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Abstract—The long separation of the Chihuahuan and Sonoran Deserts is reflected in the high species richness
and endemism of their floras. Although many endemic species from both deserts reach their distributional
limits where the Sierra Madre Occidental massif fragments into smaller mountain complexes in northern
Mexico and adjoining areas of the United States, indicator species approaches to identify the boundary between the Chihuahuan and Sonoran Deserts are complicated by differences in physiology and morphology
among species that independently influence their local occurrences. Here we use an alternate approach that
examines distributional differences within a single species that is widespread in both deserts. We find that
diploid and tetraploid Larrea tridentata occur sympatrically at an abrupt boundary in the low elevation areas
of the Gila and San Pedro Rivers of southeastern Arizona. This cytotype boundary is correlated with climatic
and vegetational transition, is consistent with a boundary between the Chihuahuan and Sonoran Deserts first
suggested by Shreve, and raises interesting questions about the historical persistence of this contact zone.

Introduction
The Chihuahuan and Sonoran Desert biomes of North America
harbor species-rich, highly endemic floras that reflect a long isolation
maintained along most of their boundary by the high elevations of
the Sierra Madre Occidental. At present, species from both deserts
come into contact only in the lowland areas where the Sierra Madre
Occidental massif fragments into smaller mountain complexes in
northern Mexico and adjoining areas of the United States (Warshall
1994). Species of plants (Henrickson and Straw 1976; Mabry and others 1977; McLaughlin 1986; Shreve 1942, 1951), mammals (Riddle
1998; Riddle and others 2000), reptiles (Morafka 1977), and bees
(Danforth 1994; Rozen 1992) from each desert have been documented
to reach their distributional limits in this area. These biological discontinuities coupled with abrupt changes in several climatological
measures (Ackerman 1941; MacEwen and others 2005; Russell 1931;
Schmidt 1979) support the presence of a transition zone between the
Chihuahuan and Sonoran Deserts.
Although there is a general consensus that the boundary between the
Chihuahuan and Sonoran Deserts occurs where vegetation transitions
to a high elevation grassland community in southeastern Arizona,
southwestern New Mexico, and northeastern Sonora, uncertainty persists over the formal location of the eastern boundary of the Sonoran
Desert within this region (Gehlbach 1967; Schmidt 1979; Thornthwaite 1948; Weaver and Clements 1938). This uncertainty stems in
part from the use of species assemblages, or select plant species to
identify a boundary. However, different physiological and morphologi-
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cal traits among species invariably result in local differences in their
occurrence, which are accentuated by the complex climatological and
topographic variability of the “Sky Islands” area. Thus, the location
of the eastern boundary of the Sonoran Desert has depended on the
choice of indicator species and/or the definition of desert employed.
For example, Shreve (1942, 1951) argued that the distributional limits of Saguaro Cactus (Carnegiea gigantea) and Ironwood (Olneya
tesota) were closely associated with the edge of the Sonoran Desert
as it transitions to the intervening grasslands currently separating the
Chihuahuan and Sonoran Deserts. In contrast, Schmidt (1979) used
measures of aridity to suggest the Chihuahuan and Sonoran Deserts
were connected and shared a boundary in southeastern Arizona.
An approach not previously used to investigate the ChihuahuanSonoran Desert boundary is to examine genetic or distributional
discontinuities within a single species of plant that inhabits both
deserts. Single-species analyses should generally enjoy the advantage
of controlling for the variable environmental effects on distantly
related indicator species (Gleason 1926, 1939). Abrupt breaks in
the distribution of a species, or discontinuities in DNA molecular
markers, may indicate significant geological or environmental shifts.
For example, Riddle (2000) demonstrated that species from multiple
taxonomic groups in the North American deserts comprised divergent
mitochondrial DNA lineages. Divergence of these phylogroups was
found to correlate with past inundations that bisected the peninsula
for species with distributions on the Baja Peninsula. We adopted
a similar approach in this study using cryptic genetic variation to
identify distributional shifts in the North American creosote bush
(Larrea tridentata (DC) Coville; Zygophyllaceae).
Larrea tridentata is a ubiquitous shrub found throughout the
Chihuahuan, Sonoran, and Mojave Deserts (Barbour 1969; Benson
and Darrow 1981; Hunter and others 2001; Laport and others 2012;
Lewis 1980; Turner and others 1995; Yang 1967, 1970; Yang and
Lowe 1968). The distribution of L. tridentata has been used to define
the extent of these deserts (Hastings and Turner 1965; Hunziker and
others 1977; Shreve 1942) and its macrofossils are used to infer past
desert conditions (Betancourt and others 1990). Yang (1967, 1970)
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documented the existence of three chromosome races of creosote bush
in North America. Recent analyses using guard cell measurements
(Hunter and others 2001) and flow cytometry (Laport and others
2012) demonstrated that populations of tetraploids (2n = 4x = 52)
and hexaploids (2n = 6x = 78) intermingle in the northern Sonoran
Desert, while diploids (2n = 2x = 26) are limited to the Chihuahuan
Desert and only hexaploids are known from the Mojave Desert.
As part of a broader study of cytotype distributions, Laport and
others (2012) identified an abrupt transition between diploids and
tetraploids near the classically defined boundary of the Sonoran
Desert. However, it remains unclear if the diploid and tetraploid
cytotypes are restricted to the Chihuahuan and Sonoran Deserts,
respectively, due to the low resolution of prior sampling. Here, we
describe additional sampling across this di ploid-tetraploid cytotype
transition and examine evidence for the presence of a concordant
ecological gradient supporting a transition from the Chihuahuan to
Sonoran Desert. We measured plant community composition at sites
spanning the cytotype transition and used multi-decadal climate data
to determine if the cytotype transition is concordant with biotic and
abiotic change. Finally, we constructed Ecological Niche Models, a
widely used method for generating hypotheses of species distributions
(Hijmans and others 2003; Kozak and Weins 2006; Oberhauser and
Peterson 2003; Roura-Pascual and others 2004) to test if bioclimatic
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data predict the boundary between L. tridentata cytotypes. These data
were then used to discuss the potential relationship of this transitional
area to the historical extent of the Chihuahuan and Sonoran Deserts.

Methods
Details of the cytotye distributions discussed here can be found
in Laport and others (2012). Here, we employed 15 diploid and 13
tetraploid sites from areas surrounding the Gila and San Pedro River
valleys of southeastern Arizona, USA (table 1; fig. 1). These sites, as
reported in Laport and others (2012), were established in spring 2007
and 2008. The cytotype of 5-50 individuals per site was inferred using
flow cytometry (Laport and others 2012). Discovery of the transition between diploid and tetraploid Larrea tridentata prompted the
establishment of seven additional sites (T1Q1, T1Q2, T1Q3, T1Q4,
T1Q5, T6Q1, T6Q2; table 1) along the Gila and San Pedro Rivers in
2008, creating two sampling transects between known diploid and
tetraploid sites. Each plant (650 in total) was permanently marked
with a numbered aluminum tag, and the GPS coordinates of each site
were recorded (table 1).
To examine if other elements of the plant community changed
in conjunction with the transition from diploid to tetraploid Larrea
tridentata, we measured vegetation attributes at five sites along the
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Figure 1—Ecological Niche Model projections of (A) tetraploid and (B) diploid L. tridentata based upon collections near the Chihuahuan/Sonoran
Desert transition. Relief map (C) displaying L. tridentata collections in the San Pedro River and Gila River drainages of SE Arizona. Diploid sites are
represented by white squares; tetraploid sites are represented by black circles. Warmer colors in the niche model projections represent higher predicted
suitability. The northern range of L. tridentata (D) adapted from Hunziker et al. 1977. Star denotes location of study region.

San Pedro River and four sites along the Gila River (tables 1, 2). At
each site, a representative 25 m x 25 m sampling plot was established
in spring 2010 and the total number of each woody perennial species
present was recorded (table 2). The vegan (v2.0.3) CRAN package
for community ecology analyses implemented in the R statistical
package (www.r-project.org) was used to conduct Nonmetric Multi-
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dimensional Scaling (NMDS) ordinations on the species density data.
NMDS ordinations were implemented on square-root transformed
and Wisconsin double standardized data. A two-dimensional solution
with stress = 0.05192 was obtained using Bray-Curtis dissimilarities
and 20 random starts. This solution was selected after inspection of
a dimensionality vs. stress plot revealed that stress values reached
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an asymptote at solutions with higher dimensionality (McCune and
Grace 2002).
To test if climate differed between diploid and tetraploid sites, we
obtained climate values from the closest (mean 21.4 km, range 1–45
km) National Oceanic and Atmospheric Administration (www.noaa.
gov) weather stations to 12 diploid and 13 tetraploid sites (table 1).
Some sites could not be paired with unique weather stations and were
excluded from climate analyses. We obtained 30-year averages (longest
available for all sites) for January maximum temperature, January
minimum temperature, July maximum temperature, July minimum
temperature, and mean annual precipitation for Analysis of Variance
(ANOVA) models and Principal Components Analysis (PCA) using
the JMP statistical package (v9; SAS Institute, Cary, North Carolina,
USA). Altitudes were obtained from the USGS National Map (www.
nationalmap.gov), as were political boundaries and bedrock geology
for qualitative assessments of cytotype distributions in Quantum GIS
(www.qgis.org) (fig. 1).
We modeled cytotype distributions using the occurrence data in
table 1 to examine if niche models supported the observed boundary of diploid and tetraploid Larrea tridentata. Altitude and climate
variables at 30 arcsecond resolution (“bioclim”) covering the
geographic area of the L. tridentata localities listed in table 1 were
obtained from Worldclim (www.worldclim.org; Hijmans and others
2005). To reduce inclusion of climate parameters from areas outside
the distribution of L. tridentata and over-prediction of occurrence,
the bioclim data were trimmed to encompass only the distribution
of sampling localities detailed in table 1 (Pearson and others 2007;
Stohlgren and others 2011). To minimize the high correlation among
the 19 bioclim variables we reduced them to the six most dominant
variables via Principal Component Analysis (PCA) on site-specific
bioclim data (obtained using the “query” tool in Quantum GIS).
The six variables retained were those most closely associated with
the first six Principal Components: mean temperature of the wettest
quarter, annual precipitation, mean temperature of the coldest quarter, precipitation of the driest quarter, temperature annual range, and
seasonality of precipitation, respectively.
We used the program Maxent (v3.3.0b; www.cs.princeton.
edu/~schapire/maxent/) with default parameter settings to construct
a probabilistic niche model prediction for each cytotype (Phillips
and others 2006). We ran 20 replicate models that were averaged via
the crossvalidation method. Niche models for diploid and tetraploid
Larrea tridentata were projected onto a broader region encompassing
the “Sky Islands” and surrounding areas, and qualitatively reviewed in
Quantum GIS (fig.1). Following Warren and others (2008) and Glor
and Warren (2011), we also assessed the consistency and accuracy
of the averaged predictions via the receiver operating characteristic
(ROC) and the area under the ROC curve (AUC). High AUC values
are generally indicative of models that predict occurrences well (Phillips
and others 2006).
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Figure 2—Non-metric Multi-Dimensional Scaling species density ordination of diploid and tetraploid sites. Diploid sites denoted by open squares,
tetraploid sites denoted by black circles, the single mixed-cytotype site
is denoted by a black square.

All plant species recorded in the Gila and San Pedro River transect
sites had Sonoran Desert affinities (table 2) but vegetation ordination
separated diploid and tetraploid sites (fig. 2). Tetraploid sites were
associated with high densities of Parkinsonia spp., Cylindropuntia
spp., L. tridentata, and Prosopis velutina. Diploid sites were associated
with high densities of Calliandra eriophylla, Carnegiea gigantea,
Encelia farinosa, Ephedra spp, Fouqueria splendens, Acacia greggii,
Opuntia spp., Prosopis velutina, and Simmondsia chinensis. Diploid
sites tended to have higher densities of Arizona Upland species than
tetraploid sites.
Multiple ANOVA (F = 3.257, P < 0.001) and PCA using all climate
data suggested diploid and tetraploid sites differed significantly (fig. 3).

Results
Diploid and tetraploid sites were found in both the Gila and San
Pedro River valleys. All individuals in four of the added transect sites
(T1Q1, T1Q2, T1Q5, T6Q2) were diploid and all individuals in two
of the sites (T1Q4, T6Q1) were tetraploid (table 1). A mixed site of
36 diploid and 14 tetraploid individuals was found near the center of
the San Pedro River transect (T1Q3). Excluding this mixed-cytotype
site (T1Q3), diploid and tetraploid sites were separated by ca. 7 km
along the San Pedro River transect while diploid and tetraploid sites
were separated by ca. 18 km along the Gila River transect.
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Figure 3—PCA of NOAA 30-year average climate data collected for diploid
and tetraploid sites. Diploid sites denoted as open squares, tetraploid
sites denoted as black circles.
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Figure 4—Boxplots of altitude and NOAA 30-year average climate data
for diploid and tetraploid L. tridentata sites.

PC1 was associated with July maximum temperature (61.3% of
variation), and PC2 was associated with mean annual precipitation
(21.7% of variation). The first four Principal Components—July
maximum temperature, mean annual precipitation, altitude, and
January maximum temperature, respectively—accounted for 98.1%
of the variation. Diploid sites tended to be at higher elevations (F =
31.6203, P < 0.001) and to have lower average temperatures (January
minimum temperature, F = 9.8483, P = 0.005) (fig. 4).
Qualitatively, the niche models for diploid and tetraploid Larrea
tridentata corresponded to the reported ranges for the individual
cytotypes (Barbour 1969; Felger 2000; Hunter and others 2001;
Hunziker and others 1977; Laport and others 2012; Turner and others
1995; Yang 1967; 1970). High average AUCs were obtained for both
diploid (0.888, 0.178 s.d.) and tetraploid (0.893, 0.067 s.d.) niche
models. The mean temperature of the wettest quarter made the largest
contribution as an explanatory variable in the diploid model (39.8%),
and mean temperature of the coldest quarter made the next largest
contribution (29.8%). In the tetraploid model, mean temperature of
the coldest quarter made the largest contribution (61.2%) and mean
temperature of the wettest quarter made the next largest contribution
(33.6%). Although diploids were predicted to have suitable habitat
in some of the higher elevations of the Sonoran Desert, tetraploid
suitability was essentially restricted to the Sonoran Desert (fig. 1).
Nevertheless, diploid and tetraploid L. tridentata were predicted to
share a boundary in the low elevations of the Gila and San Pedro River
drainages, the same area where this transition is actually observed
(fig. 1).

Discussion
Here, we documented an abrupt transition between diploid and
tetraploid Larrea tridentate, a characteristic desert species, over the
span of approximately 7-18 kilometers in the San Pedro and Gila
River valleys of southeastern Arizona (fig. 1). A single site where
diploids and tetraploids co-occur was discovered in the San Pedro
River valley, an observation not previously reported. Although Yang
(1970) reported the discovery of diploids and tetraploids within a.
5-mile radius near Mountain View, Arizona, it is not clear if they were
growing sympatrically.
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Differences in plant community suggest that our Gila and San
Pedro River sites occurred near the eastern boundary of the Sonoran
Desert (Bahre 1995; Betancourt and others 1990; McL aughlin 1986;
Schmidt 1979; Shreve 1942, 1951; Turner and others 1995). Vegetation
ordination results indicate diploid and tetraploid sites differ somewhat,
though not strongly, in species composition. For example, tetraploid
sites had higher densities of Larrea tridentata, while diploid sites
tended to have higher densities of Arizona Upland species such as
Calliandra eriophylla, Encelia farinosa, and Simmondsia chinensis.
The mixed-cytotype site grouped with sites where tetraploids occur
(fig. 2). Surprisingly, diploid sites also had higher densities of the
Sonoran Desert endemic Carnegiea gigantea, a species typically used
as an indicator of Sonoran Desert habitat (Shreve 1951; Soule and
Lowe 1970). However, the study area is located only a few kilometers
north and west of the documented range limit of C. gigantea, as the
Chihuahuan endemic Flourensia cernua (Benson 1969; Benson and
Darrow 1981; Brown 1994; Laport personal observation; Zimmerman
1969). These species have been used variously to denote the boundaries
of the Sonoran and Chihuahuan Deserts, respectively (Shreve 1951;
Zimmerman 1969). The higher densities of C. gigantea in diploid
sites may be attributable to local variation in their occurrence, or the
placement of sampling plots, which could be corrected with more
intensive vegetation sampling. Nevertheless, these observations can
be interpreted as indicating that the study area resides in an Arizona
Upland plant association (sensu Brown 1994) near the boundary
between the Sonoran Desert and a higher elevation grassland community (sensu Burgess 1995), and that the diploid cytotype may not
be entirely restricted to the Chihuahuan Desert and its surrounding
semidesert habitat.
Altitude, precipitation, and temperature data in addition to our
ecological niche models constructed from bioclim variables indicate
abiotic differences occur at or near the range limits of diploid and
tetraploid Larrea tridentata. The northwestern part of the study area
is at lower elevation than the southeastern part of the study area.
Tetraploid L. tridentata predominate in the northern and western
portion of the study region while diploids were found only on the
southeastern portion of the study area. Although our niche models
predict some overlap between the diploid and tetraploid ranges (figs.
1, 2, 3), the overall pattern obtained from the altitude/climate data
and niche models suggests areas inhabited by these two cytotypes
are abiotically unique with warmer temperatures prevailing in areas
where tetraploids are found. The differences observed here presumably
reflect more general climatic differences between the eastern Sonoran
Desert and the adjacent high elevation grassland biomes, and concur
remarkably well with prior investigations of climatic differences at
the boundary of the Sonoran and Chihuahuan Deserts (Ackerman
1941; MacEwen and others 2005; Russell 1931; Schmidt 1979).
Despite high AUCs indicative of “good” models, the diploid model
under-predicts the actual range of L. tridentata in SE Arizona and SW
New Mexico (fig. 1B). Pearson and others (2007) suggested that niche
models with limited sampling might conservatively be interpreted as
indicating areas of similar climatic conditions to the known localities,
rather than a model of species range limits. Nevertheless, a broader
scale analysis of L. tridentata spanning all three North American
warm deserts recapitulates the niche model differences reported here,
suggesting the limited sampling of this study does not overtly bias
niche model construction and projection (Laport et al. unpublished).
The results of our analyses contribute to the body of literature
investigating the limits of the Chihuahuan and Sonoran Deserts. The
transition between diploid and tetraploid Larrea tridentata over a few
kilometers is generally concordant with the distributional limits of
some characteristic Chihuahuan and Sonoran endemic species (i.e.,
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F. cernua, C. gigantea) as well as a subtle climatic gradient (Benson
and Darrow 1981; Schmidt 1979). Given the patterns observed in this
relatively small-scale analysis, it would be informative to include additional sites and their physical features in the transition area for future
analyses. We doubt soils explain cytotype distributions in this study
because of the predominance of unconsolidated alluvial substrates
in these river valleys. However, prior studies have demonstrated
significant effects of soil on the distribution of L. tridentata (Ignace
and Huxman 2009; McAuliffe 1994). Moreover, limestone-containing
soils are common throughout the Chihuahuan Desert (Brown 1994;
Wentworth 1985) and many of the diploid sites in this study appear to
occur upon underlying limestone-containing sedimentary series. This
includes the unsampled, but probable, boundary between diploids and
tetraploids (fig. 1) in the Needle’s Eye Canyon along the Gila River
(Richard and others 2000; www.nationalmap.gov).
If the within-taxon analysis presented here is a reasonable indicator
of where the Chihuahuan and Sonoran Desert boundary occurs, the
distributions of diploid and tetraploid Larrea tridentata (along with
other plants) suggest the current boundary between these deserts
occurs within the Gila and San Pedro River valleys.
The boundary between diploids and tetraploids identified in this
study may imply that a previously unrecognized zone of contact has
long persisted in the low elevations of the Gila and San Pedro Rivers.
No paleovegetation records have been reported for low elevations in
this area, though some historical records and photographs indicate
limited pockets of desert vegetation occurred among grasslands in
these areas within the last 200 years (Hastings and Turner 1965;
Humphrey 1987). The steep alluvial slopes near the cytotype boundary in the Needle’s Eye Canyon of the Gila River (Mescal Mts., Ryan
1985) are very similar to northern extralimital populations of Larrea
tridentata that grow on the alluvial slopes of the Rio Grande valley
south of Albuquerque, New Mexico (Wislizenus 1848). These climatic
conditions have likely been present for thousands of years raising the
possibility that L. tridentata has persisted for an extended period in
this ancient drainage. Future efforts to obtain paleovegetation data
from pack rat (Neotoma) middens at low elevations in the eastern
Catalina, northwestern Galiuro, and southern Mescal Mountains
would be particularly informative for determining ancient botanical
communities of the area, which may help elucidate the importance
and persistence of the Gila and San Pedro Rivers as corridors between
the Chihuahuan and Sonoran Deserts.
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