills” 
and (2) “in the Southeastern Great Basin in the Inyo and Pana-
mint Mountains.” However, their omission of  B. eriopoda does not 
accurately reflect the composition of  communities in locality (1) 
above where the two species are typically co-dominant (Fig. 12, 
categories D & E).  Vegetation containing Pleuraphis jamesii in the 
northern Mojave Desert, which lacks appreciable summer precipi-
tation, is compositionally quite different from sites with P. jamesii 
in the east Mojave Desert region and merits separate designation.  

With further increases in elevation, the dominant arborescent 
element shifts from Y. brevifolia to Juniperus osteosperma. Bouteloua 
gracilis makes its appearance above 1600 m, gradually predomi-
nating and eventually replacing B. eriopoda with increasing eleva-
tion (Fig. 12, categories D-F).  These juniper-studded stands with 
understories of  perennial grass have been termed savannas (e.g., 
West, 1999); the ones described here are appropriately called Juni-
perus osteosperma – Bouteloua spp. – Pleuraphis jamesii temperate 
savannas.  The physiognomic transition from these savannas to 
denser juniper and pinyon-juniper woodlands may occur gradually 
with elevation; however, abrupt transitions in geological and soil 
environments can generate sharp vegetation transitions (e.g., Figs. 
27, 29A, B).

The two other minor grass-dominated communities listed in 
Table 13 are the Muhlenbergia porteri – Sporobolus contractus 
shrub steppe found principally on geologically recent, sandy to 
fine-gravelly stream terraces and Sporobolus airoides grassland/
shrubsteppe.  A Sporobolus airoides association (containing a dif-
ferent set of  associated species than those of  the eastern Mojave 
Desert) also occurs much further to the west and north in the 
northern San Joaquin Valley, California (Keeler, et al., 2007). Al-
though these latter two community types have very limited occur-
rences in the East Mojave Highlands, both deserve recognition to 
promote their conservation and management.  Keeler-Wolf, et al. 
(2007) briefly mentioned a very rare “Muhlenbergia porteri – Pleura-
phis jamesii alliance” as occurring in the Mojave Desert, but vegeta-
tion matching that description was not encountered in the area of  
this study.  The locality of  that species alliance was not listed, but 
may occur in more northern portions of  the Mojave Desert where 
P. jamesii occurs without B. eriopoda.

The six associations described above and listed in Table 13 are 
taxonomically based designations analogous to the species alliances 
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presented in Thomas et al. (2004) and could be used in such a con-
text.  In addition to such taxonomically based terminology, names 
that depict the structural architecture, function, and geographic 
occurrence of  particular kinds of  vegetation are also useful.  For 
more than three-quarters of  a century, different names have been 
applied to perennial grass-dominated vegetation of  warm-temper-
ate portions of  the American Southwest (Burgess, 1995).  “Desert 
Grassland” has become one of  the most widespread designations, 
yet has been applied in some settings in ways that clearly mix very 
different kinds of  vegetation.  For example, Dick-Peddie (1993) 
applied that name to some cold-temperate grasslands of  north-
ern New Mexico that had been highly impacted and altered (i.e., 
desertified) by a long history of  livestock grazing, as well as the 
warm-temperate grasslands of  the southern part of  the state.  Yet 
other schemes have distinguished the two (Küchler, 1964; Brown, 
1982a).  Despite a long history and widespread use of  the name 
“desert grassland” (Humphrey, 1958, Schmutz et al., 1992, Mc-
Claran and VanDevender, 1995), others have used less internally 
contradictory terms like “semidesert grassland” or other synonyms 
(Brown, 1982; Brown and Makings, 2014).  Nevertheless, the name 
and its synonyms still lack clarity in distinguishing key attributes of  
vegetation structure as well as geographic provenance. 

Burgess (1995) proposed the name Apacherian mixed shrub 
savanna, or simply Apacherian savanna for much of  the “desert 
grassland” that contains a mix of  woody, arborescent elements, 
shrubs, subshrubs, and succulents within the warm-temperate 
geographic region of  Apacheria, the area of  southeastern Arizona, 
southern New Mexico, west Texas, and adjacent Mexico occupied 
in pre-settlement times by the Apache.  This name is useful as 
it delineates the geographic distribution as well as the structural 

architecture of  this particular kind of  vegetation.  However, that 
name does not fit the grass-dominated vegetation of  the eastern 
Mojave Desert region. Considerable geographical differences in 
flora and community composition across the region (Fig. 21, Ta-
bles 3-5) warrant a name that distinguishes the C4 perennial grass-
dominated vegetation of  the eastern Mojave Desert region, par-
ticularly those in which Yucca brevifolia and Juniperus osteosperma are 
arborescent components.  Complementing the nomenclature of  
Burgess (1995), I refer to perennial grass-dominated vegetation in 
which Yucca brevifolia is a conspicuous arborescent element as “Mo-
javean Joshua tree mixed shrub savanna” and those in which 
junipers are the predominant arborescent element as “Mojavean 
juniper mixed shrub savanna,” or simply “Mojavean Joshua tree 
savanna” and “Mojavean juniper savanna,” respectively (Fig. 55).
Depending on elevation, the dominant perennial grasses in the 
Mojavean Joshua tree savanna range from Pleuraphis rigida in lower 
elevations to B. eriopoda and P. jamesii in upper elevations.  Similarly, 
the dominant perennial grasses in Mojavean juniper savanna shift 
from lower elevation B. eriopoda and P. jamesii to higher B. graci-
lis and P. jamesii.  These names are applicable to warm-temperate 
parts of  southern-most Nevada, adjacent California and west-cen-
tral Arizona, all possessing perennial grass-dominated vegetation 
with similar species composition and structural architecture, as 
noted by Johnson (1976). Although Johnson (1976) proposed the 
name “Joshua tree grassland” for this kind of  vegetation, the term 
“mixed shrub savanna” more accurately represents the ubiquitous 
shrub component present in them, but lacking in true “grasslands” 
such as those called Plains grassland (Brown, 1982a).

Figure 56.  Left side – catclaw acacia 
(Acacia greggii, leafless at top center) 
with roots to depths exceeding 4 m in 
bedrock (Miocene welded tuff) fractures.  
This exposure is an abandoned 
railroad cut created in 1901. Roots of 
another catclaw in other exposures 
along this cut exceeded depths of 6 
m in similar fractures. The bedrock 
surface is mantled with cobbly basaltic 
colluvium derived from upper parts 
of the slope and contains soils that 
support perennial grasses (P. rigida and 
B. eriopoda).  Right side – enlarged 
view of roots within the fracture, note 
pocketknife for scale.
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Vegetation mosaics:  the geological and soil template
Perennial grass-dominated vegetation occurs in diverse settings 

ranging from relatively steep hillslopes to gently inclined alluvial 
fan deposits.  The common denominator of  the varied terrains 
is a soil containing fine-grained horizons, especially within a half  
meter of  the surface.  The relatively shallow, diffuse fibrous root 
systems of  perennial grasses enable them to rapidly exploit brief  
pulses of  moisture stored in these horizons.  Rapid growth and 
flowering, followed by dormancy when moisture sources are ex-
hausted, enables perennial grasses of  semi-arid environments to 
thrive under temporally variable soil moisture conditions (Burgess, 
1995, McAuliffe 2003).  Subtle variation in textures of  these fine-
grained horizons influences infiltration depth and moisture stor-
age, which elicit substantial changes in species composition, for 
example shifts in dominance from B. eriopoda to P. jamesii with in-
creases in clay content.

At the other end of  the spectrum of  soil hydrological behavior, 
soils lacking moisture storage capacity in upper horizons may re-
tain the bulk of  plant-available water deeply within bedrock joints 
and fractures.  Although relatively small total amounts of  water 
may infiltrate to such depths, the deeper storage provides a more 
constant supply of  moisture, favoring various kinds of  woody 
plants with deep taproot systems, including evergreens that require 
access to year-round moisture or those that flower and have high 
moisture requirements during the driest part of  the year (e.g., Aca-
cia greggii).  Many soils to some extent offer both kinds of  moisture 
storage.  For example, many bedrock hillslopes mantled by older 
colluvial apron deposits contain well-developed, fine-grained soil 
horizons on top of  fractured, jointed bedrock.  Perennial grasses 
often predominate in such sites, yet co-occur with woody plants 
having considerably deeper root systems.  Deep vertical exposures 
in roadcuts and other excavations reveal the substantial depth to 
which woody plant taproots can extend within bedrock fractures 
and joints, often to several meters (Fig. 56).

The dynamic linkages between soils and vegetation are typi-
cally reciprocal in nature.  Soil attributes and soil hydrological 
behavior influence vegetation characteristics, and vegetation also 
can profoundly influence soils. Such reciprocal cause-and-effect 
relationships create systems in which feedback between the two 
yield either self-arresting (negative) or self-enhancing (positive) 
feedback, producing either relative stability, or conversely, rapid 
change (e.g., erosion) (Bull, 1991).  For example, relatively dense, 
persistent cover of  perennial grass strongly influences hydrological 
behavior, including runoff  velocity, infiltration, and erosion (e.g., 
Abrahams, et al., 1995).  The presence of  perennial grasses can 
contribute significantly to the maintenance of  soil characteristics 
required by those grasses.  Observations touched on in this pa-
per concerning the relatively continuous extent of  late Pleistocene 
colluvial apron remnants at higher, more mesic elevations, versus 
the more highly eroded, dissected, and fragmented condition of  

comparable deposits in lower, more xeric environments suggest 
the strong influence of  this kind of  dynamical feedback. In these 
semi-arid environments, many grassed hillslopes may be close to 
hydrologic thresholds that separate relatively stable surface behav-
ior from inexorable soil erosion by overland flow. Similarly, the 
big galleta swales in the lower portions of  Lanfair Valley (Figs. 
41, 42) probably exist near thresholds of  hydrologic behavior that 
separate persistence of  the densely grassed swales versus cutting 
by channels, erosion, and marked decline of  perennial grass cover.   
These landscapes are probably susceptible to long-lasting or irre-
versible alteration, especially under any kind of  use that markedly 
reduces vegetation cover and its capacity to moderate hydrological 
behavior. 

Livestock grazing and vegetation change
Livestock grazing produced marked changes in some perennial 

grass-dominated landscapes of  the eastern Mojave Desert region.  
Early written accounts describe expanses of  grassland-like veg-
etation in portions of  the East Mojave Highlands that today are 
dominated by shrubs.  For example, the Lieutenant A.W. Whipple 
expedition of  1853-54 travelled directly across Lanfair Valley from 
east to west, through Cedar Canyon, slightly north of  the Lan-
fair burn site discussed in this paper (Fig. 57).  In nightly entries, 
Whipple recorded the grassland-like character of  the area (from 
Foreman, 1941):

March 4; Camp 138.  “The great plain which our route traversed was 
found to be covered with good grass.” [camp location – east Lanfair Val-
ley, west of  Piute Mountains]

March 5; Camp 139.  “Parsing over the prairie, nearly seven miles west, 
we arrive at a spring of  water oozing from a rocky ravine. [camp location – 
Rock Spring, on east side of  Cedar Canyon and western edge of  
Lanfair Valley.  The party passed approximately 1.3 km north of  
the Lanfair Valley burn site discussed in the text (Fig. 49)].

March 6, Camp 140.   “The hill-sides and ravines are covered with excel-
lent grass… [probably in reference to portions of  Cedar Canyon, 
for example, the area shown in Fig. 50]

March 7, Camp 141.  “This country affords excellent grazing lands, simi-
lar to, but less extensive than those of  New Mexico. The grass is highly nutri-
tious.”

Large-scale ranching operations in southern-most Nevada and 
adjacent California began in the early 1890s following establish-
ment of  railroad routes. The Rock Springs Land and Cattle Com-
pany, formed in 1894, controlled an area of  approximately one 
million acres (4047 km2) on both sides of  the Nevada-California 
border, including the New York Mountains, Cima Dome in Cali-
fornia, and the southern end of  the McCullough Range in Nevada.  
By the early 1920s, approximately 10,000 head of  cattle occupied 
this area (Messersmith, 1991; Schoffstall, 2010).  This kind of  in-
tense use persisted throughout the 20th century. Before livestock 
were removed from portions of  the Mojave National Preserve in 
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2002, extremely heavy use of  perennial grasses was commonplace, 
as noted earlier.   In observations made in the mid-1970s, Row-
lands (1995) commented that perennial grasses of  the Cima Dome 
area “seemed to be chronically over-utilized” and standing crops 
of  P .rigida were approximately only one-tenth of  that of  nearby, 
comparable areas from which livestock had been excluded.  He 
also noted that it was “extremely difficult” to identify or distin-
guish B. eriopoda and Muhlenbergia porteri due to the extent to which 
above-ground material had been consumed by livestock (Table 3 
in Rowlands, 1995). Given the magnitude of  use, Rowlands (1995) 
concluded “The potential vegetation on Cima Dome is a Big Galleta Scrub-
Steppe.  However, this vegetational aspect will probably never be realized as 
long as grazing continues at its present rate.”  

 Overall, the impacts of  livestock on B. eriopoda and M. porteri 
were probably far more severe than that experienced by the con-
siderably coarser, less palatable P. rigida. Bouteloua eriopoda is one 
of  the most nutritious grasses for livestock, even when dormant.  
In both species, above-ground plant portions do not die back 
completely to the ground during drought or winter and most car-

bohydrate reserves are stored in the culms.  When suitable con-
ditions of  moisture and temperature return, new leaf  and shoot 
production originates well above the ground from axillary buds at 
nodes along the culms.  By maintaining above-ground living tis-
sues and buds, these grasses quickly take advantage of  unpredict-
able, scanty precipitation.  However, this above-ground storage 
of  carbohydrate reserves also makes both grasses more nutritious 
and palatable to livestock during the dormant season than many 
other grasses.  This palatability renders them highly vulnerable to 
over-utilization. In addition, B. eriopoda seldom reproduces by seed 
(Nelson, 1934, Nielson, 1986), but relies principally on basal til-
lering and horizontal stoloniferous spread. The consumption and 
trampling of  unrooted stolons greatly limits the plant’s ability to 
increase or maintain cover.  Compared to other perennial grasses, 
relatively light usage of  B. eriopoda is recommended (30-35% of  
annual production) (Simonin, 2000).  The use of  B. eriopoda by live-
stock within many portions of  what is now the Mojave National 
Preserve greatly exceeded this amount over an extended period 
(e.g., Figs. 43A, 44A; Rowlands, 1995).

Figure 57.  Map of the western portion of the 1853-54 Whipple expedition with travel route and numbered camps marked in orange and the 
boundary of the eastern Mojave Desert study area in green.  Whipple’s descriptions of the areas around camps 138-141 are included in the text.  
Modified (with color markings) from a reproduction of Whipple’s map published in Forman (1941).
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These reductions of  perennial grass cover and biomass shifted 
dominance to short-lived, upalatable woody plants capable of  rap-
idly colonizing disturbed areas.  Hymenoclea salsola, Gutierrezia micro-
cephala, and Ericameria cooperi all readily colonize abandoned agricul-
tural fields and areas denuded by wildfire (Carpenter, et al, 1986; 
sites included in dendrogram cluster 3F, Fig. 11).  One or more of  
the above species occupy many sites that had sustained heavy use 
by domestic livestock.  Hymenoclea salsola rapidly colonizes natural 
disturbances in the form of  geologically recent alluvial aggradation 
(Webb et al., 1987, 1988, McAuliffe, 1994, 1999) and anthropgenic 
disturbances (e.g. the Elliott oldfield, Figs. 37, 38D).  The occur-
rence of  H. salsola as a dominant or subdominant on older, stable 
geomorphic surfaces in upland environments of  Cima Dome in-
dicates the degree to which livestock grazing functioned as a dis-
turbance, opening up those environments for colonization by this 
shrub (e.g., data from unburned vegetation, Table 12, Fig. 51).  
Similarly, areas dominated by Ericameria cooperi in Lanfair Valley 
(Fig. 49A, Table 11) probably represent, to some degree, increases 
of  this species in response to heavy grazing during the 20th century.  

The recent removal of  livestock from portions the Mojave Na-
tional Preserve, combined with favorable summer precipitation, 
especially in 2012 and 2013, has produced extensive, marked in-
creases in perennial grass cover (Figs. 43, 44).  Such rapid recovery 
has not occurred everywhere, especially in areas still heavily used 
by livestock, in lower elevations, and near former ranch operations 
and homestead communities, where various shrubs, including Lar-
rea tridentata, Ericameria cooperi, and Hymenoclea salsola predominate.  
However, where native perennial grasses have managed to persist 
in such environments, the occurrence of  wildfire can rapidly trans-
form those shrub-dominated areas back to perennial grass domi-
nance.

Effects of  wildfire 
Names applied to plant communities and vegetation matter, be-

cause names frame, and thus reflect our ecological understanding 
of  fundamental processes.  Consequently, management practices 
can be significantly influenced, either consciously or subconscious-
ly by the names we use.  For example, the differing designations 

Figure 58.  Dense fuel load due to production of perennial grasses (primarily Bouteloua eriopoda) following abundant, warm-season rainfall of 
2013.  Northeastern side of New York Mountains, near intersection of Ivanpah and Hart Mine Roads, 1490 m elevation.  17 September 2013, 3 
weeks after precipitation from Tropical Storm Ivo.
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Joshua Tree Woodland (Munz and Keck, 1959), Joshua Tree Grassland 
(Johnson, 1976), Joshua Tree Wooded Shrubland (Thomas et al., 2004; 
Sawyer et al., 2009), and Mojavean Joshua Tree Savanna (this study) 
have all been applied to vegetation depicted in Figs. 16A & 36B.  
These different designations frame perceptions about “desirable” 
impacts and management of  wildfire. Given the general belief  
about the undesirable consequences of  wildfire on native woody 
plants in Mojave Desert ecosystems, the name “wooded shrubland” 
carries an implicit message that fire is neither an inherent nor de-
sirable part of  the ecological functioning of  these systems.  In 
contrast, using the designations “grassland” or “savanna” does not 
necessarily carry such a proscriptive view.  

It is highly likely that the perennial grass-dominated landscapes 
of  the East Mojave Highlands in Nevada and California experi-
enced at least occasional wildfire fueled by native perennial grasses 
in pre-settlement times.  Evidence was presented earlier that such 
fires may have limited the occurrence and extent of  blackbrush-
dominated communities, thereby fostering relatively extensive 
grass-dominated landscapes in the Eastern Mojave Highlands, es-
pecially those within the Mojave National Preserve. An anecdotal 
report of  at least one relatively large fire (“several hundred acres”) 
occurred in the vicinity of  Castle Peaks, California, in a “Joshua 
tree community” in 1946 (National Park Service, 2004).  Precipita-
tion data from nearby Searchlight, Nevada shows that cool season 
precipitation preceding that fire (November, 1945 to April 1946 = 
38 mm) was only a fifth of  the long-term average (108 mm), mak-
ing it highly unlikely that non-native, cool-season grasses contrib-
uted significantly to the fuel load in 1946.  However, the previous 
summer precipitation (July through September, 1945 = 101 mm) 
was 50% greater than average (66 mm), which would have fostered 
substantial production of  native warm-season grasses, and, if  not 
removed by grazing, would have persisted through the subsequent 
dry cool season until the late spring-early summer fire season of  
1946.  Other cases exist where wildfires have been fueled primarily 
by native perennial C4 grasses.  Minnich (1995) reported wildfires 
propagated by a continuous layer of  perennial shrubs and native 
bunch grasses in Joshua tree stands in Joshua Tree National Park.  
Pleuraphis rigida and Stipa (=Achnatherum) speciosa were most effective 
to sustain the spread of  those wildfires. Rowlands (1995) reported 
that standing crop of  P. rigida could reach approximately 1000 kg/
ha in a livestock exclosure in the east Mojave Desert region. This 
quantity is at the upper end of  the range (350-1175 kg/ha) of  fine 
fuel production deemed necessary for successful prescribed burns 
in blue grama steppe (Augustine et al., 2014).  Although the stand-
ing crops of  perennial C4 grasses were not measured in this study, 
the perennial grass cover observed in many localities, especially 
following a summer of  abundant precipitation (2013) certainly 
could carry wildfire under the right conditions of  temperature, 
humidity, and wind (e.g., Figs. 16, 39, 58).  The occurrence of  
wildfire fueled by native perennial grasses in pre-settlement times 

has also been recognized in the development of  fire management 
plans for the Mojave National Preserve:

“While there is much that we do not know about the role of  fire in the 
Mojave Desert, we do know that there were natural ignitions and burnable 
vegetation prior to European settlement.  Thus fire must play some role in 
the ecology of  the desert and particularly in shaping vegetation communities. 
While the recent invasion of  non-native plants has increased the flammability 
of  the landscape in general, the effects of  this invasion are not consistent across 
the landscape. Many of  the higher elevation plant communities have a native 
perennial grass component that naturally occupies the spaces between shrubs, 
so the flammability of  these communities is less influenced by the invasion of  
non-native grasses.”  (National Park Service, 2004, p. 17) 

Despite this recognition, 78% of  the land area of  the Mojave 
National Preserve is zoned for full wildfire suppression, including 
all of  the most extensive areas of  perennial grass-dominated veg-
etation along a 32-km front along the east side of  Castle Peak and 
New York Mountains, extending from the California-Nevada state 
border southwest to Cedar Canyon Road; all of  Lanfair Valley; and 
the entirety of  Cima Dome (National Park Service, 2004: Cima, 
Providence, and Lanfair Fire Management Units, pp. 31, 43, 51). 
With such a designation, management practice is not well-aligned 
with existing (albeit imperfect) knowledge regarding ecosystem 
behavior.

Response to wildfire in the Mojave National Preserve presents a 
significant management challenge, especially in cases where growth 
of  cool-season, exotic ephemeral grasses creates large additions of  
fine fuel and greatly increases the likelihood of  extreme conflagra-
tions.  Consequently, the suppression of  wildfires fueled by exotic 
ephemeral grasses is a reasonable and necessary approach, given 
the demonstrated possibility that when left unchecked, such fires 
can cause extreme and undesirable damage.

However, a policy of  complete suppression does not allow for 
the possibility of  smaller fires fueled principally by native grasses.  
There are times when substantial production of  warm-season, na-
tive perennial grasses is followed by one or more years in which 
cool season precipitation is meager, resulting in little or no growth 
of  cool-season, non-native ephemeral grasses.  Such was the case 
starting in summer, 2012 and 2013, both of  which were followed 
by extremely dry winters in which little, if  any production of  ex-
otic ephemeral grasses occurred.  Many of  the grassed landscapes 
in the Mojave National Preserve at that time certainly contained 
ample fine fuels to carry wildfire.  Without an assist from exotic 
ephemeral grasses, fires in stands of  native perennial grasses would 
unlikely expand to catastrophic proportions, and would serve as an 
important process sustaining the vitality of  those stands.  Rather 
than a one-size-fits-all policy of  fire suppression, a flexible ap-
proach employing an adaptive management philosophy could be 
applied. In years of  high production by non-native ephemerals, 
a general practice of  fire suppression could be followed when 
possible, but in those years where fuel loads of  native grasses are 



79           McAuliffe      Perennial Grass-dominated Plant Communities of the Eastern Mojave Desert Region

not supplemented significantly by non-native ephemeral grasses, 
wildfires (especially those ignited by lightning) could be allowed to 
burn under careful monitoring.  Long-range precipitation forecast-
ing, especially the recognition of  El Niño events and associated 
heavy cool-season precipitation, combined with annual field as-
sessments in late spring preceding times of  highest wildfire risk, 
can provide necessary information to develop informed and flex-
ible response strategies months ahead of  the early summer fire 
season.  Of  course, this kind of  flexible management approach 
requires consideration of  other factors, such as the protection of  
remote dwellings and structures.  In such situations, small-scale 
prescribed burns around such locations could provide effective 
firebreaks.  An adaptive response to wildfire, contingent on the 
type and quantity of  available fuels would offer a way forward that 
fosters the conservation of  perennial grass-dominated landscapes 
in the Mojave National Preserve, potentially accelerating their tra-
jectory towards a pre-settlement state.

Future climate change
In the East Mojave Highlands of  southern Nevada and adjacent 

California, vegetation dominated by perennial C4 grasses, especially 
that containing Bouteloua eriopoda and B. gracilis, is separated from 
more extensive grass-dominated landscapes to the east in Arizona 
by the extremely arid trough of  the Colorado River valley.  Mov-
ing from east to west, the lowermost elevations at which these 
two grass species occur rises (Fig. 8A, B), restricting them to the 
relatively small habitable geographic island of  the East Mojave 
Highlands.  Even minor climate changes could significantly impact 
these isolated populations of  perennial grasses.

Although various models predict roughly similar temperature in-
creases in the American Southwest over the next century, the same 
models predict very different precipitation futures, indicating con-

siderable uncertainty (Bachelet et al., 2016).  A common predic-
tion of  some climate models is a decrease in cool-season precipita-
tion, due to the poleward migration of  mid-latitude winter storm 
tracks (Seager and Vecchi, 2010; Cayan et al., 2013).  Predictions 
regarding warm-season precipitation are far less certain due to the 
difficulty of  realistically simulating the impacts of  atmospheric dy-
namics at the finer scales typical of  the North American monsoon 
(Cook and Seager, 2013; Cayan et al. 2013).  Predictions include 
slight decreases (Cayan et al., 2013, Bachelet et al., 2016), substan-
tial increases (Bachelet et al., 2016), and shifts in timing involv-
ing decreased early season precipitation (June-July), but increased 
late-season inputs (September-October) (Cook and Seager, 2013).  
Given the importance of  warm-season precipitation to perennial 
C4 grasses, any of  the above scenarios could generate substantial 
changes in distributions of  individual species and compositions 
of  communities.  Diminished amounts or increased year-to-year 
variability of  warm season precipitation, combined with tempera-
ture increases will inevitably further restrict B. eriopoda, B. gracilis, 
and P. jamesii to higher elevations.  Marked increases in monsoonal 
precipitation, especially if  combined with diminished cool-season 
precipitation, could have the opposite effect.  Diminished cool-
season precipitation, combined with either unchanged or increased 
warm-season precipitation inputs could benefit perennial C4 grass-
es at the expense of  woody plants more dependent on winter pre-
cipitation. Such a response is the mirror image of  that documented 
in southeastern Arizona by Brown et al. (1997), where increases in 
cool-season precipitation over a two-decade period associated with 
frequent El Niño events contributed to increases in woody plants.

In addition to direct effects of  precipitation on plant distribu-
tions, altered precipitation amounts and seasonality will signifi-
cantly influence fire regimes.  Areas of  the eastern Mojave Desert 
region with substantial monsoonal precipitation and associated 

Figure 59.  Path of tropical storm Ivo in August, 2013.  A – southerly view with Mexico-USA border near top margin showing storm center 
immediately west of the southern tip of Baja California.  B-C – Views at 12 h time intervals shifted northward to show the entire western half of the 
lower 48 states (USA).  UTC refers to Coordinated Universal Time (formerly Greewich Mean Time).  NOAA satellite false-color IR imagery (http://
www.nhc.noaa.gov/satellite.php).  Warmest colors (red) followed by oranges and yellows indicate cooler temperatures of storm clouds that have 
reached high altitudes (i.e., tall convective storm clouds) and hence, more likely to produce rain. 



80 Desert Plants 32(1)      September 2016

lightning experience more than three times the number of  fires 
and fire sizes that are an order of  magnitude larger than areas with 
meager monsoonal precipitation.  Under some modeled future 
scenarios showing extended periods of  high precipitation in the 
Mojave Desert, fire is predicted to become more prevalent during 
the next century (Tagestad, et al., 2016).

As with the difficulties of  predicting the future behavior of  the 
North American monsoon, modeling tropical cyclonic behavior 
has large uncertainties. One consistent prediction is increase in in-
tensity and frequency of  particularly large storms and the amounts 
of  precipitation they deliver (Knutson et al., 2010).  Moisture de-
rived from tropical cyclones currently has great impacts on peren-
nial C4 grasses in the eastern Mojave Desert region. However, rath-
er than hurricane intensity per se, hurricane tracks are probably 
more relevant in terms of  delivery of  precipitation to the region.  
For example, tropical storm Ivo, with maximum wind speeds of  
75 km/hr, never reached hurricane strength, yet delivered record-
breaking precipitation in the eastern Mojave Desert, and triggered 
unprecedented growth of  perennial grasses in late summer, 2013.  
Even slight changes in the frequency of  tropical cyclonic moisture 
moving into the region could produce large ecological changes.  
Although many hypothetical scenarios can be described, the un-
certainties associated with modeling future warm-season precipita-
tion (both monsoonal and tropical cyclonic) make it impossible at 
the present to predict the future of  perennial C4 grass-dominated 
landscapes of  the eastern Mojave Desert region with any degree 
of  confidence.

Rising temperatures could have diverse ecological consequences 
that are contingent on precipitation inputs.  Elevated spring tem-
peratures would advance the onset of  optimal temperatures for 
C4 photosynthesis, potentially allowing grasses to begin using late 
winter-spring precipitation somewhat earlier.   However, if  long-
term decreases in cool season precipitation inputs occur, such tem-
perature increases would not have that beneficial impact.  Temper-
ature increases would also likely cause upward shifts in elevation 
ranges of  various grass species as has already been documented 
for numerous plant species in the Santa Rosa Mountains of  south-
ern California (Kelley and Goulden, 2008).  However, the relatively 
small geographic island of  the East Mojave Highlands contains a 
limited elevation range to accommodate such upward migration. 
This is especially true for B. gracilis on Cima Dome where the top 
of  that landform (1750 m elevation), is only slightly higher than 
the lower elevation at which B. gracilis currently occurs at that local-
ity (1600-1650 m).  Small temperature increases without increased 
precipitation in the future could create a climatic environment in-
capable of  supporting this species on Cima Dome.  Similarly, B. 
eriopoda exists in a fairly wide elevation band of  1400 – 1650 m 
along the eastern flank of  the New York Mountains, with juni-
per and pinyon-juniper woodlands occupying the higher elevations 
and steeper mountain slopes Fig. 16A).  However, as shown ear-

lier, those steeper slopes underlain by coarse-grained granitic rocks 
generally lack soils capable of  supporting perennial grass-dominat-
ed vegetation.  Consequently, the absence of  suitable soil environ-
ments at higher elevations likewise will limit substantial upward 
migration of  B. eriopoda in response to increasing temperatures.

Areas for future study
Many avenues of  research can further our understanding and ef-

fective management of  the perennial grass-dominated plant com-
munities of  the eastern Mojave Desert region:

Vegetation classification and mapping.   Existing vegetation 
classifications and mapping within the Mojave National Preserve 
require revision to more accurately portray the species composition 
and geographic distribution of  perennial grass-dominated vegeta-
tion.  This is an essential first step that would immediately benefit 
management planning and practice.  Contiguous areas of  some 
perennial grass-dominated patches, for example the Sporobolus ai-
roides and Muhlenbergia porteri-Sporobolus contractus associations briefly 
described in this paper, certainly are too small to satisfy the 5-ha 
area requirement used by Thomas et al. (2004) in mapping vegeta-
tion units.  However, the substantially larger areas where Bouteloua 
eriopoda and Pleuraphis jamesii are found more than satisfy that mini-
mum area criterion.  The largest area within the Mojave National 
Preserve in which communities occupied by those two species oc-
cur extends from the Nevada border, through the Castle Peaks 
area and along the eastern front of  the New York Mountains and 
northern portion of  the Mid Hills.  Most of  this area was originally 
mapped as Yucca brevifolia wooded shrubland in Thomas et al. (2004).  
A concentrated mapping effort in this particular area would be 
particularly useful as a foundation for important management poli-
cies and practices, particularly those pertaining to wildfire.

Pre-settlement wildfire.  The potential role of  wildfire in 
maintaining perennial grass-dominated vegetation in pre-settle-
ment times deserves much more study.  Such research is challeng-
ing without ready access to long-term, precise chronologies of  fire 
history such as those provided by fire-scarred trunks of  ponderosa 
pine trees (e.g., Swetnam and Betancourt, 1990).  Although pinyon 
pines can provide good records of  fire chronologies, P. monophylla 
occurs only at the uppermost limits of  grass-dominated vegeta-
tion in denser pinyon-juniper woodlands, not within the elevation 
zone (or particular soil environments) where more open savan-
na- or grassland-like vegetation occurs.  However, within the rela-
tively broad elevation range of  Mojavean juniper mixed shrub savanna, 
trunks of  large, old Juniperus osteosperma potentially could hold 
fire scar records that pre-date settlement times. Young and Ev-
ans (1981) obtained information on the timing of  pre-settlement 
fires from fire scars preserved in old, axe-cut stumps of  western 
juniper (Juniperus occidentalis) in Great Basin desertscrub in north-
eastern California.  Large, axe-cut stumps of  J. osteosperma, repre-
senting remains of  trees apparently cut in early Anglo-American 
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settlement times for fuel (late 1800s-early 1900s), are also fairly 
common in areas of  Mojavean juniper savanna located on the east 
side of  the New York Mountains and atop Cima Dome (personal 
observations).  Although J. osteosperma frequently displays missing 
rings as well as years with multiple rings (Despain, 1989), cut sec-
tions can be crossdated (Grissino-Mayer, 1993), enabling dating of  
remains of  long-dead trunks (e.g., McAuliffe et al., 2006), and have 
also been used to reconstruct wildfire history at a site in northern 
Arizona (Huffman et al., 2008).  Complete cross-sections of  such 
stumps could provide a means of  investigating fire history in the 
area without impacting old, living trees within National Park lands, 
thereby providing extremely valuable information to guide policy 
regarding wildfire.

Another potential source of  information about wildfires may 
come from observations recorded during the earliest years of  
Anglo-American settlement in the late 1800s. Widespread mining 
and mineral prospecting starting in the 1860s occurred throughout 
the area, cattle ranching expanded markedly in the 1890s, and a 
brief  period of  homestead establishment starting in 1910 occurred 
at a time when perennial grass-dominated vegetation capable of  
supporting wildfires may still have been present in some places. 
Historical records and documents from this era have not been ex-
haustively researched and might provide further information about 
environmental conditions at the time, possibly including the oc-
currence of  wildfires.  Staff  of  the Mojave Desert Heritage and 
Cultural Association (www.mdhca.org), headquartered at Goffs, 
California immediately south of  the Mojave National Preserve, 
have dedicated themselves to collecting, archiving, and preserving 
many kinds of  records that could provide a valuable documenta-
tion of  early historical environmental conditions.

Vegetation responses to historical wildfires.  Wildfire, 
whether fueled by native plants or non-native ephemeral grasses, 
can produce marked, lasting vegetation changes.  The relatively 
recent, large Hackberry Complex fire of  June 2005 has received 
considerable focus by the National Park Service; much of  this fire 
burned woodland and shrubland habitats lacking a significant pe-
rennial C4 grass component.  However, this burn included areas 
that contained some native perennial grasses in the understory 
of  woodlands and shrublands before the fires.  With the removal 
of  livestock from a portion of  the burned area, native perennial 
grasses may rapidly increase after wildfire in such areas, as shown 
above for sites in Lanfair Valley and Cima Dome (Figs. 49, 51; 
Tables 11, 12).  Vegetation responses following fires, even within 
what was designated as a single vegetation type (e.g., blackbrush 
communities), can have very different trajectories depending on 
whether or not native perennial C4 grasses were originally present.  
Such diverse responses need to be documented more fully to pre-
dict future vegetation states throughout the area.

Late Quaternary vegetation history.   Plant remains preserved 
in woodrat (Neotoma) middens have been widely used to study late 

Quaternary vegetation changes in arid to semiarid environments 
of  western North America (Betancourt et al., 1990).  Many such 
investigations have been conducted in various portions of  the Mo-
jave Desert (Wells and Jorgensen, 1964; Wells and Berger, 1967; 
Wells, 1976; Wells and Woodcock, 1985; Spaulding, 1990; Koehler, 
2005; Holmgren, et al., 2010), but the eastern Mojave Desert region 
represents a sizeable geographic gap in the distribution of  detailed 
midden studies.  Only two middens of  middle Holocene age from 
the Mescal Mountains directly north of  Cima Dome (calibrated 
dates of  ~ 5000-5600 ybp) reported in Koehler et al. (2005) and 
a series of  late Holocene middens east of  the McCullough Range 
(Hunter and McAuliffe, 1994) have been reported.  Several mid-
dens from the Newberry Mountains of  the southern tip of  Nevada 
(center of  Fig. 3) were studied by Leskinen (1970, 1975), but only 
two radiocarbon dates were obtained from different strata in one 
midden deposit (9.5 and 13.38 ka), and the study was focused on 
Quercus macrofossils and pollen contents in that single midden, not 
detailed analyses of  entire macrofossil assemblages from multiple, 
dated middens.  Although the general pattern of  late Pleistocene 
to Holocene vegetation changes has been described for portions 
of  the Mojave Desert, a more chronologically complete midden 
record from the East Mojave Highlands is required to fill a gap of  
understanding of  late Quaternary development of  perennial grass-
dominated vegetation in the region. One promising locale is in 
the northern portion of  the New York Mountains and the Castle 
Peaks area where Miocene volcanic rocks (andesites, basalts, and 
volcanic breccias) are pockmarked in places with small caves and 
shelters that could hold midden deposits suitable for study.  Hill-
slopes in this area also support perennial grass-dominated vegeta-
tion and potentially offer an excellent locale to develop a detailed 
chronology of  vegetation change during the late Quaternary.   

Studies of  ancient woodrat middens within the lower Colorado 
River basin indicate that during the late Wisconsin glacial maxi-
mum, most plant species occurred 700-900 m lower in elevation 
than at present (Cole, 1990).  If  perennial grasses like B. eriopoda 
and P. jamesii exhibited comparable elevation shifts, the East Mo-
jave Highlands would have been inhospitable for them during the 
late glacial maximum. Portions of  what is currently the very arid 
trough of  the Colorado River Valley and basins at lower elevations 
to the immediate east and south of  the East Mojave Highlands 
may have been occupied by these grasses during the late Pleis-
tocene.  However, no fossil occurrences of  B. eriopoda, B. gracilis, 
or P. jamesii have yet been reported from ancient woodrat mid-
dens from lower elevations in this region (Whipple Mountains, 
California, 320-525 m: Van Devender. 1990, Picacho Peak, Cali-
fornia, 240-300 m: Cole, 1986; Tinajas Altas Mountains, Arizona, 
330-580 m and other lower elevation sites in southwestern Ari-
zona: VanDevender, 1990; VanDevender, et al., 1990).  Yet these 
studies have demonstrated common late Pleistocene occurrences 
of  many perennial plant species at these low elevation sites (Yucca 
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brevifolia, Y. whipplei, Acacia greggii, Cylindropuntia acanthocarpa, Salvia 
mohavensis, Eriogonum fasciculatum) that presently co-occur with pe-
rennial C4 grasses throughout the eastern Mojave Desert region in 
California, southern Nevada, and west-central Arizona (Fig. 11).  
Further study of  ancient woodrat middens from elevations below 
1000 m in areas to the east and south of  the East Mojave High-
lands could contribute substantially to understanding shifts in pe-
rennial grass-dominated vegetation from the late Pleistocene into 
the Holocene.  One such promising locality is the site examined 
by Leskinen (1970, 1975) at 850 m in the Newberry Mountains, 
from which many midden deposits were located, but have only 
been superficially investigated.  Given the particular soil environ-
ments of  rocky hillslopes that support perennial grass rather than 
woody vegetation, the environmental context of  midden sites (e.g., 
soil conditions in the vicinity of  midden deposits) must be care-
fully considered in order to accurately interpret species records.  
For example, an absence of  perennial grass macrofossils from a 
midden may reflect limitations imposed by the surrounding soil 
environment, rather than a general pattern of  elevation shifts due 
to climate, per se. 

 In addition to paleoecological investigations involving analyses 
of  ancient woodrat middens, tools of  molecular genetics could 
be fruitfully applied to determine biogeographic affinities of  pe-
rennial grasses populations in the East Mojave Highlands that are 
separated by relatively great distances from more extensive, con-
tinuous stands of  those species to the east and north.  Genetic 
relationships among various populations could provide informa-
tion about corridors of  plant migration during the late Quaternary.  
For example, are populations of  B. eriopoda in the East Mojave 
Highlands more similar genetically to those directly east, across the 
Colorado River in Arizona, or instead, to those in southwestern 
Utah north of  the Colorado River?  Such analyses could provide 
valuable insight into whether or not the currently arid trough of  
the Colorado River Valley also imposed a barrier to plant migra-
tion during the Pleistocene.

Ecohydrological behaviors of  landscapes. In semiarid re-
gions, landscapes covered by perennial grasses have very different 
hydrological behaviors than those occupied by shrubs with rela-
tively bare ground between canopies (Schlesinger et al., 1990).  Hy-
drological responses that are significantly modulated by vegetation 
cover, versus those in which vegetation cover is insufficient to have 
such an effect, exemplify “conserving” and “non-conserving” sys-
tems, respectively (Wilcox, et al., 2003), in terms of  their capacities 
to retain water and soils.  Any factor that markedly changes veg-
etation cover, including climate change and various anthropogenic 
disturbances, can potentially push systems past a threshold from 
conserving to non-conserving dynamics, thereby leading to last-
ing, and even permanent environmental change (McAuliffe et al., 
2014).

On moderately steep hillslopes in the East Mojave Highlands, 

soils with relatively thick, fine-grained soil horizons foster the 
growth of  perennial grasses.  Developmental characteristics of  
those soils formed within stony colluvial deposits indicate their 
origin during the late Pleistocene under climate conditions and 
vegetation cover that were markedly different from those that fol-
lowed throughout the Holocene.  However, the extent to which 
these soils have been retained on hillslopes varies.  In more xeric 
settings (e.g., southern aspects and lower elevations) these soils 
and associated perennial grasses (usually P. rigida) typically occur 
as relatively small, isolated erosional remnants. In contrast, more 
mesic hillslopes typically are mantled more continuously by intact 
soils that have experienced considerably less erosion. The pres-
ence of  similar soils on contrasting slopes indicates that during 
the late Pleistocene, conditions conducive to soil formation and 
retention (i.e., resource-conserving dynamics) occurred widely, in-
cluding more xeric locations where such conditions do not occur 
today.  The substantial vegetation changes following the Pleisto-
cene-Holocene transition apparently created conditions in more 
xeric settings that moved those systems across a threshold leading 
to inexorable erosion, truncation of  soil mantles, and an irrevers-
ible transition to vegetation dominated by shrubs. Transitions of  
this kind ultimately influence many aspects of  hillslope morphol-
ogy, including patterns of  drainage networks and slope inclina-
tion (Gutíerrez-Jurado, et al., 2013) and slope form (Burnett et al., 
2008; McAuliffe et al., 2014). A better understanding of  ecohydro-
logic responses of  these systems to the major climate change dur-
ing the Pleistocene-Holocene transition can provide insights on 
how other environmental changes, including anthropogenic distur-
bances and future climate changes may affect landscapes through-
out the region.  As this paper demonstrates, the eastern Mojave 
Desert region, with its complex mosaic of  perennial grass- versus 
shrub-dominated vegetation, offers a rich laboratory for multi-dis-
ciplinary investigations of  the linkages among physical and biotic 
ecosystem components.
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Appendix 1.  Summary of vegetation type, species composition, environmental characteristics, and geographic occurrence of TWINSPAN 
dendrogram groups. 

Dendrogram
Groups

Vegetation description Dominant species
(Subdominant species)

Geomorphology/soil 
environment

State, (number of sites), elev. range 

1 & 2 Desert grassland Pleuraphis mutica, 
Scleropogon brevifolia

Fine-grained, unincised
valley floor deposits

Arizona (3), 1149-1231 m

3-5, 7 Blackbrush desertscrub Coleogyne ramosissima
(Yucca baccata)
(Y. brevifolia)
(Y. schidigera)
(Opuntia acanthocarpa)

Pleistocene alluvial fan 
remnants, Pleistocene 
colluvial aprons (colluvium 
covered rocky slopes)

California, Nevada (14), 1402-1715 m 

6 Mojave mixed 
desertscrub

Salazaria mexicana
Salvia dorrii
Hymenoclea sp.
(Coleogyne ramosissima)

Late Holocene alluvial 
terrace

California (1) 1470 m

8 Upper Mojave mixed 
desertscrub & perennial 
grass

Coleogyne ramosissima
Bouteloua eriopoda
Pleuraphis jamesii
Menodora spinescens
Ephedra nevadensis

Fine-grained, stable 
colluvium

California (3) 1523-1592 m

9 Desert wash vegetation Chrysothamnus  paniculatus
(Chilopsis linearis)
(Ambrosia eriocentra)

Bars and margins of 4th

order ephemeral stream 
channel

California (1) 1408 m

10 Mixed upper Mojave 
desert scrub &  
perennial grass

Bouteloua eriopoda
Pleuraphis jamesii
Ephedra nevadensis
Ericameria cooperi
Hymenoclea sp.

Colluvial aprons, alluvial 
fans

California (18) 1296- 1665 m

11 &12 Mojavean Joshua tree 
savanna; Mojavean 
juniper savanna

Bouteloua eriopoda
Pleuraphis jamesii
(Pleuraphis rigida)
(Yucca brevifolia)
(Yucca bacatta)
(Juniperus osteosperma)
(Opuntia acanthocarpa)

Colluvial slopes, alluvial 
fan deposits

California, Nevada (19), 1349-1649 m
Arizona (2), 1200-1213 m

Appendix 1. Summary of vegetation type, species composition, environmental characteristics, and geographic occurrence of TWINSPAN dendrogram 
groups (continued on page 90).
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13 Mojavean juniper 
savanna;  juniper-
pinyon woodland;
Blue grama-galleta 
grassland

Juniperus osteosperma
Pinus monophylla
Pleuraphis jamesii
Bouteloua gracilis
Artemisia tridentata
Purshia tridentate
Yucca bacatta

Colluvium, rocky 
hillslopes, fan deposits

California (10), 1520-1748 m

14 & 15 Disturbed vegetation
(wildfire, agricultural 
oldfields, livestock use)

Gutierrezia microcephala Alluvial fan deposits California (13), 1215-1637 m
Arizona (2), 1197-1208 m

16-17 Big galleta grassland Pleuraphis rigida
(Yucca schidigera)
(Ferocactus cylindraceus)

Pleistocene fan remnants, 
colluvium-mantled gentle 
hillslopes

California, Nevada (10), 1056-1580 m

18-19 Mixed big galleta and 
upper Mojavean 
desertscrub 

Pleuraphis rigida
(Ericameria cooperi)
(Krameria erecta)

Pleistocene fan remnants, 
colluvium-mantled gentle 
hillslopes

California, Nevada (16), 1195-1505 m,
Arizona (3), 939-1056 m

20-21 Mixed big galleta, black 
grama, upper Mojavean 
desertscrub

Pleuraphis rigida
Bouteloua eriopoda

Alluvial fans, colluvium-
mantled hillslopes

California, Nevada (3), 1210-1392 m
Arizona (24), 854-1170 m

22 Shrub-invaded big 
galleta grassland; Upper 
Mojavean Desertscrub

Gutierrezia sarothrae
Isocoma acradenia
(Pleuraphis rigida)

Pleistocene fan remants, 
colluvium-mantled 
hillslopes

California (3), 1128-1500 m
Arizona (4), 1050-1085 m

23 Upper Mojavean 
Desertscrub

Ephedra nevadensis
Eriogonum fasciculatum

Rocky hillslope lacking 
significant colluvial mantle

California (1), 1193 m

24, 25 Cheesebush
desertscrub; disturbed 
vegetation (agricultural  
oldfields, grazing 
impacts, wildfire)

Hymenoclea sp.
Gutierrezia sp.
(Pleuraphis rigida)

Young alluvial terraces, 
alluvial fan deposits of 
various ages

California (4), 1261-1431 m
Arizona (7), 882-1107 m

26 Highly disturbed big 
galleta-Joshua tree 
savanna (grazing 
impacts)

Isocoma acradenia Alluvial fan  deposits  near 
basin  floor

Arizona (1), 871 m

27-28 Blackbrush recently 
eliminated by wildfire       

Stephanomeria sp.
Gutierrezia sp.

Alluvial fans California (3), 1394-1467 m

  
29 Mixed big galleta-lower 

Mojave desertscrub
Pleuraphis rigida
Larrea tridentata
(Ambrosia dumosa)

Gravelly alluvial fans, 
pediments

California (2), 1048-1282 m

30 Lower Mojavean 
desertscrub

Larrea tridentata
Ambrosia dumosa
Krameria erecta

Holocene fine  gravelly-
sandy alluvial fan deposit

California (1), 710 m

31 Mixed big galleta-lower  
Mojave desertscrub

Pleuraphis rigida
Ambrosia dumosa
(Larrea tridentata)

Gravelly to  fine sandy 
alluvial fans, late 
Pleistocene aeolian deposits

California (3), 830-1040 m

32 Lower Mojavean big 
galleta on dunes

Pleuraphis rigida
(Ambrosia dumosa)

Late Holocene stabilized 
dune deposits

California (1), 715 m

33-35 Lower Mojavean-
Sonoran  desertscrub 
transition

Larrea tridentata
Ambrosia dumosa
(Krameria grayi)
(Opuntia acanthocarpa)

Holocene to Pleistocene 
alluvial fan deposits

Arizona (5), 643- 871 m

36 Lower Mojavean 
desertscrub

Larrea  tridentata
Ambrosia dumosa
(Opuntia acanthocarpa)
(O. ramosissima)
(Yucca schidigera)

Fan  deposits,  colluvium-
mantled slopes

California (2), 1014-1135 m

Appendix 1 (continued from page 89). Summary of vegetation type, species composition, environmental characteristics, and geographic occurrence 
of TWINSPAN dendrogram groups.
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Mojavean Joshua tree savanna, Mojave National Preserve, San Bernardino County, California, 1500 m elev.


