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Introduced exotic plants can drive ecosystem change. We studied invasion and establishment of Brassica tournefortii

(African mustard), a noxious weed, in the Chemehuevi Valley, western Sonoran Desert, California. We used long-

term data sets of photographs, transects for biomass of annual plants, and densities of African mustard collected at

irregular intervals between 1979 and 2009. We suggest that African mustard may have been present in low numbers

along the main route of travel, a highway, in the late 1970s; invaded the valley along a major axial valley ephemeral

stream channel and the highway; and by 2009, colonized 22 km into the eastern part of the valley. We developed

predictive models for invasibility and establishment of African mustard. Both during the initial invasion and after

establishment, significant predictor variables of African mustard densities were surficial geology, proximity to the

highway and axial valley ephemeral stream channel, and number of small ephemeral stream channels. The axial

valley ephemeral stream channel was the most vulnerable of the variables to invasions. Overall, African mustard

rapidly colonized and quickly became established in naturally disturbed areas, such as stream channels, where

geological surfaces were young and soils were weakly developed. Older geological surfaces (e.g., desert pavements

with soils 140,000 to 300,000 years old) were less vulnerable. Microhabitats also influenced densities of African

mustard, with densities higher under shrubs than in the interspaces. As African mustard became established, the

proportional biomass of native winter annual plants declined. Early control is important because African mustard

can colonize and become well established across a valley in 20 yr.

Nomenclature: Brassica tournefortii Gouan BRSTO.
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The African mustard, also known as African or Sahara
mustard (Brassica tournefortii Gouan), is a native of North
Africa, the Middle East, and Mediterranean area of
southern Europe (Minnich and Sanders 2000). It first
appeared in California herbarium collections in 1927 and
subsequently became abundant in the Sonoran Desert and
parts of the Mojave Desert (Minnich and Sanders 2000).
The distribution now extends into southern Nevada and
Utah in the north, Texas in the east, and Mexico in the
south (Bangle et al. 2008; Bowers et al. 2006; Minnich and
Sanders 2000; Van Devender et al. 1997). Brassica
tournefortii is considered to be a late 20th century annual
invasive in the American Southwest (Minnich 2008) and is

a noxious weed in California (California Invasive Plant
Council 2006), Nevada (USDA 2005), and Australia
(Chauhan et al. 2006a).

In the American Southwest, B. tournefortii is common at
elevations below 1,000 m (3,281 ft) in dunes, sandy flats,
and sandy-gravelly dry washes (Bangle et al. 2008; Minnich
and Sanders 2000; Van Devender et al. 1997). It invades
from road edges into deserts, abandoned fields, exotic
grasslands, coastal sage scrub, beaches, and cities (Bangle
et al. 2008; Barrows et al. 2009; Brooks 2009; Minnich
and Sanders 2000), and thrives in disturbed soil in deserts
(Suazo et al. 2012). The species has been reported to be
scarce on alluvial fans and rocky hillsides (Minnich and
Sanders 2000).

Brassica tournefortii is of particular concern to ecologists
and land managers because of the high potential for
impacts to wildlands, threatened and endangered species,
and fragile and limited ecosystems. Brassica tournefortii
successfully competes with native annuals and grasses for
soil moisture, nutrients, and mesic microsites (Barrows
et al. 2009; Minnich 2008; Van Devender et al. 1997) and
can alter composition and abundance of native species,
including threatened plant and animal species (Barrows
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et al. 2009). It may also contribute to fires by increasing
fuel loads (Brooks and Minnich 2006; Brooks and Pyke
2001; Minnich and Sanders 2000).

Recent research on the biology of B. tournefortii indicates
that seeds can germinate under a broad spectrum of
moisture levels, salinity, and soil depths in late fall, early
winter, and spring (Abella et al. 2011b; Bangle et al. 2008;
Chauhan et al. 2006b; Van Devender et al. 1997). Plants
grow rapidly, can reach heights of almost 2 m, have high
reproductive rates, produce thousands of seeds, and can
continue to produce viable seeds after physical treatments
(Abella et al. 2013; Marushia et al. 2012; Trader et al.
2006).

Removal of B. tournefortii presents challenges for
restoration projects because of high seed production
(Trader et al. 2006), rapid phenology, and increased rates
of germination in response to physically killing plants
(Abella et al. 2013; Brooks 2009; Marushia et al. 2012).
Physical methods are most effective if applied prior to seed
development (Abella et al. 2013). Herbicides are also
important tools and can be less costly than physical

methods. Glyphosate and some other herbicides can reduce
or eliminate germination (Abella et al. 2013), and
glyphosate, if applied early, can be effective while at the
same time avoiding negative impacts to natives (Marushia
et al. 2010). The level of effectiveness was dependent on
the presence and degree of invasion by other exotic annual
species, as well as by local weather conditions. Another
consideration is that some native perennial species facilitate
certain species of exotics whereas others do not (Abella et
al. 2011a; Abella and Smith 2013; Craig et al. 2010).
Therefore when planning to restore severely damaged areas
or burned areas where B. tournefortii occurs, selection of
perennial shrubs and grass species to be planted should be
taken into account.

Our objective was to develop a model of invasion and
establishment for B. tournefortii in the western Sonoran
Desert using long-term data from the Chemehuevi Valley.
Specifically, we (1) conducted a retrospective analysis of
available data on arrival and invasion of B. tournefortii in
the Chemehuevi Valley; (2) determined differences in
density and distribution of B. tournefortii in two sample
years, 1999 and 2009; (3) determined correlates and
contributors to invasion; (4) identified factors at a
landscape scale that correlate with density and distribution
(e.g., surficial geology, soil age, and topography); (5)
identified variables at the microhabitat level that were
associated with successful establishment and invasion of B.
tournefortii; and (6) evaluated changes in biomass of native
and exotic winter annual plants over multiple years. Based
on available data in the literature, we predicted that B.
tournefortii would be more abundant next to roads and in
anthropogenically disturbed areas than in undisturbed areas
(Brooks 2009; Frenkel 1970; Minnich and Sanders 2000).
We also predicted that the abundance and distribution of
B. tournefortii would be influenced by surficial geology type
and soil age, vegetation type, and shrub cover.

Materials and Methods

Description of Study Area. The study area was in the
Chemehuevi Valley, eastern San Bernardino County,
California, in the western Sonoran, or Colorado, Desert
(Rowlands et al. 1982). Most field work was undertaken on
a 4.66-km2 (1.8 mi2) plot adjacent to and east of State
Highway 95, elevation 340 to 350 m (Figure 1), a long-
term study area for vertebrates. Because B. tournefortii
occurs in disturbed areas, we include a summary of
historical and recent disturbances from human activities. In
the late 1800s, settlers established dirt roads across the
Chemehuevi Valley, connecting springs, wells, and settle-
ments (Ruegers 1903; San Bernardino County 1925;
Thurston 1915). In 1936, the current alignment of State
Highway 95 was established, the road was paved, and a 5-
m levee was constructed along the east edge of the highway,

Management Implications
Our models of African mustard invasion and establishment in

the western Sonoran Desert have broad application for designing
surveillance and monitoring systems in other arid and semiarid
lands in the American West. With this study we now know that
topography (major and small ephemeral streams or ‘‘washes’’ in
valleys) and ages of geological deposits and soils are important
predictors of sites for African mustard invasion. In addition to
roads, African mustard is most likely to invade and colonize areas
through active major and minor ephemeral stream channels,
especially where these features are numerous on the landscape or
intersect highways and roads. These features are highly vulnerable
because they are naturally disturbed and composed of young
geological deposits (1 to 7 yr old). Less vulnerable are older
deposits associated with desert pavements (20,000 to 300,000 yr
old), and least vulnerable are the oldest geological deposits
(140,000 to 300,000 yr) with well-developed desert pavements.
Weed control specialists and land managers can use existing
regional maps of topography, surficial geology, and landforms,
coupled with aerial imagery, to design surveillance systems that
emphasize ephemeral stream channels and young geological
surfaces. Aerial views of desert ephemeral stream channels
suitable for mapping can be obtained from sources such as the
National Agricultural Imagery Program. Monitoring for evidence
of arrival and early invasion can be achieved by walking transects
several kilometers in length, both up and down stream channels,
and where such channels cross or parallel roads or other disturbed
areas. When the mustard is located, weed control specialists can
take action to eradicate or limit spread with herbicides, which can
be more effective and less costly than physical methods. Timing of
herbicide application, i.e., at an early phenological stage, may
determine effectiveness in controlling not only the mustard but
also other exotic plant species. Herbicides that do not negatively
affect native annuals (based on limited success reported by
Marushia et al. 2010) are recommended.
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deflecting water to an ephemeral stream channel running
parallel to the levee (R. Hatheway, personal communica-
tion; files of the California Department of Transportation,
San Bernardino County; Figure 1). Two dirt roads cross
the study area: one closely parallels and is north of the
Chemehuevi Wash, and the other is a jeep trail in the
Chemehuevi Wash itself, following the wash from State
Highway 95 east to the Colorado River. The latter trail,
poorly defined because of frequent flooding, is not shown
on Figure 1. Recreationists have used the road and trail for
off-highway vehicle travel. In 1942, General Patton trained
troops for North Africa throughout the region (Prose
1985), and tracks from military vehicles are still evident
on desert pavements. The study area and adjacent lands
were also part of a cattle grazing allotment, which was
terminated in 2002 (U.S. Department of the Interior,
Bureau of Land Management [USDI BLM] 1980, 2002;
USDI BLM and California Department of Fish and Game
2002). In all years on-site, we observed scat and hoof prints

of feral burros (Equus asinus Linneaus 1758), primarily
within the wash.

Data Collection. We collected data from photographs,
transects, and biomass samples from different years to
quantify the presence, density, and distribution of B.
tournefortii over time. We also collected data on potential
correlates of B. tournefortii density, including surficial
geology, proximity to disturbances, and microhabitat.

Precipitation. We estimated mean annual precipitation for
the hydrologic year (Manning 1992: October 1 to
September 30) from the nearest weather stations, Lake
Havasu (1985 to 1990) and Lake Havasu City (1991 to
2009) (National Oceanic and Atmospheric Administration
1985–2009). The stations are 5.6 km (3.5 mi) apart, at 142
and 147 m elevations , and approximately 25 km east of
the study area. At the older station, Lake Havasu, the long-
term means (1967 to 1990) were 116.3 mm (4.6 in) and

Figure 1. Location and overview of the study area in the Chemehuevi Valley, western Sonoran Desert. Locations, transects, and
quadrat corners for transects, as well as the three habitat types—Open Desert North, Chemehuevi Wash, and Open Desert South—are
shown. The jeep trail within the Chemehuevi Wash is not shown.
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69.6 mm (2.7 in) for annual and winter precipitation
(October 1 to March 31) respectively (Figure 2). For the
purposes of this study, we assumed that precipitation was
generally spatially consistent across the desert for calendar
years for cool and warm seasons (after Hereford et al. 2006)
and that precipitation would be higher at the study area
than at the weather stations because of higher elevations
and a more westerly location (Rowlands 1995). However,
we did not have rain gauges at our study area, and this
assumption may be incorrect.

Surficial Geology. Surficial geology was included in the
analysis because water is widely considered to be the
primary driver of ecosystem processes in arid lands
(Whitford 2002), and soil surface characteristics, texture,
and horizonation can all modulate the effects of precipi-
tation by influencing infiltration and soil water storage
(Miller et al. 2009). These surficial geologic controls are
seen as spatial patterning in perennial plant cover and
composition (Bedford et al. 2009; Hamerlynck et al. 2002;
Schenk et al. 2003). We first identified patterns of surface
characteristics such geomorphic features, desert pavement
and varnish, height above active stream channels, and
smoothness of terrain. We then developed a classification
of surface characteristics and studied each class further by
examining natural cut banks and digging pits by hand to
describe soil development. We avoided roads, disturbance
from altered streams due to water bars along roads, tank
tracks, and similar disturbed areas. We also collected
locations of representative deposits at 102 way-stations

with a handheld global positioning system and projected
the data using geographic information system (GIS)
software to black-and-white aerial photographs (nominal
scale of 1 : 80,000, taken in 1998) from the National High
Altitude Program (U.S. Geological Survey). The photo-
graphs were ortho-rectified at a 1-m resolution and
mosaicked as quarter-quadrangles of 1 : 24,000-scale
topographic maps. The aerial photographs provided a
control to ground observations. Using the photographs, we
converted our observations to maps displaying different
ages of deposits (e.g., Figure 3).

We identified five stages of soil development, based on
Miller et al. (2009), which correspond with five ages of
alluvial fan and stream terrace deposits. The ages of these
surficial geologic deposits span approximately 300,000 yr,
from late Holocene (present) to middle Pleistocene. The
stages of soil development were defined in standard geologic
mapping units as Qya1, Qya2, Qya3, Qia, and Qia3
(complete definition in Table 1; Figure 3). This classifica-
tion uses a unit symbol that codes for age and mode of
deposition: Q represents the overall age (Quaternary), y or i
represents relative age (young or intermediate), and the next
letter represents source of deposition (a, alluvial fan deposit,
or w, wash deposit). Numbers reflect relative age break-
downs within categories, with small numbers being younger.
The deposits associated with the soils ranged from active
ephemeral stream channels with no soil development
(Qyw1, Qya1) to uplands characterized by strongly
developed desert pavements with darkly varnished clasts
and under which were well-developed soil horizons
reflecting weathering and accumulation of aeolian dust
(Qia3).

Surficial Geology and Vegetation Associations. To develop the
model, we combined data on perennial vegetation, surficial
geology, and soil development into three landscape-level
habitat types (Figures 1 and 3): Open Desert North,
Chemehuevi Wash, and Open Desert South. For conve-
nience and to simplify descriptions of model variables, we
refer to these three as surficial geology types.

Open Desert North is the largest and primarily a
creosote bush [Larrea tridentata (D.C.) Coville] and white
bur-sage [Ambrosia dumosa (A. Gray) W.W. Payne]
association (Sawyer et al. 2009) with widely scattered
ocotillo (Fouqueria splendens Engelm. subsp. splendens) on
alluvial-fan deposited soils of granitic origin and Holocene
and Pleistocene age. The relief is low and is cut by
ephemeral stream channels draining from the Chemehuevi
Mountains in the north to Chemehuevi Wash in the south.
The stream channels are narrow in width (0.2 to 1 m,
average 0.61 m) and shallow in depth (average 0.1 to
0.5 m), and thus do not appear on Figure 3. They support
a higher density and diversity of perennial plants. Other
species occurring throughout Open Desert North in stream

Figure 2. Annual (October 1 to September 30) and winter
(October 1 to March 31) precipitation at the Lake Havasu (1985
to 1990) and Lake Havasu City (1991 to 2009) weather stations
located 25 km from the study area in the western Sonoran
Desert. Annual and winter means are from the Lake Havasu
Weather Station, 1967 to 1990. Arrows indicate years when data
for this study were collected.
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channels, but less common outside channels, include the
following: white rhatany (Krameria bicolor S. Watson),
Pima rhatany (Krameria erecta Schult), pencil cactus
[Cylindropuntia ramosissima (Engelm.) F.M. Knuth], buck-
horn cholla [Cylindropuntia acanthocarpa (Engelm. and
J.M. Bigelow) F.M. Knuth var. coloradensis (L.D. Benson)
Pinkava], beavertail cactus [Opuntia basilaris (Engelm. and
J.M. Bigelow) var. basilaris], and wire-lettuce [Stepano-
meria pauciflora (Torr.) A. Nelson)].

Chemehuevi Wash, the second surficial geology type, is a
major axial-valley ephemeral stream channel composed of
deposits ranging from modern to middle Holocene in age
(Table 1; Figure 3). During rainfall events, axial-valley
stream channels integrate flow from many smaller stream
channels and flow when any part of the landscape floods,
thus flowing more frequently and with greater volume than

smaller stream channels. Vegetation in the wash is
microphyll woodland, a mix of two vegetation associations,
dominated by blue palo verde [Parkinsonia florida (A.
Gray) S. Watson], smoke tree [Psorothamnus spinosus (A.
Gray) Barneby], catclaw [Senegalia greggii (A. Gray) Britton
and Rose], cheesebush [Ambrosia salsola (Torr. and A.
Gray) Strother and B.G. Baldwin], and other shrubs
(Sawyer et al. 2009).

The third surficial geology type is Open Desert South
(Table 1; Figure 3). Although vegetation is similar to that
described for Open Desert North, the surficial geology is
composed of Holocene and Pleistocene–aged alluvial
deposits from volcanic rocks and thus has more rocks than
Open Desert North. The small, ephemeral stream channels
associated with the southern fans are deeper (1 to 3 m) than
in Open Desert North, have fine aeolian sands on the

Figure 3. Surficial geology at the Chemehuevi Valley study area, western Sonoran Desert. Using a combination of perennial
vegetation, surficial geology, and soils, we identified three habitat types (abbreviated as surficial geology): Open Desert North, of
granitic origin; deposits in Chemehuevi Wash; and Open Desert South, of volcanic origin. For a description of geologic deposits
described in map units see Table 1.
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banks, and drain from southwest to northeast into the
Chemehuevi Wash from mountains in the southwest,
cutting through expansive areas of desert pavement
(Figure 3). In general, stream flow in Open Desert South
is confined to the deeply cut channels within the fan,
whereas stream flow in Open Desert North may overtop
the rounded, relatively low ridges between broad channels.
Plant names follow Baldwin et al. (2014).

Review of Color Photographs from 1979 to 1999. We
reviewed 132 color photographic images (35-mm slides)
available from studies of Agassiz’s desert tortoise [Gopherus
agassizii Cooper 1861; K.H. Berry, unpublished data] for
presence or absence of live or dead B. tournefortii at the study
area. The images, taken during spring of 1979, 1982, 1988,
1992, and 1999, documented plant transects and landscapes.

Sampling and Phenology of B. tournefortii. We collected data
on B. tournefortii and annual plants at the time of peak
flowering in April of each survey year, with the exception of
1999, when we completed the B. tournefortii transects by
May 9. In 1999, B. tournefortii plants were dry, and most
seed pods had dehisced and separated from the pedicels. In
2009, most plants were still green and in fruit. By the time
we completed transects in early May, the pods were
dehiscing and seeds were scattering.

Brassica tournefortii Transects. We used three sources of data
to evaluate distribution and densities of B. tournefortii and
use of microhabitat. Hereafter we refer to these three
sources of data as primary transects, microhabitat transects,
and biomass transects. To determine densities and dis-
tribution at a landscape scale, the 4.66-km2 study area was
subdivided into 180 quadrats, each 161 m by 161 m, with
rebar serving as permanent markers in quadrat corners
(Figure 1). In 1999, we walked belt transects (the primary
transects), 9.1 m wide by 227.6 m long (2,071.2 m2), on
each quadrat from the northwest to southeast corners or
vice versa (total 5 180) and counted the number of rooted
B. tournefortii and the number of stream channels on each
transect. Brassica tournefortii that were unrooted and in
the intershrub space or tangled within a shrub were not
counted. Each transect was assigned to one of three surficial
geology types (Open Desert North, Chemehuevi Wash, or
Open Desert South).We repeated the 180 transects again in
2009, with the exception that width of transects was
reduced from 9.1 m to 0.91 m (207.1 m2) because of high
densities of B. tournefortii. Consequently, B. tournefortii
counts in 2009 were multiplied by 10 to account for the
reduced transect width.

To determine how far B. tournefortii had invaded the
valley by 2009, we made observations along the east–west

Table 1. A summary of characteristics of the surficial geological deposits and mapping units (e.g., Qya1) occurring in the Chemehuevi
Valley study area, western Sonoran Desert (adapted to local characteristics from Bedford 2003, 2009; McFadden et al. 1989; Miller
et al. 2009; ages partly from Miller et al. 2010). The classification system includes surface topography, presence or absence of pavement
or varnish, soil horizons, calcic morphology, and perennial plant species.

Map unit label Estimated age (yr) Description of Quaternary surficial geological deposits

Qya1 1 to 7 (Holocene) Deposits from adjacent alluvial fans occur in an active ephemeral stream channel or wash or
on an active alluvial fan with no pavement and no varnish; no A or B soil horizons or
calcic morphology is present. Perennial vegetation is typically microphyll woodland.

Qya2 20 to 200
(Holocene)

Alluvial fan deposits have strong bar and swale topography; no pavement and no to very
weak varnish; Ava and B soil horizons are generally absent. Perennial vegetation (shrubs)
is usually a creosote bush and white bur-sage association.

Qya3 3,000 to 6,000
(Holocene)

Alluvial fan with remnants of bar and swale topography with incipient desert pavement and
weak desert varnish; Av soil horizon weak, sandy silt; Bw horizon is weak, reddish; and
calcic morphology is at Stage 1. Perennial vegetation is similar to Qya2.

Qia Uncertain, >20,000
to 300,000 (mid- to
late Pleistocene)

Alluvial fan or piedmont with flat, faint bar and swale topography and with weak to
moderate pavement and moderate varnish. Av soil horizon is structured silt, 2–6 cm
thick; B horizon is strong, red, of weak clay; and calcic morphology is Stage II. Perennial
vegetation is similar to Qya2 but shrubs are sparse.

Qia3 140,000 to 300,000
(middle Pleistocene)

Alluvial fan topography is crowned, desert pavement is strong and degraded with exposed
Av horizon; desert varnish is strong with purplish casts. Av soil horizon is structured silt,
4 to 15 cm thick; Bt horizon is strong clay; and calcic morphology is Stage II to IV.
Perennial vegetation similar to Qia but is sparse.

Qyw1, Qyw2,
Qyw3

Deposits occurring in the active axial wash or ephemeral stream channels. Ages and soils
approximately correspond with Qya mapping units (alluvial fan, Qya1, Qya2, Qya3)

a Abbreviations: Av horizon, vesicular A horizon consisting of an accretionary silt cap that lies on the alluvial deposit; typically paired
with an overlying desert pavement.
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dirt and paved roads eastward to within a few kilometers of
the Colorado River. We then established a second group of
primary transects: three sets of seven transects each, at
3,219, 4,828, and 6,437 m from the highway in Open
Desert North. The transect size and methods were the same
as for the primary transects.

Microhabitat Transects and Sampling Variables. We used a
set of six transects to determine the association of B.
tournefortii with microhabitat variables: stream channels,
shrubs, and the space in between shrubs (intershrub space)
both within and between stream channels. We walked
transects along the northern boundary of six quadrats
(Figure 1) from west to east in 1999 and again in 2009 and
recorded numbers of rooted B. tournefortii (1) in the
intershrub spaces between stream channels, (2) within
canopies of shrubs between stream channels, (3) in
intershrub spaces within stream channels, and (4) within
canopies of shrubs within stream channels. Transects were
9.1 m wide by 161 m long in 1999 and 0.91 by 161 m
long in 2009.

Biomass Transects for Annual Plants, Collected in 1988,
1992, and 2009. We established six randomly placed
transects to estimate aboveground annual plant biomass:
two in 1988, followed by an additional four in 1992.
Transects 1 and 2 were 1,386 and 1,719 m from Highway
95, respectively. Transects 3, 4, 5, and 6 were located
1,455, 1,537, 804, and 196 m from Highway 95,
respectively (Figure 1). All but transect 5 were in Open
Desert North. Each transect was 2 by 100 m in length and
subdivided into 2-m by 2-m quadrats. On each transect,
annual plants were sampled on 25 subquadrats, each 20 cm
by 50 cm (7.9 in by 19.7 in) and placed in alternating
corners of every other quadrat, or about 4 m apart (total
area sampled per transect 5 2.5 m2). The location of the
subquadrats was alternated from year to year. Biomass of
each species was estimated by clipping the aboveground
portion of each annual plant in a subquadrat, air-drying,
and then weighing the material. Biomass was expressed as
g m22 (ounce yard22) and relative biomass for different
species or groups of annual species as percent.

Figure 4. Estimated densities of Brassica tournefortii in 1999 in the Chemehuevi Valley, western Sonoran Desert. Densities were
interpolated from 180 data points using an ordinary kriging method. Note the different scales for numbers of Brassica m22 between
Figures 4 and 5.
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Data Analysis. Brassica tournefortii—Primary Transects. To
prepare contour maps of density, we constructed GIS layers
containing the locations of Highway 95, Chemehuevi
Wash, and corners of each 161-m by 161-m quadrat
(Figure 1). We used the GIS layers to calculate the
distances of each transect to the highway, to the
Chemehuevi Wash, and to the dirt road lying north of
the Chemehuevi Wash. For display purposes, B. tourne-
fortii densities throughout the study area were interpolated
from B. tournefortii counts on each transect and used to
create contour maps representing B. tournefortii densities in
1999 and 2009 (Figures 4 and 5). Densities were
interpolated with ordinary kriging, using spherical models
based on the five nearest neighbors with ArcGIS version
9.2 (ESRI, Redlands, CA).

All B. tournefortii counts were divided by the transect
area (2,071.2 m2 in 1999, 207.1 m2 in 2009) to calculate
B. tournefortii density (plants m22) on each of the 180 belt
transects. Brassica tournefortii densities were log-trans-
formed to achieve normal distributions (Kolmogorov-
Smirnov test, P $ 0.05). We used a paired t test to

compare B. tournefortii densities on each transect in 1999
to those in 2009, and we used Pearson’s product-moment
correlation to determine if quadrats with relatively high B.
tournefortii densities in 1999 also had relatively high B.
tournefortii densities in 2009.

To evaluate which variables influence B. tournefortii
density, we analyzed densities from the 180 transects in
1999 and 2009 separately using generalized linear models
(GLMs). Because data from all transects on the study area
were used for analysis and these data were potentially
spatially autocorrelated, five GLMs were conducted and
compared: one model without a spatial term and four
models (spherical, exponential, power, and Gaussian) with
a spatial covariance term based on transect locations (Littell
et al. 1996). Each model was evaluated by comparing
Akaike information criterion values (AIC, a metric that
balances goodness of fit with model complexity); the most
parsimonious model was retained and is presented in the
results.

To evaluate the effects of surficial geology and distance
to a paved road, we first analyzed B. tournefortii densities

Figure 5. Estimated densities of Brassica tournefortii in 2009 in the Chemehuevi Valley, western Sonoran Desert. Densities were
interpolated from 180 data points using an ordinary kriging method. Note the different scales for numbers of Brassica m22 between
Figures 4 and 5.
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using a GLM with surficial geology types (Open Desert
North, Chemehuevi Wash, or Open Desert South),
distance to Highway 95, and the interaction between these
two variables as predictor variables. To evaluate the effects
of the wash and small stream channels (surficial geology),
we performed a second GLM with B. tournefortii densities
as the response variable and distance to highway, distance
to wash, and number of stream channels as predictor
variables. Transects located in or traversing Chemehuevi
Wash were excluded from this analysis, because these
transects did not contain small stream channels. We
considered, but did not include the dirt road north and
adjacent to the wash and the road in the wash as variables
because of close proximity to or location within the wash.
We also considered but did not use cattle and feral burro
sign counts as disturbance variables, because data were
insufficient and use levels were low.

Brassica tournefortii Abundance in Microhabitats. To analyze
the set of six microhabitat transects for B. tournefortii
density (plants m22), we estimated the area occurring in the
intershrub space outside of stream channels, the area within
canopies of shrubs between stream channels, intershrub
space within stream channels, and the area within canopies
of shrubs within stream channels. The area occurring in
stream channels was estimated by multiplying the average
stream channel width (0.61 m) by the transect width (9.1 m
for 1999, 0.91 m for 2009), then multiplying the product by
the number of stream channels in the transect. The area
outside of stream channels was calculated as the remaining
transect area. The stream channels and areas outside of
stream channels were further subdivided into area under
shrubs (number of shrubs multiplied by average shrub size
[0.25 m2]) and area of intershrub space (remaining area).
The effect of microhabitat on B. tournefortii density, with
transect identity as a random effect, was analyzed separately
for 1999 and 2009 data using ANOVA and Tukey’s
honestly significant difference (HSD) tests. GLMs were
developed with SAS version 9.1.3 (SAS Institute Inc., Cary,
NC). All other statistical analyses were conducted using
SYSTAT version 12.0 (SYSTAT., San Jose, CA).

Biomass Transects: Samples of Annual Plants Collected in
1988, 1992, and 2009. The percentage of aboveground
biomass of native annuals and exotic annuals calculated from
biomass transects was arcsine–square root transformed.
These data were then analyzed using a linear mixed model
(SYSTAT) with transect identity as a random effect and year
as a fixed effect to determine if the relative proportion of
native to exotic annual biomass changed over time.

Results and Discussion

Precipitation. Annual and winter precipitation was
variable among years (Figure 2). Between the winters of

1987 to 1988 and 2008 to 2009, winter precipitation was
above the mean in eight of the 22 yr. In the years when
annual plant biomass was measured and B. tournefortii was
counted on transects, winter precipitation was above the
long-term mean (69.6 mm) for the winters of 1987 to
1988 (79.2 mm) and 2008 to 2009 (90.7 mm), but below
the long-term mean in 1991 to 1992 (23.6 mm) and 1998
to 1999 (19.1 mm). We observed germination, growth,
and flowering of B. tournefortii in 1992, 1999, and 2009.

Using Photographs and Densities of B. tournefortii to
Estimate Invasion History. Of the 132 photographic
slides taken between 1979 and 1999, the precise locations
of only a few photographs were known on the study area.
Most were taken in Open Desert North or Open Desert
South. In 1979, three images were taken on the east edge of
the levee adjacent to Highway 95. Brassica tournefortii was
rare or potentially not present; two images may have had
one B. tournefortii in each view, but the plants in question
were in the distance and identification could not be
confirmed. In 1992, one B. tournefortii was present in the
foreground of a photograph of plant transect 6. In 1999,
dried B. tournefortii were present in 10 of 22 images.

In 1999, B. tournefortii densities ranged from 0 to 0.55
plants m22 but by 2009 had increased to range from 0.98
to 33 plants m22 (Figures 4 and 5). Brassica tournefortii
was significantly more abundant in 2009 than in 1999 (t179

5 41.1, P , 0.001). Densities of B. tournefortii increased
84-fold in those 10 yr (mean B. tournefortii density 1999 5
0.066 plants m22; mean B. tournefortii density 2009 5
5.53 plants m22). There was a significant, positive
correlation between B. tournefortii densities in 1999 and
those in 2009 (Pearson r 5 0.449; P , 0.001), indicating
that transects that had relatively high B. tournefortii
densities in 1999 also had relatively high densities in
2009. In 2009, we saw densely packed, fallen dried stems
and branches of B. tournefortii that formed dense masses a
meter in width by several meters in length in stream
channels of Open Desert North and the Chemehuevi
Wash. These mats were accumulations from previous years.

The pattern of invasion differed between Open Desert
North and Chemehuevi Wash. In 1999 in Open Desert
North, the invasion of B. tournefortii from Highway 95
into the eastern part of the valley appeared to diminish to
near zero at a distance of approximately 1,700 m from the
highway (Figure 6). Few B. tournefortii (5 5.2 per transect)
were found on each of the easternmost transects, and none
could be seen in the distance when scanning the landscape
to the east. However, by 2009, mean counts were 5,406.1
per transect, . 1,000-fold higher approximately 1,700 m
from the highway, and high counts continued in the newly
established transects at 3.2, 4.8, and 6.4 km from Highway
95 (Figure 6). During a visual reconnaissance of the eastern
Chemehuevi Valley, B. tournefortii was occasional in small
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stream channels 15 to 22 km from Highway 95. Thus,
between 1999 and 2009, B. tournefortii colonized and
became established approximately 20 km to the east in
Open Desert North, arriving at the eastern end of the valley
near the Colorado River.

Although counts of B. tournefortii north of the wash in
Open Desert North in 1999 were nearly zero at 1,700 m
from the highway (Figure 7), counts within and adjacent to
Chemehuevi Wash remained high (Figure 4), indicating
that B. tournefortii was becoming established more quickly
and moving to the east much faster in the wash than in
Open Desert North. The wash appeared to be the invasion
front. The increase in B. tournefortii observed between
1999 and 2009 was dramatic, with higher numbers in
Chemehuevi Wash than in Open Desert North.

Our evidence suggests that B. tournefortii probably first
appeared along Highway 95 or Chemehuevi Wash at the
study area in the late 1970s or early 1980s, but we really
don’t know the arrival date. Minnich and Sanders (2000)
noted that B. tournefortii ‘‘seemed to have experienced a
population explosion from 1977 to 1983, successive years
of above-normal precipitation, becoming well established
in all counties of southern California.’’ It may have been
during this time that B. tournefortii moved north and east
from Imperial and Riverside counties into the Chemehuevi
Valley. By 1992, when B. tournefortii was first evident on a
plant transect 196 m east of the Highway 95, it was
probably well established in Chemehuevi Wash and along
the highway. Seven years later, in 1999, B. tournefortii had
colonized the entire study area between the highway and

1,700 m into the desert, the eastern boundary of the study
area. Thus, if an estimated arrival date at the edge of
Highway 95 and the wash was 1980, B. tournefortii
colonized the first 1.7 km of Open Desert in 20 yr (1980 to
1999) followed by an additional approximately 20 km 10 yr
later. During this last 10 yr, winter rainfall exceeded the
long-term mean in four of the years, possibly contributing
to the speed of the invasion. Bowers et al. (2006) also
reported that B. tournefortii spread quickly from the
perimeter of the Desert Laboratory in Tucson, AZ, into the
interior, more than doubling in frequency in the 22 yr
between 1983 and 2005.

Together, the photographs and transects provide a
potential timeline of arrival and invasion. Photographs,
when included with other data sources, can be valuable

Figure 6. Brassica tournefortii densities as a function of distance
to Highway 95 in the Chemehuevi Valley, western Sonoran
Desert, in 1999 and 2009. Logarithmic trend lines are fitted
through the means at each distance for each year. Data are from
transects in the Open Desert North surficial geology type only
and show the additional data from transects walked in the eastern
part of the Chemehuevi Valley in 2009.

Figure 7. Log-scale Brassica tournefortii density as a function of
distance to Highway 95 in the Chemehuevi Valley, western
Sonoran Desert, in 1999 and 2009. Linear regression lines are
fitted through the means at each distance for three surficial
geology types: Open Desert North (North), Chemehuevi Wash
(Wash), and Open Desert South (South). (A) 2009; (B) 1999.

608 N Invasive Plant Science and Management 7, October–December 2014

https://doi.org/10.1614/IPSM-D-14-00023.1 Published online by Cambridge University Press

https://doi.org/10.1614/IPSM-D-14-00023.1


tools for providing information on exotic species. Photo-
graphs are often taken for purposes unrelated to exotic
species and can be found in research collections and
historical libraries maintained by universities and the
government. If sufficient topographic features are available
in an image, the exact site of the original photograph may
be located and rephotographed. The transect data indicate
that B. tournefortii moved more rapidly east from the
highway via Chemehuevi Wash than in Open Desert
North or South, suggesting that early establishment may
have occurred where the wash crosses the highway rather
than along the highway itself and the invasion front was in
the axial valley wash (Figures 4–7).

Modeling Factors that Affect B. tournefortii Density.
For the first GLM using 1999 data, the nonspatial model
had the best fit (Table 2), indicating the data were not
spatially auto-correlated. There were significant effects of
surficial geology type (F2,174 5 5.2, P 5 0.006), distance
to the highway (F1,174 5 10.4, P 5 0.002), and an
interaction between these variables (F2,174 5 4.6, P 5
0.011) on B. tournefortii density. In general, B. tournefortii
densities were highest in the Chemehuevi Wash, followed
by Open Desert North, and lowest in Open Desert South

(Figures 4 and 7); however, for distances , 300 m from
the highway, densities were greatest in the Open Desert
North. For the 2009 data, the power covariance model had
the best fit (AIC 5 243.2; Table 2), indicating the data
were spatially auto-correlated (r 5 0.9897). There were
significant effects of surficial geology type (F2,32.8 5 14.9,
P , 0.001) and an interaction between surficial geology
type and distance to the highway (F2,43.7 5 4.7, P 5
0.014) on B. tournefortii density, but distance to the
highway alone was not significant (F1,27.8 5 1.0, P 5
0.321). Brassica tournefortii densities were also highest in
Chemehuevi Wash in 2009, but no appreciable differences
existed between Open Desert North and Open Desert
South (Figures 5 and 7). In both years, distance to the
highway appeared to have more influence on B. tournefortii
density in Open Desert North compared to other surficial
geology types (Figures 4, 5, and 7), resulting in significant
interactions between surficial geology type and distance to
the highway.

For the second GLM that incorporated distance to
Chemehuevi Wash and number of stream channels as
predictor variables, the significant variables differed
between years. In 1999, the nonspatial model again had
the best fit (AIC 5 341.3; Table 2) indicating the data

Table 2. Generalized linear model selection results comparing nonspatial to spatial covariance models for invasion and establishment
of Brassica tournefortii in the Chemehuevi Valley, western Sonoran Desert, California. Models with the lowest Akaike’s information
criterion (AIC) were retained.a

Predictor variables Response variable Spatial covariance model AIC DAIC
Null model likelihood

ratio test P-value

s, hd, s 3 hd log bt 1999 None (null model) 416.2 0.0
Spherical 416.2 0.0 1.00
Exponential 418.2 2.0 1.00
Power 418.2 2.0 1.00
Gaussian 418.2 2.0 1.00

s, hd, s 3 hd log bt 2009 None (null model) 236.0 7.2
Spherical 224.2 19.0 1.00
Exponential 234.0 9.5 1.00
Power 243.2 0.0 , 0.01
Gaussian 234.0 9.2 1.00

hd, wd, w log bt 1999 None (null model) 341.3 0.0
Spherical 343.3 2.0 0.99
Exponential 343.3 2.0 1.00
Power 341.5 0.2 0.18
Gaussian 343.3 2.0 1.00

hd, wd, w log bt 2009 None (null model) 268.3 21.0
Spherical 280.4 8.9 , 0.01
Exponential 266.3 23.0 1.00
Power 289.3 0.0 , 0.001
Gaussian 266.3 23.0 1.00

a Abbreviations: s, surficial geology type; hd, distance to highway; s 3 hd, interaction between s and hd; wd, distance to wash; w,
number of stream channels; bt, B. tournefortii density.
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were not spatially auto-correlated. Brassica tournefortii
density increased with increasing proximity to the highway
(P , 0.001) and to the Chemehuevi Wash (P , 0.05) as
well as with increasing number of stream channels on
transects (P , 0.001). For 2009 data, the power covariance
model had the best fit (AIC 5 289.3; Table 2), indicating
the data were spatially auto-correlated (r 5 0.9936). In
2009, B. tournefortii density increased with proximity to
the highway (P 5 0.002) and with increasing number of
stream channels (P , 0.001), but was not related to
proximity to the Chemehuevi Wash (P 5 0.42).

The Model for Invasion and Establishment of
B. tournefortii. Our 1999 and 2009 data sets, both
showing B. tournefortii more abundant near the highway
and in Chemehuevi Wash, point to the importance of
highways and axial-valley ephemeral stream channels such
as Chemehuevi Wash as being predictor variables for
modeling invasions of this species. The GLM for 1999 data
also indicates B. tournefortii first invaded from the highway
and Chemehuevi Wash. Historically, highways and dirt
roads have been typical routes for invasion of exotic plant
species in California (Brooks 2009; Brooks and Lair 2009;
Frenkel 1970) and elsewhere in the world (Forman et al.
2003); however, this is not always the case (Craig et al.
2010). The added disturbance of the levee and old road
beds paralleling the east edge of the road north of the wash
may have altered resource availability for B. tournefortii,
enhancing the process in Open Desert North compared
with Open Desert South (Figures 4 and 5; Brooks 2009).
Jeep trails in and adjacent to the north edge of the wash
also may have enhanced the rapid expansion of B.
tournefortii in the wash, because seeds can be transported
via vehicles (Brooks and Lair 2009; Forman et al. 2003).
We were unable to separate effects of the dirt road that was
north of and adjacent to the wash from the wash itself
because of their close proximity. Unpaved roads and dirt
trails may be important, however (Sánchez-Flores 2007).
Cattle and feral burro use also may have contributed to
colonization and spread, but data were insufficient to
include livestock as variables in the model.

The numbers of ephemeral stream channels were critical
predictors of B. tournefortii success and an important
predictor variable for the model. These small channels carry
less runoff than the axial-valley stream channel (Chemehuevi
Wash) and support higher densities of shrubs, cacti, and
perennial bunch grasses—microhabitats where tumbling
dried mustards become entangled and drop their seeds—
than adjacent desert. Although we did not evaluate invasion
enhanced by geomorphic processes, such as wind, Aeolian,
and stream transport, these factors may have played a role in
the rapid eastward spread of B. tournefortii. Seeds can spread
via water flow in stream channels and the Chemehuevi Wash
and plants blowing as tumble mustards in the wind.

The surficial piedmont deposits and soils are significant
predictors of colonization and establishment of B. tourne-
fortii. The piedmont deposits most vulnerable to B.
tournefortii contribute to Chemehuevi Wash and the stream
channels (Qya1, Qyw1). These deposits have the youngest
soils and surfaces, are essentially modern, and naturally
disturbance-prone. The axial valley wash formed the invasion
front, limited only in dispersal by water and potentially by
vehicles. The smaller stream channels also provided means
for dispersal, whether by water or wind (blowing tumble
mustards). Next in vulnerability are deposits of Open Desert
North, a landscape with expansive areas of incipient desert
pavement and weak desert varnish estimated at 3,000 to
9,000 yr old (Qya3) and more limited areas with weak to
moderate pavement 20,000 to 35,000 yr old (Qia; Figures 3
and 5). These deposits are granitic in origin. The least
vulnerable and most resistant piedmont deposits are the
oldest, represented by desert pavements with volcanic clasts,
and with estimated ages of 140,000 to 300,000 yr (Qia3;
Figures 3 and 5) in Open Desert South. Brooks (2009)
reported that B. tournefortii seemed to colonize away from
dirt roadsides more readily on sandy deep young soils typical
of washes than on silty, rocky, and shallow older soils typical
of uplands in the eastern Mojave Desert.

The landform mosaics of valleys, alluvial fans, axial-
valley ephemeral stream channels, and stream channels of
various sizes are typical of the Sonoran, Mojave, Chihua-
huan, and (to a lesser extent) Great Basin deserts of North
America. Piedmont deposits vary in age from valley to
valley and by mountain range, and numerous local and
regional maps of surficial geology depict distribution of the
surficial geological deposits (e.g., Bedford et al. 2010;
Miller 2012). Major highways, roads, axial-valley ephem-
eral stream channels, and smaller stream channels are
ubiquitous in these deserts (e.g., McAuliffe 1994; Miller
et al. 2009) and provide ample areas for B. tournefortii to
rapidly colonize and establish. The open landscape and
desert winds contribute to ease of dispersal of drying plants.

The Effects of Microhabitats. Microhabitat had a
significant effect on B. tournefortii density in 1999 (F3,15

5 14.0, P , 0.001) and 2009 (F3,15 5 608.3, P , 0.001).
Brassica tournefortii density was higher under shrubs than
in intershrub spaces, regardless of whether the shrubs were
within or outside of stream channels. A Tukey’s HSD test
revealed that B. tournefortii was more concentrated under
shrubs both within and outside of stream channels than
in the intershrub space in stream channels and least
concentrated outside of stream channels in the intershrub
spaces (Figure 8). In 2009, we also observed that although
B. tournefortii was concentrated under the canopies and
drip lines of Larrea tridentata and Ambrosia dumosa shrubs
in stream channels, it also occurred under less common
shrubs (e.g., Krameria spp.), the perennial grass, big galleta
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[Hilaria rigida (Thurb.) Scribn.], and cacti (Cylindropuntia
ramosissima, C. acanthocarpa var. coloradensis). These latter
species occurred primarily in stream channels in the
northwestern part of the study area and contributed to a
hot spot of higher densities of B. tournefortii on Figure 5.

The canopies, drip lines, and coppice mounds of shrubs,
cacti, and grasses are nutrient-rich resource islands (Garcia-
Moya and McKell 1970; Halvorson et al. 1994; Muller
1953; Schlesinger et al. 1996). They also provide more
mesic environments than intershrub spaces on broad
expanses of desert pavement on older geomorphic surfaces.
The microhabitat preference of B. tournefortii for soils
beneath shrub canopies is similar to the preferences of other
exotics, the forb redstem filaree [Erodium cicutarium (L.)
Aiton] and annual grasses red brome [Bromus madritensis
subsp. rubens (L.) Husn] and Chilean chess (Bromus trinii
Desv., now Bromus berteroanus Colla) (Abella and Smith
2013; Brooks 1999; Craig et al. 2010).

The high densities and concentrations of B. tournefortii
beneath and within the canopies of perennial species may,
in the long term, negatively affect the well-being and
survival of shrubs, cacti, and grasses. Brassica tournefortii
and other exotic annual species are facilitated by the
microhabitats under native shrubs such as L. tridentata and
A. dumosa. The exotic annual grass, Mediterranean grass
[Schismus arabicus Nees, S. barbatus (L.) Thell.], has
deleterious effects on A. dumosa seedlings, reducing growth,
and at high densities, negatively affecting recruitment of A.
dumosa (Rodrı́guez-Buriticá and Miriti 2009). Brassica
tournefortii may have a similar effect on native shrubs.

Data on Biomass of Annual Plants. Plant transects with
data on biomass of annuals were available for 1988, 1992,

and 2009 (Table 3). We recorded 46 species of annuals, of
which 93.5% were native (Appendix 1). The total biomass
of annual plants on transects ranged from 13.8 to
66.8 g m22 for all years but differed little from transects
walked in years when winter precipitation was above and
below the long-term mean. For years when winter
precipitation was above the long-term mean (1987 to
1988, 2008 to 2009), the mean for total biomass of
annuals was 33.02 g m22 (range, 23.3 to 41.1 g m22). In
comparison, when rainfall was below the long-term mean
(1991 to 1992), total biomass was 39.03 g m22 (range,
13.8 to 66.8 g m22). For the five transects in Open Desert
North, the total annual biomass of native species declined
between the time the first transects were walked (1988,
1992) and 2009. Overall, the proportional biomass of
natives on all six transects also declined during the same
period (F1,7 5 9.98, P 5 0.016), and the proportional
biomass of exotics increased (F1,7 5 9.97, P 5 0.016).
Between 1988 and 2009, B. tournefortii became an
increasingly important part of the biomass of annual
exotics. In 1988, B. tournefortii was not observed on the
two transects. In 1992, B. tournefortii was present only as a
trace (one plant) on transect 6, the transect closest to
Highway 95. Seventeen years later, in 2009, B. tournefortii
was present on all six transects and composed from 31 to
76% of the annual biomass. Schismus arabicus was present
in low amounts (# 1%) in 1988, higher (1.2 to 81.9%) in
1992, and again low (1.5 to 3.6%) in 2009, the year when
B. tournefortii formed a substantial portion of the annual
biomass. The exotic forb Erodium cicutarium was absent
from all transects in all years, and the exotic grass Bromus
madritensis subsp. rubens was noted (0.38% of annual
biomass) on one transect in 1992.

Our finding of a significant change in the proportional
biomass of native and exotic species, specifically B.
tournefortii, in the winter annual flora of this L.
tridentata–A. dumosa association is important. Between
1988 and 2009, the proportional biomass of native annuals
declined while biomass of exotic annuals increased. This
trend, if continued, is likely to bring long-term changes to
the valley and, potentially, similarly situated areas. Other
scientists have reported that B. tournefortii negatively affects
the native annual flora in the Sonoran Desert (Barrows et
al. 2009; Minnich 2008; Minnich and Sanders 2000; Van
Devender et al. 1997). In experiments conducted in sand
dunes in the Coachella Valley, Barrows et al. (2009)
described shifts in composition of the annual flora
increasingly toward B. tournefortii while decreasing the
fraction of native species. Brooks (2000) reported similar
results regarding the negative effects of the exotics Schismus
spp. and Bromus madritensis subsp. rubens on native annual
plants in the Mojave Desert.

Our findings indicate that landscape-scale monitoring
programs for B. tournefortii, such as the Weed Sentry

Figure 8. Brassica tournefortii density in 2009 was highest
under the canopy of perennial shrubs and higher within than
outside of stream channels for intershrub spaces at the
Chemehuevi study area, western Sonoran Desert. Log-scale data
are shown as the mean 6 SE.
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program initiated in the eastern Mojave Desert (Abella et
al. 2009, 2013), would benefit by including axial-valley
ephemeral stream channels and smaller ephemeral stream
channels in the interior of valleys and alluvial fans in
addition to roads. Small stream channels also are likely foci
for establishing new populations of B. tournefortii (e.g., see
hot spot in the northwest part of the study site, as shown
on Figure 5). The naturally disturbed soils may also
produce taller plants with more siliques, as reported in
experimental studies with B. tournefortii (Suazo et al.
2012). In addition to ephemeral stream channels, other
areas should be included in monitoring plans, e.g., a range
of older geological surfaces and sites more distant from
human disturbances.

We suggest that B. tournefortii qualifies as an invasive
‘‘transformer’’ of ecosystems, because, like other trans-
former species, it has the potential to ‘‘change the character,
condition, form or nature of ecosystems over a substantial
area’’ (Richardson et al. 2000). To address this topic in the
future, we need to know more about (1) the role of B.
tournefortii in changing composition of local and regional
floras, and ultimately, the effects on animal communities;
(2) the geomorphic agents of plant and seed transport; (3)
the role of precipitation; and (4) effective control measures.
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