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ABSTRACT 

 

The vegetation associations in the Eastern San Cristobal Valley of Barry M. 

Goldwater Range-East (BMGR) were mapped using a combination of field surveys 

(relevés) and interpretation of aerial imagery in order to contribute to ongoing mapping 

efforts of Barry M. Goldwater Range -East. Throughout the San Cristobal Valley, 149 

relevé samples were collected to characterize the vegetation associations.  Seventeen 

vegetation associations were identified and mapped, including a new Larrea 

tridentata/Ambrosia dumosa/Grusonia kunzei (Creosote bush-White bursage-Devil’s 

cholla) association. Accuracy assessment of the map was conducted using a contingency 

table finding the map to be 82% accurate.    

Route proliferation in the San Cristobal Valley of Barry M. Goldwater Range-

East (BMGR) was also mapped and measured using remotely sensed imagery in 

geographic information systems and modeled with geographical variables in a 

multivariate regression. Throughout the San Cristobal Valley study site, 6,878 km of 

unauthorized routes were identified. Geographic explanatory variables distance from 

slopes greater than 34% (b = -3.252e-5, p < 0.001) and the most influential variable 

distance from unauthorized routes (b = -0.006568, p < 0.001) were tested for significance 

and influence in predicting unauthorized route density. The resulting model, built from 

the two significant geographic variables in a multivariate regression, was able to explain 
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57% of the variability in the data. The results from this study have shown that through the 

use of GIS and remote sensing, unauthorized route density can be predicted by 

geographic variables which can then be used to make future route management decisions. 

 

CHAPTER 1 : MAPPING VEGETATION COMMUNITIES OF THE BARRY M. 

GOLDWATER RANGE, SAN CRISTOBAL VALLEY AND SOUTHERN 

SENTINEL PLAINS, ARIZONA 

Abstract 

The vegetation associations in the Eastern San Cristobal Valley of Barry M. 

Goldwater Range-East (BMGR) were mapped using a combination of field surveys 

(relevés) and interpretation of aerial imagery in order to contribute to ongoing mapping 

efforts of Barry M. Goldwater Range -East. Throughout the San Cristobal Valley, 149 

relevé samples were collected to characterize the vegetation associations.  Seventeen 

vegetation associations were identified and mapped, including a new Larrea 

tridentata/Ambrosia dumosa/Grusonia kunzei (Creosote bush-White bursage-Devil’s 

cholla) association. Accuracy assessment of the map was conducted using a contingency 

table finding the map to be 82% accurate.    

 

Introduction  

In 1941, the Barry M. Goldwater Range (BMGR) was established for military 

training and is used by the United States Air Force and Marine Corps for air-to-air and 

air-to-ground aircraft maneuvers, laser testing, and field training exercises (BMGR Fact 
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Sheet, 2012).  The range is split into the East and West areas with the Eastern part 

managed by the U.S. Air Force and the Western part managed by the U.S. Marine Corps. 

Covering 768,902 ha (1,899,188 ac) the BMGR consists of one of the largest remaining 

contiguous areas of undeveloped Sonoran Desert (BMGR Fact Sheet, 2012).  Depending 

on the region of the range, summer  temperatures can vary from 38 to 43°C (100°F to 

109°F) and 4 to 10°C (40°F to 50°F) in the winter and annually receives 75 to 225 mm (3 

to 9 inches) of rain (Bagne and Finch, 2010; Western Regional Climate Center, 2013; 

BMGR Fact Sheet, 2012). The BMGR has an aridic soil moisture regime and a 

hyperthermic soil temperature regime, resulting with primarily Aridisol soils (NRCS, 

2012).  There are also areas classified as Entisols, as well as a small area classified as 

Andisols (Shepherd, 2011).  Geological features that occur throughout the range include; 

lava cones and flows; alluvial fans and bajadas; washes formed by ephemeral streams; 

playas, enclosed areas which receive surface waters from ephemeral streams; dunes, river 

terraces and desert pavements (BMGR Fact Sheet, 2012; Shepherd, 2011).  The southern 

Sentinel Plains represents rocky desert pavements. BMGR includes 23 mountain ranges 

which are of two physiographic types: sierras and mesas (BMGR Fact Sheet, 2012). 

Sierras are more predominant and have towering jagged profiles. The Mohawk 

Mountains which serve as the western boundary of the San Cristobal Valley represent 

this type of mountain. Mesas are blocky and uniform in shape, and relatively flat on top. 

The Aguila Mountains which serve as the eastern boundary of the San Cristobal Valley 

represent this type of mountain. The range provides habitat for diverse flora and fauna, 

including several endangered and threatened species such as: Antilocapra americana 
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sonoriensis (Sonoran pronghorn antelope), Glaucidium brasilianum cactorum (cactus 

ferruginous pygmy owl), Phrynosoma mcallii (flat-tailed horned lizard), and 

Leptonycteris curasoae (lesser long-nosed bat) (Bagne and Finch, 2010; BMGR Fact 

Sheet, 2012).  

Air-to-air training is the primary use for the majority of BMGR and has allowed 

much of the land to remain relatively undisturbed; however, the range contains active and 

retired bombing targets that have a history of severe disturbance (Shepherd, 2011). Public 

access is restricted on the majority of the range. Livestock grazing is also restricted but 

there is evidence of livestock corrals, primarily in the southern Sentinel Plains, likely 

used prior to the establishment of the BMGR in 1941. Disturbance levels have changed in 

recent years as increased enforcement in urban parts of the international border has 

pushed the illegal crossing traffic into remote areas such as the BMGR which lies 

partially along the US-Mexico border (Shepherd, 2011).  A common disturbance now is 

the US Border Patrol patrolling for illegal entrants (Pielielek, 2009; Cabeza Prieta NWR, 

2011). Those crossing the range illegally may also cause disturbances such as trash piles 

and wildfires but are often not immediately noticed (Lathrop et al., 2010).  

Remotely sensed data and geographic information systems (GIS) are ideally 

suited for mapping vegetation associations. Using remotely sensed images to map 

resources in arid regions is an established technique for shrublands and savannas, 

although the herbaceous component of vegetation communities can be difficult to 

correctly map (Hüttich et al., 2011; Mohamed et al., 2011).  The creation of the initial 

vegetation map can be complicated due to the need for relevés, field-based surveys, to 
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verify the data from remotely sensed imagery (Smith et al., 1990).  Relevé sampling can 

exhaust significant portions of the available project resources despite sampling a very 

small fraction of the mapped area; however, they are nonetheless critical to successfully 

interpret the vegetation from the remotely sensed imagery (Wentz et al., 2006). 

The study in this chapter reports on the third of an expected four phases of work 

by the University of Arizona documenting the vegetation associations of BMGR-East to 

support the natural resource inventory.  Previous reports include chapters of Osmer-

Blodgett (2009) and Shepherd (2011).  While the map products are unique to the study 

area for this study, the descriptions of methods and procedures are necessarily similar to 

previous reports because wherever possible the same methods and procedures were used 

here to allow the eventual preparation of a seamless map of BMGR-East.   

 

Methods 

Study Area 

 The mapped area in this study encompasses 663 km
2
 of the Barry M. Goldwater 

Range – East (BMGR-E) in southwestern Arizona (Figure 1.1). The BMGR-E is bound 

by Interstate 8 to the north, the Cabeza Prieta Wildlife Refuge to the south, the BMGR-W 

to the west and Agua Caliente Road to the east. The study area comprised a large area 

between three previously mapped areas. This area specifically includes the eastern half of 

the San Cristobal Valley, the western Aguila Mountains, the northwestern Granite 

Mountains, and the rocky pavements of the southern Sentinel plains.  
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Figure 1.1 Map of Barry M. Goldwater Range – East Study area within the eastern San Cristobal Valley 

falls within the following Universal Transverse Mercator (UTM) Zone 12N coordinates: northwest corner 

255145E 3628671N, northeast corner 295865E 3632561N, southeast corner 282689E 3589333N, 

southwest corner 276815E 3589254N.  

Data Collection 

Vegetation mapping was conducted with both field surveys and remotely sensed 

aerial photography. Field surveys were designed around relevé method which was 

previously used in the mapping of the surrounding areas. The protocol for this method is 

described by Warren et al. (1981) and is summarized in the “Manual of California 

Vegetation” (Sawyer and Keeler-Wolf, 1995; Wallace et al., 2000). A relevé is a rapid 

vegetation assessment technique that is used to estimate prominence and cover of plant 

species over a large area (Mueller-Dombois and Ellenberg, 1974; Sawyer and Keeler-

Wolf, 1995; Wallace et al., 2000; Shepherd, 2011). Relevé locations were selected to 
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sample the project area in a uniform way by distributing them relatively evenly 

throughout the area with multiple samples from each vegetation association type. Bias 

was reduced by making an effort to equalize the sampling intensity between vegetation 

associations known to be present in the area. This method was preferred due to the large 

interspaces of the vegetation, most commonly seen in areas dominated by creosote, in the 

lower Sonoran Desert (Mueller-Dombois and Ellenberg, 1974). 

Relevés were designed to best sample the vegetation of the study area. In this 

study, a relevé was a long transect oriented in a random direction that would avoid 

crossing a road and best capture the vegetation composition of the area. For example, if 

an area with parallel drainages was being sampled, the relevé would be run perpendicular 

to the drainages. Perennial species were recorded at every step, approximately 0.6-0.8 

meters, along the transect. This is continued until no new perennial species are found. In 

the BMGR-E, this generally happens within 100 to 500 meters. Relevés in washes were 

conducted between the banks of the wash, parallel to one of the randomly chosen banks 

every perennial and herbaceous species was recorded between the surveyor and the bank 

of the wash. No new species were generally observed after 100 steps, approximately 70 

meters, in washes. A minimum of 500 steps were set for general relevés and 100 steps for 

relevés in washes (Malusa, 2003). 

 The relevé data sheets included fields to assign vegetation associations (Figure 

1.2). Relevé name was determined by USGS topographic map 7.5 minute quadrangle in 

which it was conducted. For example, if the relevé was conducted in the Aguila 

Mountains North Northwest Quarter Quad it would be named AMNNW. The relevés 
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were then numbered in the order they were conducted in that specific 7.5 minute 

quadrangle. The collection date, elevation, photo number and orientation, slope, aspect, 

location description, observers’ names, surface texture, geomorphology, and lithology 

were also recorded. The GPS coordinates of the relevé starting point was recorded using 

a handheld Garmin GPS 60 in UTM WGS84 with an average accuracy of ± 15 m. 

Vegetation characteristics such as vegetation species, cover, prominence, and average 

height of prominent species to the nearest decimeter, were also recorded.  
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Figure 1.2 Scanned datasheet example of a relevé transect showing the collection date, elevation, photo 

number and orientation, slope, aspect, location description, observers’ names, surface texture, 

geomorphology, lithology, vegetation species present, species cover, species prominence, and average 

height of prominent species to the nearest decimeter.  
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Vegetation cover was quantified as the percent of ground covered by each species 

independently from other species. Each species was given a cover class code based on its 

estimated cover percentage (Table 1.1) (Malusa, 2003; McLaughlin et al., 2007; Osmer-

Blodgett, 2009; Shepherd, 2011). Along with vegetation cover, species prominence was 

used to characterize vegetation associations. Species were ranked from one to five (Table 

1.2) (Malusa, 2003; McLaughlin et al., 2007; Osmer-Blodgett, 2009; Shepherd, 2011). 

The most dominant species was given a prominence of five. If there were two co-

dominant species, both were designated with fours. If a dominant species was ranked, no 

co-dominant species could be present, and vice versa. The remaining species were ranked 

common (3), uncommon (2), and rare (1). Rare species were those that only occurred 

once in the relevé and were difficult to find. 

 

 

 

 

 

 

 

 

 

Cover 

Code 

Percent 

Cover 

1 <1 

2 1-4 

3 5-9 

4 10-14 

5 15-25 

6 26-40 

7 41-60 

8 61-80 

9 81-100 

Prominence Code 

Dominant 5 

Co-dominant 4 

Common 3 

Uncommon 2 

Rare 1 

Table 1.2 Assigning Species Prominence 

(Malusa, 2003; McLaughlin et al., 2007; 

Osmer-Blodgett, 2009; Shepherd, 2011) 

Table 1.1 Estimating Vegetation 

Cover (Malusa, 2003; McLaughlin 

et al., 2007; Osmer-Blodgett, 2009; 

Shepherd, 2011) 



18 

 

 

Mapping 

Vegetation Association Description 

 Vegetation associations were described using the hierarchical structure of 

National Vegetation Classification Standard (NVCS) (Grossman et al., 1998). The 

classifications were then digitized using the digitized classification system from Brown et 

al. (1979) and Warren et al. (1981) (Figure 1.3).  Complete descriptions of the project 

area’s vegetation associations can be found in Appendix B.  The vegetation 

classifications adhered closely to Malusa’s (2003) classifications of the Cabeza Prieta and 

matched Osmer-Blodgett (2009) and Shepherd (2011). This allowed easier edge 

matching and the opportunity for a more seamless map. 

Areas with slopes greater than 20% were mapped as being over 20% instead of by 

vegetation type.  This was done as an effort to maintain consistency with surrounding 

areas previously mapped. A 10-m digital elevation model (DEM) obtained from the 

University of Arizona’s Advanced Resources and Technology (ART) lab was used to 

create polygons to identify areas with slopesgreater than 20%.  

One new classification was developed over the course of the project. Grusonia 

kunzei (devil’s cholla) was included as a sub association of Larrea tridentata/Ambrosia 

deltoidea (154.1114) a full description can be found in Appendix B.  
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Mapping Vegetation Associations 

Multi-spectral aerial photography in three bands with 24 cm resolution taken in 

September 2010 and acquired through the United States Air Force 56
th

 Range 

Management Office was used to map vegetation associations. The aerial photography 

was uploaded into geographic information systems software ArcMap 10 (ESRI Redlands, 

CA) where vegetation associations were manually digitized over the photography with 

the aid of field surveys and notes. Data from field surveys provided an on-screen 

reference to assist in the interpretation of each vegetation type on the imagery. 

Geographically referenced relevé photos were embedded into the relevé point data which 

was uploaded with the imagery into ArcMap 10 to aid in the interpretation of the 

vegetation associations.  

Previously created adjacent vegetation maps provided support for imagery 

interpretation in areas difficult to reach by foot because of the substantial distance from 

authorized routes. However, surrounding maps did not always agree with new 

interpretations. Polygons from two adjacent vegetation association maps were merged 

together if they shared the same vegetation association. Adjacent polygons with 

Formation Class: Nearctic 1,000  

Formation Subclass: Desert 1,150 

Formation Group: Tropical-subtropical desertlands1,154 

 Formation Subgroup: Sonoran desertscrub 1,154.1 

  Alliance: Creosote (Lower Colorado) 1,154.11 

   Association: Creosote associations 1,154.111 

    Sub-Association: Creosote-White Bursage 1,154.1111 

 Figure 1.3 Vegetation classification hierarchy and digitization of Larrea tridentata / Ambrosia dumosa 

association. Digitizing vegetation associations simplifies data to a number that describes all the attributes 

of an association.  
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conflicting associations were adjusted to best fit the vegetation patterns observed on the 

most recent aerial imagery. Edge matching also helped confirm associations of areas 

where no relevé data had been collected.  

Following the completion of the vegetation map and edge matching, an accuracy 

assessment was conducted using additional relevés. Due to the large size of the project 

area, a subset of the map was sampled using ArcMap 10 to select 111 stratified random 

points across the project area where vegetation associations were allocated points based 

on the proportion of the total area each occupied. There was a minimum number of three 

points for vegetation associations with proportional values which would have otherwise 

resulted in fewer than three points. To prevent overlapping samples, these points were 

restricted to be at least 50-m apart and limited to areas within 500 m of authorized roads, 

to allow completion of the assessment within the project time restraints. Despite the goal 

of three points per association, the restrictions resulted in fewer than three points per 

association some of the time when the mapped associations were small and more than 

500 meters from roads. The accuracy assessment data was analyzed for omissional, 

failure to include, and comissional, wrong assignment, errors were calculated within a 

contingency table (Foody, 2002; Lea and Curtis, 2010; Smart and Jones, 2010) (Table 

1.3).  

 Following the completion of the map, the project data and materials were 

compiled and organized for use by resource managers in the future. The final product 

included a vegetation map of the eastern San Cristobal Valley and the southern Sentinel 

Plains, organized data sheets and photographs, and a Microsoft Access database. Relevé 
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data sheets were scanned and organized with photos into folders based on which USGS 

7.5 minute quadrangle the relevés are found. Organization and replication of the project 

data reduces the chance of this information being lost. The Access database summarized 

all the field data sheets data; UTM coordinate, photograph number, cover, prominence, 

and average height. The database created for this study can be merged with other 

databases previously created for the BMGR. The culmination of data from all BMGR 

mapping projects can then be easily accessed by land managers for use in future 

vegetation management projects.  

 

Results 

Vegetation Association Summary  

 There were 18 vegetation associations described and mapped in the project area. 

The most dominant associations mapped were Larrea tridentata/Ambrosia deltoidea 

comprising 32.75% of the total project area and Prosopis spp. floodplain with 13.4%.  

The remaining area was classified as Larrea tridentata/Ambrosia deltoidea-Krameria on 

pavements with less than 5% Parkinsonia microphylla-Olneya tesota (10.1%), Larrea 

tridentata/Ambrosia deltoidea-Krameria with less than 10% Parkinsonia microphylla-

Olney tesota (6.8%), Larrea tridentata monotype (6.6%), mountains with greater than 

20% slope (6.2%), and Larrea tridentata/Pleuraphis rigida (5.9%). The other 14 

associations comprise the remaining 18.25% of the project area and 5% or less of the 

total area (Figure 1.4 and 1.5).  
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 A new association was found and described in the San Cristobal Valley, 

consisting of dominant or co-dominant Grusonia kunzei with Larrea tridentata and 

Ambrosia dumosa (1154.1114). The same association was described by J. Malusa 

(personal observation, 2013).  

 

Figure 1.4 Vegetation association descriptions and their corresponding digitization numbers in parenthesis 

are shown along the vertical axis and the values under the horizontal axis show the percentage each 

vegetation association type occupies of the total mapping area of 663 km².  
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Figure 1.5 Final vegetation map for the BMGR’s San Cristobal Valley and Southern Sentinel Plains  

Accuracy Assessment 

 The overall accuracy of the map was found by assessing observer and producer 

accuracy in a contingency table (Table 1.4). Observer and producer accuracy was 

calculated to determine whether errors were due to commission, wrong assignment, or 

omission, failure to include. The observer accuracy refers to the likelihood that an area 
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mapped as a specific association is actually that association, while the producer’s 

accuracy refers to the probability that a specific association on the ground is classified 

correctly. For example, 84% of all the area classified as Larrea tridentata/Ambrosia 

deltoidea was observed to be correct on the ground; however, only 77% was classified 

correctly. Therefore, this association was under-classified. The Larrea tridentata 

monotype association was over-classified; meaning more area of the association was 

originally mapped than there actually was on the ground. Under classification was more 

common than over classification (Table 1.3). The overall accuracy of the map, the 

percentage of points classified correctly, was 82%. 

 

Table 1.1  Producer and Observer accuracy for vegetation associations present in the San Cristobal Valley 

and Southern Sentinel Plains. 
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Table 1.2 The contingency table used to calculate observer accuracy, referring to the likelihood that an area 

mapped as a specific association is actually that association, and the producer’s accuracy, referring to the 

probability that a specific association on the ground is classified correctly, for each vegetation association 
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Discussion  

Vegetation mapping techniques have been continuously improved and modified 

to suit the needs of mapping project goals as well as the environments they are conducted 

in. In the late 1970’s and early 1980’s, efforts to map the terrestrial vegetation of the 

southwest United States created a system for digitizing terrestrial vegetation 

classifications. This system for classifying terrestrial vegetation was used to map the 

vegetation of BMGR and its surrounding areas. Recent remote sensing technology has 

now been incorporated into the mapping process to improve both efficiency of the 

mapping process and the accuracy of the final product; however, it is important that the 

mapping methods and the vegetation classification system used in the mapping process 

remain uniform to allow for the replication of mapping methods during future mapping 

efforts of adjacent areas.  

The most outstanding issue with vegetation mapping is the lack of fundamental 

standards between projects and across different environments. Mapping methods and 

vegetation classifications tend to vary drastically between projects and the environments 

they are conducted in. This variation has resulted in the creation of unique mapping 

methods and classification systems. In the southwest United States, early mapping efforts 

by Brown et al. (1979), Warren et al. (1981) and Malusa (2003) have set standards for 

describing this unique environment. Slight variations of mapping methods and vegetation 

classifications can still exist within the same region because the vegetation mapping 

methods and classifications are customized to fit the area being mapped. Brown et al. 

(1979) focused on setting a digitization system to classify biogeographic realms into 



27 

 

 

vegetation formation types then associations. This system provided a framework for 

future vegetation mapping projects across different environments to expand and improve 

on. The digitization of vegetation classification data made the information computer 

compatible and easy to distribute widely while allowing for flexibility in the complexity 

of which vegetation is defined (Brown et al. 1979). One study that used the system 

described in Brown et al. (1979) is the vegetation map created by Warren et al. (1981). In 

this study the primary objectives were to inventory and map all vascular plants, to the 

sub-association, within the Organ Pipe National Monument and to subsequently develop 

management recommendations for botanical resources (Warren et al., 1981). The 

vegetation associations described by Warren et al. (1981) set the foundation from which 

Sonoran desert vegetation associations have been built upon. The National Park Service 

(NPS) conducted these types of surveys to provide a reference point for preserving 

natural resources within its boundaries (Warren et al., 1981; National Parks Omnibus 

Management Act, 1998). Vegetation mapping requires time and funding that land 

management agencies often lack. Standardizing mapping methods between projects can 

improve mapping efficiency allowing for larger areas to be mapped at lower costs. 

Despite using efficient mapping methods, conducting relevé surveys for large areas with 

limited access are labor intensive and can limit the extent and detail in which vegetation 

communities are mapped (Carmel and Kadmon, 1998). 

Limited transportation options and access in remote mapping areas can result in 

relevé surveys biased to areas with easy access.  During the time of the study, authorized 

roads were almost non-existent in the eastern San Cristobal and southern Sentinel Plains. 
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In this study, over 50% of the relevés conducted were within 1 km of an access road. Bias 

was reduced by hiking to areas further than 1 km from authorized roads but was very 

time consuming. It is highly recommended that alternative forms of off-road travel are 

used to expedite the field survey process and improve the overall accuracy of the map. 

Fewer relevés were conducted while hiking but substantially improved confidence during 

imagery interpretation. 

Correspondence between relevé surveys and imagery interpretation is important 

for producing accurate maps. It is ideal for the relevé conductor to also digitize the 

associations on screen because they can more easily visualize the vegetation as it was 

observed on the study site while interpreting the imagery. This also helps when 

visualizing vegetation cover. Due to the angle at which the vegetation is viewed from, 

visualizing vegetation cover on the ground can produce different results from visualizing 

vegetation cover on the imagery; however, training and practice can improve the 

accuracy of visually estimating vegetation cover. (Wintle et al., 2013). For this reason, it 

is recommended that the number of personnel digitizing vegetation associations and 

conducting relevés is minimized to limit the amount of variation in the final map product 

and to maintain the repeatability of the mapping methods.   

Repeatability of vegetation mapping methods for contiguous mapping areas is 

important when mapping large areas like the BMGR. Previous mapping efforts in 

adjacent areas used the same mapping methods as this study but often visually estimated 

cover and prominence. All relevés in this study area were conducted as transects and 

quantified, as opposed to ocular observations used in some previous mapping efforts, to 
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reduce bias and improve repeatability. For some relevé surveys, the difference in these 

methods potentially altered the classification of associations with similar attributes such 

as Larrea tridentata/Ambrosia deltoidea (1154.112) and Larrea tridentata/Ambrosia 

deltoidea/A. dumosa (1154.113) which share two out of three defining species.  

 Difficulty classifying vegetation associations while digitizing can also be caused 

by aerial imagery with poor resolution. It is recommended that sub 0.5 meter resolution 

imagery is used for future vegetation mapping projects. Long hours digitizing causing 

fatigue can also cause errors. Recent advancements in GIS technology such as LiDAR 

images and other systems can be coupled with topography and soil layers to help 

delineate vegetation associations and reduce manual interpreting time (Ustin and Gamon, 

2010). There are studies assessing the capability and accuracy of unsupervised vegetation 

classification using aerial photographs. However, issues with classifying non-vegetative 

objects in the imagery as vegetation has been associated with this method, especially in 

arid environments (Huete, 1988; Franklin et al., 1993; Goodchild, 1994). Rocks and bare 

ground can be easily mistaken for vegetation and vegetation species composition and 

cover observed in photography taken during very wet or very dry periods could deviate 

from the average vegetation species composition and cover for the area (Carmel and 

Kadmon, 1998; Kumar et al., 2013). Species identification from aerial imagery is usually 

not attempted due to being unreliable especially with poor resolution imagery or dense 

canopies (Garzon-Lopez et al., 2013). This further emphasizes the importance of relevé 

surveys for proper species identification and to improve the overall map accuracy. 
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Despite advancements in GIS technology, map accuracy assessments should continue to 

be conducted. 

When assessing the accuracy of a map, identifying the source of error can be a 

difficult task (Smart and Jones, 2010). Errors can occur at any level of the study. Close 

monitoring during every step of the mapping process can help reduce errors in the final 

product. Ideally, map accuracy assessments are conducted by a third party to reduce bias. 

However, due to the lack of time and funding for this project, the assessment was 

conducted by the map’s creator. The accuracy assessment conducted for this study 

examined user and producer error. User error is the ability of a map to correctly identify 

vegetation associations observed on the study site and producer error is the ability of the 

map producer to correctly classify vegetation associations from the aerial imagery of the 

study site. Both user and producer error is generated in a contingency table where the 

overall accuracy of the map can also be calculated (Foody, 2002; Lea and Curtis, 2010; 

Smart and Jones, 2010). If the  overall accuracy of the map is below map accuracy 

standards set by the producer, U.S. Geological Survey (USGS) map accuracy standards 

are set at 80%, improvements may be necessary (USGS/NPS, 1994).  

Improvements may be difficult to make if mapping units are overly descriptive 

and have a small, less than one hectare, minimum polygon area requirement. In 

vegetation mapping, accuracy can become an issue when map classes share species in the 

description of the association. Several vegetation associations described in this study 

share defining species. For example, an association including multiple species such as 

Larrea tridentata/Ambrosia dumosa/A. deltoidea association (1154.113) is difficult to 
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distinguish from an association that shares two of the three defining species such as 

Larrea tridentata/Ambrosia deltoidea (1154.112). However, there are some associations 

that are easily identified on the imagery. For example, a mesquite bosque is easily 

identified due to the obvious cluster of trees defining the bosque.  In this study, the 

mesquite bosque association (1154.181) was identified correctly 100% of the time 

whereas the Larrea tridentata/Ambrosia deltoidea association (1154.113) was only 

identified correctly 50% of the time. Methods to remediate issues with delineating similar 

vegetation associations have been introduced in other studies such as the accuracy 

assessment of the Russell Cave National Monument (Smart and Jones, 2010). In that 

study, the authors recommended combining problematic vegetation classes to improve 

overall accuracy of the map. This method could be useful for some studies that are having 

difficulty delineating similar vegetation types, only if the difference between the two 

associations is not of importance to the project’s overall goals.  

 

Conclusion 

The improvement of vegetation mapping techniques is consistently leading to a 

less labor intensive and more cost effect form of vegetation mapping. New forms of 

remote sensing such as LiDAR and unsupervised imagery classification will, someday, 

make mapping faster and more accurate. Despite these new advancements, the original 

vegetation classification and digitization system will remain intact to allow for 

repeatability as techniques for mapping change in the future. Overall, this mapping 

project was a success and can be used as a valuable resource to managers in the future. 
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CHAPTER 2 : VARIABLES INFLUENCING ROUTE PROLIFERATION IN THE 

BARRY M. GOLDWATER RANGE’S SAN CRISTOBAL VALLEY 

Abstract 

 Route proliferation in the San Cristobal Valley of Barry M. Goldwater Range-

East (BMGR) was measured using remotely sensed imagery in geographic information 

systems and modeled with geographical variables in a multivariate regression. 

Throughout the San Cristobal Valley study site, 6,878 km of unauthorized routes were 

identified. Geographic explanatory variables distance from slopes greater than 34% (b = -

3.252e-5, p < 0.001) and the most influential variable distance from unauthorized routes 

(b = -0.006568, p < 0.001) were tested for significance and influence in predicting 

unauthorized route density. Slope, view from authorized routes, distance from authorized 

routes, and elevation were also tested but found to be non-significant and were not 

included in the model.  The resulting model, built from the two significant geographic 

variables in a multivariate regression, was able to explain 57% of the variability in the 

data. The results from this study have shown that through the use of GIS and remote 

sensing, unauthorized route density can be predicted by geographic variables which can 

then be used to make future route management decisions. 

Introduction   

Few places in America remain untouched by motorized vehicles; only 2% of the 

land base in the continental United States is now considered roadless (USFS, 2013). 

Throughout the past century, roads and road maintenance have increased, (Bennett, 1991; 

Lugo and Gucinski, 2000; Trombulak and Frissell, 2000; Zeng et al., 2012), and remote 
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areas that were previously considered impassible by motor vehicle have become easily 

accessible.  Not only has the increased number of roads allowed for vehicular travel on 

designated or legal routes, but it has also invited further exploration of areas beyond the 

route boundaries. Driving off of designated routes (route proliferation) can be caused by: 

recreation, law enforcement officers, ranchers, and land managers (Stebbins, 1974). The 

proliferation of new unauthorized routes can have lasting damaging effects on the soil, 

hydrology, and biota of the surrounding environment (Tinker et al., 1998; Sharp and 

Gimblett, 2008; Zeng et al., 2010; Forman and Alexander, 1998; Webb et al., 2013).  

Understanding and managing route proliferation is necessary to prevent serious long-term 

damage to the relatively small amount of remaining undisturbed land. 

Investigations on the negative impacts of roads and vehicle traffic on surrounding 

ecosystems have been conducted since the mid-20
th

 century.  Stebbins (1974) and 

Goodloe (1986) determined that by the 1960’s, off-road vehicles had already reached 

numbers that threatened serious damage to the ecological integrity of United States public 

lands. Furthermore, recent studies have indicated that roughly 15-20% of total U.S. land 

area experiences direct ecological impact by roads in the form of habitat fragmentation, 

decreases in plant diversity, reductions in hydrologic functioning due to soil compaction, 

and chemical imbalances (Iverson et al., 1981; Tinker et al., 1998; Zeng et al., 2010; 

Forman and Alexander, 1998; Webb et al., 2013).  Soils are particularly vulnerable to 

vehicular disturbance because soil compaction which often leads to decreased infiltration, 

increases as factors such as vehicle weight, frequency of passes, and soil moisture content 

increase (Eckert et al., 1979; Lei, 2009; Webb et al., 2013). One region that is especially 
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vulnerable to the impacts of route proliferation is the Desert Southwest.  Deserts contain 

fragile ecosystems that recover slowly from disturbance, so the changes caused by route 

proliferation are slow to disappear (Stebbins, 1974; Sharp and Gimblett, 2008). 

Ironically, deserts are also the most popular environments for off-road recreational travel 

due to the lack of natural barriers and often topographies with low grade slopes (Stebbins, 

1974). Southwestern deserts also possess a unique cultural aspect in the management of 

off-road travel. The majority of this land is located on the international border of the 

United States and Mexico which is impassible by land vehicles eliminating the potential 

for illegal border crossings by car or truck; however, many routes are traveled and/or 

created in order for law enforcement professionals to monitor and intervene in illegal 

border-crossing activities (Sharp and Gimblett, 2008; Piekielek, 2009; Cabeza Prieta 

NWR, 2011; Meierotto, 2012). The use of roads changes according to the amount of 

activity present, so constant monitoring of routes is needed in this region (Cabeza Prieta 

NWR, 2011; Meierotto, 2012).  The combination of slow ecological recovery, intensity 

of recreational off-road travel, and efforts to track illegal human activities has made the 

management of route proliferation a major concern for land managers in the Southwest 

(Stebbins, 1974; Sharp and Gimblett, 2008; Cabeza Prieta NWR, 2011; Meierotto, 2012). 

To answer questions about route proliferation in the desert southwest, a study was 

conducted on a 788 km² area in a Sonoran desert region of Arizona USA.  The site is near 

the US-Mexico border and recently, route proliferation patterns have changed as a result 

of increased law enforcement along the international border due to illegal crossing traffic 

into remote areas of the Sonoran desert (Sharp and Gimblett, 2008; Cabeza Prieta NWR, 
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2011; Meierotto, 2012). Patrolling for and intervening in illegal activities, which often 

requires driving off authorized routes, is now a common source of disturbance (Piekielek, 

2009; Cabeza Prieta NWR, 2011; Meierotto, 2012). One of the United States Border 

Patrol’s (USBP) core missions is to remain committed to demonstrating sound 

environmental and cultural stewardship practices and USBP believes that agency efforts 

to reduce the number of illegal aliens crossing the border have lessened environmental 

degradation (Customs and Border Patrol, 2013); however,  disturbances such as trash 

piles and human waste left behind by undocumented immigrants  crossing the border 

illegally are often not immediately noticed while USBP’s disturbances are (Sharp and 

Gimblett, 2008; Lathrop et al., 2010; Meierotto, 2012). The absence of data on route 

proliferation caused by both border patrol and indirectly by undocumented immigrants 

has made it difficult to identify the reasons behind changes in route proliferation.    

Efforts to monitor route proliferation can be facilitated by adopting a method to 

identify areas with high potential for route proliferation.  An ideal instrument for 

monitoring is geographic information systems (GIS) because it can be paired with 

remotely-sensed data to display images and information on customizable scales. This 

study was designed to develop a quick and efficient way to assess geographic data on 

large scales to answer questions about what geographic variables have the most influence 

over route proliferation.  The answers to these questions are important because they can 

be used by land managers to make recommendations to reduce degradation due to route 

proliferation in arid environments.  
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Methods 

Study Area 

The study area encompasses 788 km² of the Barry M. Goldwater Range – East 

(BMGR-E) in southwestern Arizona (Figure 2.1) and includes the San Cristobal Valley 

which is bound by the Mohawk Mountains to the west, Interstate 8 to the north, the 

Aguila and Granite Mountains to the east, and the Cabeza Prieta Wildlife Refuge to the 

south.  

 
Figure 2.1 Map of Barry M. Goldwater Range San Cristobal Valley study area which falls within the 

following Universal Transvers Mercator (UTM) Zone 12N coordinates: northwest corner 249779E 

3618848N, northeast corner 276078E 3618901N, southeast corner 282693E 3589374N, southwest corner 

268564E 3589532N. 

The San Cristobal Valley is part of the Sonoran desert with an aridic soil moisture 

regime and a hyperthermic soil temperature regime, resulting with primarily Aridisol 

soils (NRCS, 2012). Unique geological features occur throughout the range such as lava 
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cones and flows, alluvial fans and bajadas, washes formed by ephemeral streams, playas, 

steep jagged mountains, dunes, river terraces, and desert pavements (BMGR Fact Sheet, 

2012). Elevation in the valley varies from 100 to 250 m above sea level and the 

predominant vegetation includes Larrea tridentata/Ambrosia spp. communities. 

Cryptobiotic crusts often fill the interspaces of the vegetation in the valley bottom.  

Military air-to-air combat training is a common occurrence in the valley; 

however, frequent ground training operations also occur but are restricted to the Stoval 

Air Field located in the northwest corner (BMGR Fact Sheet, 2012). This area was 

excluded from the study area due to the extremely high route density caused by military 

training.  

Image Accuracy Testing 

 Aerial imagery was tested for its ability to accurately display vehicle routes prior 

to being used in this study to calculate vehicle route density. The aerial imagery was 

taken from a low-flying aircraft during September 2010 in three bands (red, green, and 

blue) at 24-cm resolution. In May 2012, transects were conducted to ground truth the 

imagery with routes that were observed in the study area. Transects were randomly 

located in 12 of the 17 soil types present in the valley (NRCS, 2012). The remaining 5 

soil types were not sampled because they occur in areas inaccessible to vehicles such as 

mountain tops or steep mesas. Soil types were based on the Soil Survey Geographic 

(SSURGO) database (NRCS, 2012). Transects were 1-km long and oriented 

perpendicular to the predominant direction of travel to increase the likelihood of 

intercepting vehicle tracks.  Transect orientation, elevation, estimated vegetation cover, 
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location description, soil type, soil surface texture, and substrate were recorded for each 

transect. UTM coordinates from a Garmin GPS 60 device (Garmin Olathe, KA) with an 

accuracy of ±15 m, photo and photo orientation, severity class 1, 2, or 3 (Fig. 2.2) 

(Cabeza Prieta NWR, 2011), and general descriptions were recorded for each track 

intercepted by the transect (Fig. 2.3). Field transects were laid over the imagery in GIS 

software ArcMap 10 (ESRI Redlands, CA) where vehicle tracks intercepting transects 

were recorded and classified by severity. 

 

Figure 2.2 Photos and descriptions of the three route severity classes used in this study which were adapted 

from a study of vehicle trails associated with illegal border activities on the Cabeza Prieta National Wildlife 

Refuge (Cabeza Prieta NWR, 2011). 
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Figure 2.3 Example of an imagery ground truthing transect data sheet showing data taken for seven vehicle 

tracks, six class-1 tracks and one class-2 track, that intercepted the transect.  
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Observations from ground truthing and the imagery were entered into error 

matrices where ommissional, failure to include, and commissional, wrong assignment, 

error rates were calculated in a contingency table (Congalton, 1991; Foody, 2002; Lea 

and Curtis, 2010; Smart and Jones, 2010) (Table 2.1). Then, the overall accuracy of the 

imagery was weighted by the percent composition each soil type occupied in the study 

area. 

 Error of Commission 

 E
rr

o
r 

o
f 

O
m
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o
n

 ALL Soil 

Types 
Class1 Class2 Absent Total 

Class1 78 4 12 94 

Class2 5 19 0 24 

Absent 26 0 0 26 

 Total 109 23 12 144 

 Overall Accuracy 
67% 

64% 

74% 

70% 

 Weighted Overall Accuracy 

 Overall Accuracy Excluding Classes 

 Weighted Overall Accuracy Excluding 

Classes 
Table 2.1 Error Matrix showing the overall and weighted accuracies for severity class on all 12 soil types. 

Severity class 1 was defined as a tire tread impression in the soil or berms built up around the tire tracks 

with undisturbed soil and/or vegetation growing between the tracks, class 2 was multiple parallel class 1 

vehicle tracks with three or more crossings of tracks, and class 3 was multiple parallel or converging class 2 

and class 1 vehicle tracks with no undisturbed soil and/or vegetation growing between the tracks. No class 

3 routes were identified during the imagery accuracy assessment, therefore not included in this table. The 

overall accuracy excluding classes indicates the percentage of routes of any class that were able to be 

detected.  

Mapping and Normalizing the Response Variable 

 Following the accuracy assessment of the imagery, a geodatabase was built in a 

server to store and organize data produced from manually digitizing the routes over the 

aerial imagery in ArcMap10 (ESRI Redlands, CA). Areas between authorized routes 

were utilized as bounds to systematically digitize the study area. Following the 
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preliminary digitizing, the entire study area was reviewed to ensure all of the visible 

routes have been digitized.  

Route densities were calculated in a grid where route lengths were summed within 

each defined cell. The optimal grid cell size to sample route density was found by 

assessing a standard deviation curve. Grids with small cell sizes exhibited large standard 

deviations and those with large cell sizes exhibited low standard deviations; therefore the 

optimal grid cell size would have the last standard deviation on the curve that does not 

grow exponentially (Personal conversations with Dr. Phil Guertin). For this project the 

standard deviation curve was built from the density standard deviations of ten sampling 

grids with grid cell sizes ranging from 100 m² to 1000 m² (Figure 2.4).Standard 

deviations of grids containing cells smaller than 400 m² began to grow exponentially as 

cell sizes approached zero; therefore, the sampling grid with 400-m² cells was chosen for 

this project. 

 

Figure 2.4 The curve shows the change in standard deviations as the sampling cell size increases. The grid 

with 400-m² cells best represented the density data for the route density data. 
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The 400-m² sampling grid containing route density data (m/m²) was then 

rasterized and classified into four quantiles of route density ranges of 0 m/m², 0.01-5.18 

m/m², 5.19-10.56 m/m², and 10.57-44.73 m/m². Areas located on mountain tops and 

slopes greater than or equal to 34% are inaccessible to vehicles (NPS, 2006); therefore, 

pixels located on mountain tops and slopes greater than or equal to 34% were excluded 

from quantile one (pixel densities of 0 m/m²). Random sample points were generated for 

10% of the pixels in each quantile (Table 2.2).  

Random Points Assigned by Quantile 

Quantile 
Density 

(m/m²) 
Pixels 

Random 

Points 

1 0 113 11 

2 0.01-5.18 1233 123 

3 5.19-10.56 1222 122 

4 10.57-44.73 1261 126 

Total 
 

3828 382 
Table 2.2 Density range, number of pixels, and number of assigned random points are displayed for each 

quantile. 

Statistical Analysis 

The object of the analysis was to build a model to predict route density from a set 

of geographically based explanatory variables. The relationship between geographical 

variables and route density has important management implications. Six explanatory 

variables were derived within ArcMap 10 from geographical data stored within a server.  

The six explanatory variables were: 

S Distance (m) from slopes ≥ 34% 

A Distance (m) from Authorized Roads 

V View from Authorized Roads (the number of viewpoints from an authorized road) 
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E Elevation (meters above sea-level) 

U Distance (m) from an Unauthorized Route 

P Percent Slope 

 

For each predetermined random point in the four density quantiles, the sample 

tool, in ArcMap 10’s spatial analysis toolbox, was used to extract the subset of data from 

the response variable raster and the five explanatory variable rasters. The sample data 

was then exported into tables to be organized and analyzed with statistical software JMP 

9.0 (SAS Cary, North Carolina).  

Prior to the analysis, the data was visually checked for compliance with the 

assumptions of simple linear regression. Scatter plot matrices were examined to ensure 

none of the explanatory variables were correlated to one another. Histograms of the both 

explanatory and dependent variables were checked for normal distributions. A Log10(Y 

+ 1) transformation of the dependent variable, route density, was needed for the data to fit 

a normal distribution. Next, a backwards elimination based on a p-value threshold (> 

0.05) was run on a model with all explanatory variables included. was All variables but 

Distance from Slopes Greater than or Equal to 34% and Distance from Unauthorized 

Routes were found to have non-significant p-values (> 0.05) and were therefore removed 

from the model. The remaining variables had p-values of 0.001 or less. 

 

The model: 

Log10(Route Density+1) = 3.7774 - 3.252E-5S  - 0.0066U 
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The variables with the most explanatory power were found by examining the t-ratios for 

each explanatory variable in the regression output. Explanatory power of a variable 

increases as the t-ratio moves in either direction from zero (Ramsey and Schafer, 2002). 
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Figure 2.5 Rasters of the dependent and explanatory variables as well as the distribution of the random 

sampling points. For the rasters, white denotes high values and black low values.  
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Results 

 

A total of 7,014 km of unauthorized routes were identified and digitized. Of the 

total 4,247 km (61%) were classified as Class 1, which was defined as a tire tread 

impression in the soil or berms built up around the tire tracks with undisturbed soil and/or 

vegetation growing between the tracks, 2,557 km (36%) was classified as Class 2, which 

was defined as multiple parallel Class 1 vehicle tracks with three or more crossings of 

tracks, and 74 km (1%) were classified as Class 3, which was defined as multiple parallel 

or converging Class 2 and Class 1 vehicle tracks with no undisturbed soil and/or 

vegetation growing between the tracks. Only small fraction of the total observed routes, 

137 km (2%), were authorized routes. 

 The regression results indicated that two predictors (S and U) were significant (p 

< 0.05) and explained 56.5% of the variance (R² = 0.56, F(2,373) = 243.66, p < 0.001). It 

was found that: distance from slopes greater than or equal to 34% (S) was negatively 

related to route density (b = -3.252e-5, p < 0.001) and distance from unauthorized route 

(U) was also negatively related to route density (b = -0.006568, p < 0.001) (Table 2.3). 

 The t-ratios from the analysis indicated that the explanatory variable distance 

from unauthorized routes (U) had the most influence in predicting route densities (t-ratio 

= -21.26) followed by distance from slopes greater than or equal to 34%(t-ratio = -3.79), 

(Table 2.3).  

 

 

 



47 

 

 

 

 

  

  

 
Figure 2.6 Classified route vectors. Purple represents class 1, red class 2, orange class 3, and green 

authorized routes. 

 

  
Estimate SE t-Ratio  Prob>|t| 

Intercept 
 

3.777413 0.045416 83.17  < 0.001 

S 
 

-3.252E-05 8.587E-06 -3.79  < 0.001 

U 
 

-0.006568 0.000309 -21.26  < 0.001 

Table 2.3 Estimates, standard errors, t-ratios, and p-values for the explanatory variables of interest.  
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Figure 2.7 Classified route density raster showing the spatial distribution of route densities across the 

valley.  
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Figure 2.8 Histograms of the variable route density, distance from slopes greater than or equal to 34%, and 

distance from unauthorized routes. By comparing histograms, the explanatory variable distance from 

unauthorized routes shows the strongest correlation with route density.  

Discussion 

The results of this study show that 24-cm aerial imagery, remote sensing data, and 

ArcGIS yield useful, convenient information for observing and modeling off-road vehicle 

travel.  The model produced from the analysis suggest that the variables distance from 

unauthorized routes and distance from slopes greater than or equal to 34% may be used to 

explain and predict route proliferation patterns on the BMGR.  The BMGR may have 

unique patterns for route proliferation due to the unusually high impetus for USBP 

vehicle operators to leave authorized routes for the purpose of investigating illegal human 

behavior; however, some travel patterns may be similar to those on other Southwestern 
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lands, and they may incur comparable management recommendations for the mitigation 

of route proliferation. 

The combination of 24-cm aerial imagery, remote sensing data, and ArcGIS 

proved a convenient and accurate tool for monitoring travel patterns on the BMGR, but 

may not be applicable on all lands. The ground truthing component of this study 

indicated that the use of 24-cm imagery is reasonably accurate in displaying vehicle 

routes and severity relative to direct observation on the study site. The weighted overall 

imagery accuracy for detecting routes of any severity class was 70%. Weathering and the 

possible creation of additional routes that occurred in the 20 months between the time the 

imagery was taken and the time the accuracy assessment was conducted may explain the 

differences between the number of routes observed on the imagery and the number of 

routes observed on the ground. Class-1 routes, defined as a tire tread impression in the 

soil with undisturbed soil and/or vegetation growing between the tracks, were the most 

difficult to accurately detect because they are more easily weathered by wind and water 

than severity classes 2 and 3 which have a deeper imprint on the landscape (Table 2.1) 

(Figure 2.2). The quality and convenience of high-resolution 24-cm imagery may make it 

a preferable option to only conducting on-the-ground monitoring, which is much more 

time-intensive (Booth and Cox, 2008). The cost of capturing and analyzing imagery may 

be below that of taking the time to directly observe each unauthorized route, but land 

managers would need to evaluate this option on an individual basis; 24-cm imagery may 

not be easily obtainable, and the resolution level of present standard maps is 5 to 20 m, 

which is insufficient for accurate route analysis (Jin et al., 2012). In addition, for 
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environments in which dense vegetation makes roads invisible from above, aerial 

imagery would be essentially useless for evaluating route proliferation.  High-resolution 

aerial imagery may not be applied as broadly as other remote sensing data such as 

LiDAR (Svoray, 2013), but it was ideal for the purpose of studying BMGR route 

proliferation.  

Statistical analysis of the 24-cm aerial imagery indicated that the most powerful 

variable for explaining route proliferation was Distance from Unauthorized Routes.  

Distance from Unauthorized Routes was negatively correlated to Route Density (t-ratio = 

-21.26, b = -0.006568); this means that route density increases as the distance from 

unauthorized routes decreases. The relationship between route density and distance from 

unauthorized routes suggests that the presence of unauthorized routes may encourage off-

road drivers to use existing routes and make short extending branch routes. Military 

training grounds, such as the BMGR, can present off-road hazards such as shrapnel and 

Creosote bush which can potentially puncture a tire when run over (personal conversation 

with US Air Force officials). Efforts to avoid these hazards on the BMGR have 

potentially led to the increased use of preexisting routes which are often the path of least 

resistance. Doxtater (2008) explains that the decision making process of “wayfinding”, 

navigating across a landscape, often considers traveling on the path of least resistance; 

therefore, would be logical to follow preexisting routes if they are leading to an area of 

interest. 

Evidence of high route densities in areas where preexisting routes occur has been 

observed in a similar study conducted on the national wildlife refuge south of the BMGR. 
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In a study on the adjacent Cabeza Prieta NWR, Meierotto (2012) described a horizontal 

expansion of individual roads which creates wider roads and also more branching roads. 

Publicly available 1-m resolution USGS Digital Quarter-Quad imagery for the year 2005 

was used in the study conducted by Meierotto (2012) to identify unauthorized routes 

which found similar results to this study where 24-cm resolution imagery was used. The 

fact that the same trends were observed with lower quality imagery, and therefore fewer 

routes observed, provides further evidence that the presence of preexisting unauthorized 

routes increases the probability for new unauthorized routes to be created in an area. For 

land managers, this evidence underlines the importance of mitigating the creation of new 

routes, especially in areas with preexisting routes.  However, if there are no authorized or 

unauthorized preexisting routes leading to an area of interest such as an area prone to 

illegal activity, it should be expected that new routes will be created.  

The second explanatory variable for route proliferation was distance from slopes 

greater than or equal to 34%, which supports the possibility that illegal human activities 

on the study site may indirectly influence route proliferation. Distance from Slopes 

greater than or equal to 34% was negatively correlated with route density (t-ratio = -3.79, 

b = -3.252E-5), indicating that route density increased with proximity to hills or 

mountains with slopes greater than 34%.  People involved in illegal activities on the 

study site often use hills and mountains far from authorized roads to escape detection or 

capture by law enforcement, because those geographic features with slopes greater than 

or equal to 34% are much harder to access by vehicle than the valley bottom (Goldberg, 

1996; NPS, 2006). USBP and law enforcement agents are permitted to patrol the area in 
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search of illegal activities and to conduct motorized off-road pursuit in any event of 

“exigency / emergency involving human life, health, safety of persons within the area, or 

posing a threat to national security” (DOI/CBP MOU, 2006). However, USBP interprets 

this requirement broadly and often travels off authorized routes in pursuit of evidence of 

illegal activity (Cabeza Prieta NWR, 2011). USBP’s efforts to investigate illegal human 

activity, which is common on land near slopes greater than or equal to 34%, may 

indirectly explain the amount of influence the distance from slopes greater than or equal 

to 34% variable had on the route proliferation model; however, no literature was found 

describing the correlation between route proliferation and proximity to mountains or 

slopes greater than or equal to 34%.  

Although it is known that drug traffickers and undocumented immigrants prefer to 

avoid frequently used roads (Rossmo et al, 2008), the influence of visibility and distance 

from authorized roads on route density was not as strong as expected. Prior to the study it 

was speculated that areas not easily seen from authorized routes would be heavily 

traveled. In a study conducted by Rossmo et al. (2008) distance from heavily used routes 

in southern Texas was found to be significant and positively correlated to the number of 

illegal border crossings in an area.  If this was true on this study site, view from 

authorized routes would have had a negative correlation with route density; however, the 

results show that the explanatory variable view from authorized routes was not 

significant.  The resulting surface from the viewshed analysis indicated that the vast 

majority of the valley was visible from authorized routes; however the analysis is 

assuming that an object as small as a person is easily visible at far distances (greater than 
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1 km). A more comprehensive viewshed analysis tool that could be bought from a third 

party or built could have the potential to include these variables but time and funding for 

this project was limited. Results from a more inclusive viewshed analysis could have 

potentially provided stronger evidence that the creation of unauthorized roads on BMGR 

is influenced by illegal human activities that are conducted out of view from authorized 

routes.  

Similarly to the variables distance and view from authorized routes, the variables 

elevation and slope were not found to be significant. The slope and elevation values in 

the valley are relatively uniform until the foothills of the mountains are reached where the 

terrain quickly becomes impassible by wheeled vehicles. These variables may be more 

influential in describing route densities in an area with undulating hills where there is a 

higher variation in slope and elevation. The explanatory variable distance from slope 

greater than or equal to 34% alone suggests that roughly 10% of the route proliferation on 

the BMGR is caused by efforts to investigate illegal activities. A Cabeza Prieta NWR 

(2011) study of route proliferation on the Cabeza Prieta NWR found similar results 

showing that USBP’s efforts to investigate and intervene in illegal activities has resulted 

in a significant increase in route density since the establishment of the Cabeza Prieta 

Wilderness Area within the NWR in 1990. A study by Sharp and Gimblett (2008) also 

found that law enforcement activities due to Homeland Security initiatives on the Organ 

Pipe National Monument (ORPI) has led to severe degradation of the ORPI Sonoran 

Desert wilderness. Designated wilderness areas have been set aside for the preservation 

of wilderness character and primitiveness which seems to be compromised in many 
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wilderness areas along the U.S.-Mexico border (Wilderness Act, 1964; Sharp and 

Gimblett, 2008). Unless alternative forms of travel such as horses or helicopters become 

readily available to the USBP, it is inevitable that the creation of unauthorized vehicle 

routes will continue (Cabeza Prieta NWR, 2011). However, the distance from 

unauthorized route variable may be used to encourage certain techniques for mitigating 

damage from off-road travel.  Since it is speculated in this study and Meierotto’s (2012) 

study that vehicle operators are more likely to create new routes if there is evidence of 

preexisting unauthorized routes, eliminating evidence of unauthorized routes may reduce 

the number of new routes created.  Placing dead and down vegetation over unauthorized 

routes may make them less noticeable while also reducing the potential for erosion and 

improving wildlife habitat (Moll, 1996; NRCS, 2008; NYS Office of Parks, 2010).  This 

method is low cost and is applicable across most environments.  

Opening more authorized routes on the BMGR may actually reduce the amount of 

route proliferation. If the existing authorized routes were easily accessible and covered 

most of the major interests in the area, closed and unauthorized routes would become 

unnecessary. Introducing maps and signage to the area to would also provide a better 

understanding of where authorized routes exist could also reduce the creation of new 

unauthorized routes. However, road closure signs did not always appear to be taken 

seriously on the study site (personal observation) nor the Cabeza Prieta NWR (Cabeza 

Prieta NWR, 2011). It may benefit the managers at BMGR to consider authorizing 

certain routes that are currently unauthorized and to use signage to distinguish more 

clearly between authorized and unauthorized routes in an effort to reduce route 
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proliferation. A study of route proliferation on the public lands of California by Shore 

(2001) has shown that strategically opening some unauthorized routes for use can help 

prevent the creation of new unauthorized routes in an area. 

Similarly to the concept that authorizing more roads may ultimately decrease the 

overall amount of roads, adding turnaround points certain locations may allow for a 

reduction in other types of off-road disturbance.  On narrow authorized routes, drivers 

occasionally need additional room to turn around, park off the road, or to avoid damaged 

sections of the road. The result of these actions is otherwise known as route braiding by 

the Bureau of Land Management (2010). In this study, routes caused by braiding where 

included in the definition of “authorized route”, although the actual braiding is not 

permitted.  The inclusion of braided routes in the “authorized route” category is 

commonly supported in management plans for public lands in the Southwest; (BLM, 

2010); a review of management plans led to the inclusion of roads within 100 feet of the 

centerline of an authorized route as part of those authorized routes.  As a result, route 

density was more accurately represented across areas containing authorized routes with 

braiding, and therefore excluded the effects of braiding from the model.  

The lack of identification of braided routes in the model does not minimize their 

importance in management actions.  A major issue with route braiding is that the visible 

evidence of vehicles entering and exiting authorized routes can be mistaken for other 

authorized routes and therefore can indirectly contribute to the route proliferation of the 

area.  Managers can mitigate braiding by focusing on reducing the evidence by rebuilding 

the edges of authorized routes (Moll, 1996; NRCS, 2008; NYS Office of Parks, 2010). 
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Some route proliferation must be allowed for on the BMGR, especially near authorized 

routes, but actions such to mitigate braiding and the creation of new unauthorized routes 

can be taken. 

 

Conclusion 

 This study showed that 24-cm aerial imagery, remote sensing data, and GIS can 

be used to identify geographic variables that influence route proliferation. The variables 

shown to significantly influence route proliferation can then be used to identify 

management actions such as authorizing certain routes, improving signage, reducing 

evidence of other unauthorized routes, and adding turnaround and parking areas can 

potentially reduce the amount of route proliferation in an area. These techniques may be 

applied in other areas along the U.S.-Mexico border to demonstrate to USBP the 

importance of keeping to designated routes except in an emergency to pursue and 

apprehend undocumented immigrants and broadly in other arid landscapes where future 

studies assessing the benefits of management actions to reduce route proliferation should 

be conducted.   Also, route proliferation caused by the intervention of illegal border 

crossing activities should be addressed by using less damaging and more efficient forms 

of transportation. Halting all route proliferation is an unrealistic goal but management 

techniques to limit route proliferation should be used to prevent irreversible damage to 

arid land ecosystems.  
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APPENDIX B  

Vegetation Association Descriptions 

 

Vegetation code 10 - Association: Larrea tridentata monotype (Creosote monotype) 

Classification: 1154.110 

 

Warren et al. (1981) classification: 154.1114 - Larrea tridentata with annuals 

 

Brown, Lowe and Pase (1979) classification: 1154.111 - Larrea divaricata association 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground).  

 

NVCS association: There is a Larrea tridentata monotype shrubland currently in the 

database; the association in this study is a Larrea tridentata monotype sparse shrubland. 

 

Description: Stands of pure or almost pure creosote bush. During wet winters, annuals 

such as Spaeralcea spp, Eriastrum diffusum, Cryptantha angustifolia, and Plantago 

purshii can be abundant, usually beneath the creosote. Scattered Pleuraphis rigida, 

Ambrosia dumosa, A. deltoidea, Prosopis velutina are rare but present in 8 or fewer sites, 

usually in small runnels where water collects. Also rare, and present in 5 or fewer sites, 

were, Atriplex polycarpa, Cylindopuntia ramosissima, Ferocactus wislizenii, Olneya 

tesota, and Carnegiea gigantea.    

 

Location: On slopes of 0 to 3%, on near valley bottoms; however, this association can 

also be found close to the foot of steep mountains and bajadas. The association usually 

grades into Larrea tridentata/Ambrosia associations, or, where water collects, into 

Larrea tridentata/Prosopis floodplain with poorly defined channels. Along large 

channels (arroyos with beds greater than 5-m wide), Larrea tridentata flats are 

sometimes found on the inside of a broad bend, subject to inundation during rare floods.   

    

 

Field Identification: An observer can stand amid the Larrea tridentata and not see 

Ambrosia or Krameria. There are often a few Ambrosia tucked in runnels, but locating 

them requires some searching. However, if runnels are common, and so are the Ambrosia 

within them – roughly ten to fifteen Ambrosia every twenty meters – the area was 

considered to be Larrea tridentata/Ambrosia association.  

 

Photo Identification: Stands of pure be Larrea tridentata were recognized by their habit 

of each bush being regularly dispersed, with no other vegetation between. This makes a 

pattern of distinct dots on the photo. 
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Table 1: Summary statistics for 1154.110 - Larrea tridentata monotype (Creosote 

monotype) association (n = 11). 

 

Site

s 

Median 

Prominence 

(Range) 

Median Cover 

(Range) 

Mean 

Height (m) 

Larrea Tridentata 11 5 (5) 4 (2-5) 0.95 

Ambrosia deltoidea  8 2.5 (1-3) 1.5 (1-3)  

Prosopis velutina 7 1(1-2) 1(1)  

Ambrosia dumosa 5 2 (1-2) 1 (1) 0.50 

Pleuraphis rigida 5 1 (1-2) 1 (1-2)  

Krameria grayi 4 2 (1-3) 1 (1-3) 0.47 

Ferocactus wislizenii 4 1 (1) 1 (1)  

Olneya tesota 3 2 (1-2) 2 (1-2)  

Atriplex polycarpa. 2 1.5 (1-2) 1 (1)  

Cylindropuntia ramosissima 1 2 (2) 1 (1)  

Eriogonum inflatum 1 1 (1) 1 (1)  

Carnegiea gigantea 1 1 (1) 1 (1)  

Lycium spp. 1 1 (1) 1 (1)  

Parkinsonia microphylla 1 1 (1) 1 (1)  

Mammillaria tetrancistra 1 1 (1) 1 (1)  

Sphaeralcea coslteri 1 1 (1) 1 (1)  

  

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 11- Association: Larrea tridentata/ Ambrosiadumosa (Creosote/ White 

Bursage) 

Classification: 1154.111 

 

Warren et al. (1981) classification: part of 154.1111, which, in their scheme, includes 

either/both Ambrosia dumosa and A. deltoidea, sub-dominant to Larrea tridentata. 

 

Brown, Lowe and Pase (1979) classification:  1154.12 – Larrea divaricata/Ambrosia 

dumosa association  

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: There are two listed. The first is a Larrea tridentata – Ambrosia 

dumosa shrubland, however it is reported only in the Mohave Desert in Nevada and 

California, so this may be an extension of the same association except in Arizona it is a 

sparse shrubland. The second is the Larrea tridentata var. tridentata dwarf shrubland, 

listed in Arizona. However Ambrosia dumosa is listed first, which implies it is generally 

dominant or co-dominant over Larrea tridentata, which is not the case in the San 

Cristobal Valley.  

 

Description: Larrea tridentata is dominant or co-dominant with Ambrosia dumosa 

prevailing on the interfluves. Krameria grayi is common, while A. deltoidea is rare, as 

are Pleuraphis rigida and Atriplex polycarpa, Parkinsonia microphylla, Prosopis 

veluntina, Ferocactus wislizenii, Lycium spp. and others.  

Location: On slopes of 1 to 3%, this association is usually found just downslope of 

Larrea tridentata/Ambrosia deltoidea-Krameria grayi with less than 10% cover of 

Parkinsonia microphylla-Olneya tesota (1154.1170). This association can also be found 

in valley bottoms near Larrea tridentata monotype (1154.110) and Larrea 

tridentata/Ambrosia deltoidea association (1154.112).  It can also be found in the swales 

of sand dunes on lower slopes.   

 

Field Identification: Walking perpendicular to the runnels, Ambrosia dumosa is 

encountered. 

 

Photo Identification: The characteristic pattern is thin dark lines of A. dumosa in runnels 

that also occupied by an occasional Prosopis. Between the runnels are the broader but 

more sparsely vegetated interfluves. 
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Table 2: Summary statistics for 1154.111 - Larrea tridentata/ Ambrosia dumosa 

(Creosote/ White Bursage) association (n = 13). 

 

 

 

Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean 

Height (m) 

Larrea tridentata 13 4 (4-5) 3 (2-4) 0.98 

Ambrosia dumosa 13 3 (3-4) 2 (2-3) 0.90 

Pleuraphis rigida 12 3 (2-3) 1.5 (1-2) 0.84 

Krameria grayi 5 3 (2-4) 2 (2-3) 0.51 

Ambrosia deltoidea 5 2 (1-3) 1 (1-2)  

Ferocactus wislizenii 5 1 (1) 1 (1)  

Prosopis velutina 3 1 (1-2) 1 (1) 

 Cylindropuntia echinocarpa 3 1 (1-2) 1 (1)  

Carnegiea gigantea 3 1 (1) 1 (1) 

 Cylindropuntia ramosissima 2 3.5 (3-4) 3 (3) 0.53 

Fouquieria splendens 2 2 (1-3) 2 (2) 

 Parkinsonia microphylla 2 2 (1-3) 1 (1) 

 Lycium spp. 1 1 (1) 1 (1) 

 Olneya tesota 1 1 (1) 1 (1) 

 Atriplex polycarpa 1 3 (3) 2 (2) 

 Parkinsonia floridum 1 1 (1) 1 (1)  

Atriplex polycarpa 1 3 (3) 2 (2)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 114 – Association: Larrea tridentata/Ambrosia dumosa/Grusonia 

kunzei (Creosote/White Bursage/Devil’s Cholla) 

Classification: 1154.1114 

 

Warren et al. (1981) classification: Not classified. 

 

Brown, Lowe and Pase (1979) classification: Not classified. The most similar 

classification is the Larrea tridentata-Ambrosia dumosa association (154.112) which 

lacks any cactus in the description. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: None currently listed.  

 

Description: Larrea tridentata is dominant or co-dominant with Grusonia kunzei. 

Ambrosia dumosa is always present as either common or uncommon and A. deltoidea can 

be common, uncommon or absent. Krameria grayi, Pleuraphis rigida, and Ferocactus 

wislizenii were always present. 

 

Location: On slopes of 0 to 2% with fine to coarse sand. Often found near floodplains or 

on alluvial fans at the end of washes or arroyos. The association is found bordering 

associations with Larrea tridentata/Ambrosia dumosa (1154.111) and Larrea 

tridentata/Ambrosia dumosa/A. deltoidea (1154.113).  

 

Field Identification: In areas where Larrea tridentata and Ambrosia dumosa are 

common (1154.111), Grusonia kunzei forms in raised patches that can vary between 1 

and 10 m in diameter. Often occurs near the terminal ends of arroyos.  

 

 Photo Identification: The association was identified near the terminal points of arroyos 

and washes where trees have become sparse. The association does not have a uniform 

distribution of vegetation like a Larrea monotype. Cholla patches can be seen on the 

imagery. However, field notes on maps used in the field helped identify cholla patches 

from trees.  
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Table 3: summary of statistics for 115.1114 - Larrea tridentata/Ambrosia 

dumosa/Grusonia kunzei (Creosote/White Bursage/Devils Cholla) (n = 2). 

 

 

 

Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean 

Height (m) 

Grusonia kunzei 2 4 (3-5) 2.5 (2-3) 0.30 

Larrea tridentata 2 4 (3-5) 3 (3) 0.97 

Ambrosia dumosa 2 2.5 (2-3) 1.5 (1-2) 0.40 

Krameria grayi 2 2.5 (2-3) 1.5 (1-2)  

Pleuraphis rigida 2 3 (3) 2 (2) 

 Ferocactus wislizenii 2 1 (1) 1 (1)  

Ambrosia deltoidea 1 3 (3) 2 (2)  

Prosopis velutina  1 1 (1) 2 (2) 

 Carnegiea gigantea 1 3 (3) 1 (1)   

Cylindropuntia echinocarpa 1 1 (1) 1 (1)  

Parkinsonia microphylla 1 3 (3) 2 (2) 

 Cylindropuntia ramosissima 1 1 (1) 1 (1)  

Olneya tesota 1 1 (1) 1 (1)   

Echinocereus engelmannii  1 1 (1) 1 (1)   

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 12 - Association: Larrea tridentata/Ambrosia deltoidea 

(Creosote/Triangle-leaf Bursage) 

Classification: 1154.112 

 

Warren et al. (1981) classification: part of 154.1111, which, in their scheme, includes 

either/both Ambrosia dumosa and A. deltoidea, sub-dominant to Larrea tridentata. 

 

Brown, Lowe and Pase (1979) classification: An undescribed association of the Larrea 

tridentata/Ambrosia deltoidea series, 1154.11. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: none currently listed. The association in this study is a Larrea 

tridentata/ Ambrosia deltoidea sparse shrubland. 

 

Description: Larrea tridentata is dominant with Ambrosia deltoidea common in plant L. 

tridentata interspaces. Krameria grayi was common and occurred in 20 out of 29 sites. 

Prosopis velutina, Ambrosia dumosa, Pleuraphis rigida, and Olneya tesota are 

uncommon.  During wet years annuals such as Plantgopurshii, Euphorbia 

albomarginata, Nama demissum, Argemone pleiancantha and Sphaeralcea spp. are 

common to uncommon.  

 

Location: On slopes of 1 to 3%, this association is usually in areas boarding Larrea 

tridentata/Prosopis (1154.115) floodplain or within loosely braided Larrea 

tridentata/Prosopis floodplains in valley bottoms.  This association is also found near 

Larrea tridentata monotype (1154.110) in valley bottoms or on lower slopes adjacent to 

Larrea tridentata/Ambrosia deltoidea-Krameria grayi less than 10% cover of 

Parkinsonia microphylla/Olneya tesota (1154.1170).  

 

Field Identification: Walking perpendicular to the runnels, A. deltoidea is encountered 

as a common species. A. deltoidea, Prosopis spp. and Parkinsonia microphylla are 

uncommon, rare or absent. It can be difficult to draw the line between this association 

and Larrea tridentata/Prosopis floodplain when the floodplain has few Prosopis. One 

main difference between the two associations is higher A. deltoidea cover in floodplains, 

whereas in this association A. deltoidea cover does not exceed 15%.  

 

Photo Identification: The association was identified based on a lack of trees, generally 

less than one tree per hectare or no trees. In the open valley bottom of the San Cristobal 

this association has a wavy pattern of dense and bare areas. 
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Table 4: Summary statistics for 1154.112 - Larrea tridentata/Ambrosia deltoidea 

(Creosote/ Triangle-leaf Bursage) association (n = 29). 

Species Sites 
Median 

Prominence (range) 

Median Cover 

(range) 

Mean 

Height (m) 

Larrea tridentata 29 4 (3-5) 3 (2-4) 1.08 

Ambrosia deltoidea 29 4 (3-5) 3 (2-4) 0.54 

Krameria grayi 20 3 (1-3) 2 (1-2) 0.50 

Ferocactus wislizenii 15 1 (1-2) 1 (1) 

 Pleuraphis rigida 13 2 (1-3) 2 (1-3)   

Ambrosia dumosa 12 2 (2-3) 2 (1-2)  0.42 

Parkinsonia microphylla 12 2 (1-3) 1 (1-2)  

Prosopis velutina  11 2 (1-3) 1 (1-3) 

 Cylindropuntia ramosissima 10 2 (1-3) 1 (1-2)   

Olneya tesota 6 3 (2-3) 2 (1-3)   

Fouquieria splendens 5 2 (1-2) 1 (1)  

Lycium spp. 4 1 (1-2) 1 (1)  

Carnegiea gigantea 4 1 (1-2) 1 (1) 

 Sphaeralcea coslteri 2 2 (1-3) 2 (1-3)  

Encelia farinosa 2 1 (1) 1 (1)  

Eriogonum inflatum 1 2 (1-3) 1 (1)  

Cylindropuntia echinocarpa 1 1 (1) 1 (1) 

 Cylindropuntia fulgida 1 1 (1) 1 (1)  

Castela emoryi 1 1 (1) 1 (1) 

 Atriplex polycarpa 1 1 (1) 1 (1) 

 Echinocereus engelmannii 1 1 (1) 1 (1)  

Grusonia kunzei 1 1 (1) 1 (1)  

Mammillaria tetrancistra 1 1 (1) 1 (1)  

Parkinsonia floridum 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 13 – Association:  Larrea tridentata/ Ambrosia dumosa-A. deltoidea 

(Creosote/ White Bursage - Triangle-leaf Bursage) 

Classification: 1154.1130 

 

Warren et al. (1981) classification: part of 154.1111, which, in their scheme, includes 

either/both Ambrosia dumosa and A. deltoidea, sub-dominant to Larrea tridentata. 

 

Brown, Lowe and Pase (1979) classification: An undescribed association of the Larrea 

tridentata-Ambrosia series, 1154.11. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: none currently listed. The association in this study is a Larrea 

tridentata/Ambrosia dumosa—A. deltoidea sparse shrubland. 

 

Description: Larrea tridentata is dominant or co-dominant. Either species of Ambrosia 

could be present, and typically common, with A. dumosa and A. deltoidea present on 

interfluves and runnels. On occasion A. dumosa prevails on interfluves with A. deltoidea 

in the runnels between.  

 

Location: On slopes of 1 to 5%, this association is usually found just downslope of the 

Larrea tridentata/Ambrosia- with less than 10% cover of Parkinsonia microphylla 

/Olneya tesota association (1154.1170). Here, below the “treeline”, there are small rises 

of relatively coarse alluvium, dissected by runnels and finer soils. Small patched can also 

be found in the valley bottom.  

 

Field Identification: Walking perpendicular to the runnels, both species of Ambrosia are 

encountered. 

 

Photo Identification: The characteristic pattern is thin dark lines of A. deltoidea in 

runnels with more sparsely vegetated interfluves. It is a matrix of both Ambrosia 

associations, and was often used as catch-all for those areas that did not cleanly fall into 

one or the other Larrea tridentata/Ambrosia association. 
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Table 5: Summary statistics for 1154.113 - Larrea tridentata/Ambrosia dumosa- A. 

deltoidea (Creosote/ White Bursage- Triangle-leaf Bursage) association (n = 6). 

 
Sites 

Median 

Prominence (range) 

Median Cover 

(range) 

Mean 

Height 

(m) 

Larrea tridentata 6 5 (3-5) 3 (1-4) 1.06 

Ambrosia deltoidea 6 3 (3-5) 2 (2) 0.52 

Ambrosia dumosa 6 3 (3) 2 (2) 0.45 

Pleuraphis rigida 5 2 (1-2) 1 (1) 

 Krameria grayi 4 3 (2-4) 1.5 (1-2) 0.40 

Olneya tesota 3 1 (1) 1 (1)   

Ferocactus wislizenii 3 1 (1) 1 (1) 

 Parkinsonia microphylla 2 2.5 (2-3) 1.5 (1-2)   

Carnegiea gigantea  2 1 (1) 1 (1)   

Cylindropuntia ramosissima 2 3 (3) 1.5 (1-2) 

 Prosopis velutina 1 1 (1) 1 (1)   

Atriplex polycarpa  1 2 (2) 1 (1) 

 Encelia farinosa 1 1 (1) 1( 1) 

 Lycium spp.  1 1 (1) 1 (1) 

  

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 14 - Association: Larrea tridentata-Cylindropuntia bigelovii/Ambrosia 

spp. (Creosote-Teddy Bear Cholla/Bursage) 

Classification: 1154.114 

 

Warren et al. (1981) classification: Not present at Organ Pipe Cactus NM.  

 

Brown, Lowe and Pase (1979) classification: Listed as 1154.117, but only as an 

undescribed. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: None currently listed.  

 

Description: The diagnostic species for this association is Cylindropuntia bigelovii. The 

association is similar to 1154.124 (Malusa, 2003), the uplands rocky pediment with 

Cylindropuntia bigelovii, but here Larrea tridentata is the dominant or co-dominant 

species, Ambrosia dumosa or Parkinsonia are the most common in 1154.124. 

 

Location: On slopes of less than 3%, this association is downslope from the rocky 

pediment with Cylindropuntia bigelovii (1154.124), or against mountain slopes greater 

than 20%. Cylindropuntia bigelovii often occurs on coarse alluvial outwash that carries 

the plant far downslope into the valleys.   

 

Field Identification: This association was mapped by hiking along the lower limit of 

Cylindropuntia bigelovii along the bajada gradient. Binoculars were useful for spotting 

distant individuals, which were included in the range unless they were over 100 m (328 

ft) from the rest of the population. The site was deemed 1154.114 if Larrea tridentata is 

the dominant or co-dominant species. 

 

Photo Identification: The range of Cylindropuntia bigelovii could not be discerned on 

photos, therefore drawings on USGS 7.5 minute quadrangles and notes taken during field 

surveys where primarily used to map the range of this association.  
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Table 6: Summary statistics for 1154.114 - Larrea tridentata-Cylindropuntia 

bigelovii/Ambrosia spp. (Creosote-Teddy Bear Cholla/Bursage) association (n = 2). 

 
Sites 

Median 

Prominence 

(range) 

Median 

Cover (range) 

Mean Height 

(m) 

Cylindropuntia bigelovii 2 4 (4) 3 (3) 0.98 

Larrea tridentata 2 3.5 (3-4) 2.5 (2-3) 1.02 

Parkinsonia microphylla 2 3.5 (3-4) 2.5 (2-3) 4.00 

Encelia farinosa 2 3 (3) 2 (2) 0.70 

Carnegiea gigantea 2 2.5 (2-3) 1 (1)   

Krameria grayi 2 2 (2) 1 (1) 

 Ambrosia dumosa 2 1.5 (1-2) 1 (1) 

 Cylindropuntia echinocarpa 2 1.5 (1-2) 1 (1)   

Ambrosia deltoidea 2 1 (1) 1 (1)  

Fouquieria splendens 1 1 (1) 1 (1)   

Echinocereus engelmannii 1 1 (1) 1 (1) 

 Mammillaria tetrancistra 1 1 (1) 1 (1) 

  

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 15 - Association: Larrea tridentata/Prosopis spp. floodplain 

(Creosote/Mesquite Floodplain) 

Classification: 1154.115 

 

Warren et al. (1981) classification: 154.1115R  

 

Brown, Lowe and Pase (1979) classification: Not classified.  

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground).   

 

NVCS association: There is no similar association. An equivalent could be the Larrea 

tridentata-Prosopis glandulosa shrubland listed from the Chihuahuan Desert in New 

Mexico and Texas, but not Arizona.  

 

Description:  Floodplains lack a well-defined channel, but can border large braided 

watercourses (although this does not occur in the scope of this study).  Typically Larrea 

tridentata is dominant to co-dominant, with Prosopis species common. Ambrosia 

deltoidea and Atriplex polycarpa are also common to uncommon. During wet years 

annuals such as Sphaeralcea spp., Plantago purshii and Argemone Mexicana are 

common.  

 

Location: This association is found in areas of low relief (1 to 3% slopes) where 

occasional flooding occurs allowing growth of large Prosopis. Floodplains are more 

common in valley bottoms near Larrea tridentata monotype or Larrea 

tridentata/Ambrosia associations. Large floodplains exist in the areas surrounding the 

rocky pavements of the southern Sentinel Plains and in the corridor between the Aguila 

and Granite Mountains. 

 

Field Identification:  The dense patches of Larrea tridentata and Prosopis species in 

areas where soil was often cracked was used as an indicator. Also plant litter from 

pervious annuals was common.  

 

Photo Identification: The floodplain in the valley bottom was recognized by Larrea 

tridentata monotype or Larrea tridentata/Ambrosia spp. association fades into numerous 

dots (Prosopis) on aerial imagery, since the floodplain was not near mountains, it can be 

assumed these dots are Prosopis not Parkinsonia species or Olneya tesota as these 

species are not found in valley bottoms in the San Cristobal Valley.  
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Table 7: Summary statistics for 1154.115 - Larrea tridentata/Prosopis spp. floodplain 

(Creosote/Mesquite Floodplain) (n =12). 

Species Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Larrea tridentata  12 4 (2-5) 2.5 (1-4) 1.08 

Prosopis velutina 12 3 (1-4) 2.5 (1-5) 1.97 

Ambrosia deltoidea 11 3 (1-5) 2 (1-4) 0.44 

Sphaeralcea coslteri 5 3 (1-3) 2 (1-3) 0.80 

Pleuraphis rigida 4 2.5 (1-4) 2.5 (1-4) 0.99 

Lycium spp. 4 1.5 (1-2) 1 (1-2)  

Atriplex polycarpa 3 2 (2-3) 2 (1-2) 

 Ambrosia dumosa 3 2 (2-3) 1 (1-2) 

 Krameria grayi 3 2 (1-3) 1 (1-2)  

Parkinsonia microphylla 2 3 (2-4) 2.5 (1-4) 3.90 

Ferocactus wislizenii 2 1 (1) 1 (1) 

 Cylindropuntia ramosissima 2 1 (1) 1 (1) 

 Castela emoryi 2 2 (2) 1.5 (1-2)  

Ziziphus obtusifolia 1 2 (2) 1 (1) 

 Parkinsonia floridum 1 2 (2) 2 (2)  

Psorothamnus spinosus 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 

  

http://www.blueplanetbiomes.org/saguaro_cactus.htm
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Vegetation code 16 - Association: Larrea tridentata/Pleuraphis rigida (Creosote/Big 

Galleta Grass) 

Classification: 1154.116 

 

Warren et al. (1981) classification: Not classified, but they reported Hilaria rigida 

(=Pleuraphis rigida) from 4 of 12 sites in their 154.1115R (Larrea tridentata/Prosopis 

floodplain), and in 4 of their 41 sites of their 154.1112 (Larrea tridentata/Ambrosia with 

occasional Parkinsonia and Olneya tesota). 

 

Brown, Lowe and Pase (1979) classification: Not classified. However, Turner and 

Brown (1982) suggest that Larrea tridentata/Pleuraphis rigida is a series (the level above 

association) of the Lower Colorado subdivision of the Sonoran Desert. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground).  There is also a 

Pleuraphis rigida Shrub Herbaceous Alliance in the database, but with no data for 

comparison. 

 

NVCS association: There is no similar association. The closest parallel is the Ambrosia 

dumosa/Pleuraphis rigida Dwarf-shrubland association from sand dunes; however, this 

association lacks Larrea tridentata as the co-dominant/dominant species. 

 

Description: On sandy swales, Larrea tridentata is co-dominant to dominant, while 

Pleuraphis rigida is common.  Krameria grayi is common at 12 out of 15 sites. Lycium 

spp.and Carnegiea gigantea occurred at 6 out of 15 sites, but where rare.  

 

Location: In areas that appear to be Larrea tridentata monotype near sand dunes and 

Larrea tridentata/Ambrosia dumosa (1154.111). This association was also found 

downslope from Larrea tridentata/Ambrosia deltoidea-Krameria grayi less than 10% 

cover of Parkinsonia microphylla-Olneya tesota (1154.1170), particularly off the western 

slopes of the Aguila Mountains and adjacent hills. Alluvial flows exiting the rocky 

pavements of the southern Sentinel Plains support dense patches of Pleuraphis rigida 

with dispersed Parkinsonia microphylla. 

 

Field Identification: Larrea tridentata must be dominant or co-dominant, with 

Pleuraphis rigida having 1 to 4% cover.  Occasionally, it is common in shallow 

watercourses. 

 

Photo Identification: The soils favored by Pleuraphis rigida are visible as a “smear” on 

the photograph. Otherwise, the pattern of vegetation is similar to Larrea tridentata 

monotype (1154.110), with regular dispersion between the plants, particularly when the 

vegetation is almost entirely Larrea tridentata and Pleuraphis rigida. 
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Table 8: Summary statistics for 1154.116 - Larrea tridentata/Pleuraphis rigida 

(Creosote/Big Galleta Grass) association (n = 15). 

Species Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Larrea tridentata 15 4 (3-5) 3 (2-4) 1.20 

Pleuraphis rigida 15 4 (3-4) 3 (2-3) 0.91 

Krameria grayi 12  2 (1-3) 2 (1-2) 0.50 

Ambrosia deltoidea 11 3 (1-4) 2 (1-3) 0.69 

Ambrosia dumosa 10 3 (2-3) 2 (1-3) 0.46 

Parkinsonia microphylla 9 3 (1-3) 2 (1-3) 

 Ferocactus wislizenii 9 1 (1) 1 (1)   

Carnegiea gigantea 6 1 (1-3) 1 (1-2) 

 Lycium spp. 6 1 (1-3 1 (1-2)  

Prosopis velutina 5 3 (1-3) 2 (1-2)   

Olneya tesota 5 1 (1) 1 (1)   

Cylindropuntia ramosissima 4 2 (1-3) 1 (1-2)   

Sphaeralcea coslteri 3 2 (2-3) 1 (1-2)  

Parkinsonia floridum 3 3 (1-5) 3 (1-3) 3.88 

Fouquieria splendens 3 1 (1-2) 1 (1) 

 Baileya multiradiata 2 2 (1-3) 1 (1)  

Echinocereus engelmannii 2 1 (1) 1 (1)  

Encelia farinosa 2 2 (2) 2 (2)  

Cylindropuntia bigelovii 1 2 (1-3) 2 (1-3) 

 Acacia greggii 1 1 (1) 1(1) 

 Bebbia juncea 1 1 (1) 1 (1)  

Celtis pallida 1 1 (1) 1 (1)  

Datura wrightii 1 1 (1) 1 (1)  

Grusonia kunzei 1 3 (3) 2 (2) 0.31 

Hesperocallis undulate 1 1 (1) 1 (1)  

Mammillaria tetrancistra 1 2 (2) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 

  



76 

 

 

Vegetation code 170 - Association: Larrea tridentata/Ambrosia deltoidea-Krameria 

grayi with less than 10% cover of Parkinsonia microphylla-Olneya tesota 

(Creosote/Bursage/Ratany with greater than10% cover of Palo Verde/Ironwood) 

Classification: 1154.1170 

 

Warren et al. (1981) classification: Most similar to 154.1112, which is described as a 

“middle bajada” association, with Parkinsonia microphylla (=Cercidium microphyllum) 

present at 25 of 41 sites. In the present study’s scheme, however, Parkinsonia 

microphylla or Olneya tesota must be present to be included in this association, so this 

association would not include the treeless habitat in Warren et al.’s 1154.1112. 

 

Brown, Lowe and Pase (1979) classification: The “mixed-scrub” series of the Lower 

Colorado 

Subdivision mentioned by Turner and Brown (1982) is clearly different, with a “poorer 

representation or absence of Little-leaf Palo Verde” (Parkinsonia microphylla) and 

Ambrosia deltoidea “conspicuously lacking.” Both of these species are characteristic of 

the association described below. Hence, in a BLP classification, this would be an 

undescribed association of the creosote-bursage series, 1154.11. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: No similar association within the Larrea alliance. 

 

Description: Larrea tridentata is the most abundant species, with the highest median 

prominence (5) and cover (10-14%). The association is recognized by the presence of 

Olneya tesota (present in all sites) and Parkinsonia microphylla (present at 20 out of 21 

sample sites), with combined cover of less than 10%, and usually much. Common plants 

were Ambrosia deltoidea (19 out of 21 sites) and Krameria grayi (17 out of 21 sites).  

 

Location: On slopes of 2 to 20%.  Parkinsonia microphylla and Olneya tesota prefer 

slopes and coarser outwash materials from the mountains.   

 

Field Identification: At its lower elevational limit, this association grades into Larrea 

tridentata/Ambrosia communities, so it is easy to draw the line where Parkinsonia 

microphylla and/or Olneya tesota become conspicuous. When mapping the limits of a 

population, the lower bounds were drawn to include the very lowest trees, unless there 

were over 100 m (330 ft) separating the tree from the rest of the population.  

 

Photo Identification: Parkinsonia microphylla and Olneya tesota are generally easy to 

identify on the photos. At their lower limits they can be confused with mesquite 

(Prosopis).  
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Table 9: Summary statistics for 1154.1170 - Larrea tridentata/Ambrosia deltoidea-

Krameria grayi with less than 10% cover of Parkinsonia microphylla-Olneya tesota 

(Creosote/Bursage/Ratany with greater than10% cover of Palo Verde/Ironwood) 

association (n = 21). 

 
Sites 

Median 

Prominence 

(range) 

Median 

Cover 

(range) 

Mean Height 

(m) 

Larrea tridentata  21 5 (3-5) 3 (2-4) 1.04 

Olneya tesota 21 3 (1-5) 2 (1-4) 4.86 

Parkinsonia microphylla 20 3 (2-5) 2 (1-4)  4.18 

Ambrosia deltoidea 19 3 (2-5) 2 (1-3) 0.56 

Krameria grayi 17 3 (1-4) 2 (1-2) 0.41 

Ambrosia dumosa 16 2 (1-3) 1 (1-2) 0.50 

Carnegiea gigantea 14 1.5 (1-3) 1 (1-2) 

 Lycium spp.  13 2 (1-3) 1 (1-4) 1.18 

Encelia farinosa 11 3 (1-3) 2 (1-3) 0.90 

Pleuraphis rigida 11 3 (1-3) 2 (1-4) 0.83 

Prosopis velutina 8 2 (1-2) 1 (1)  

Ferocactus wislizenii 7 1 (1) 1 (1) 

 Cylindropuntia echinocarpa 5 1 (1-3) 1 (1) 

 Fouquieria splendens  5 2 (1-2) 1 (1) 

 Bebbia juncea  3 2 (2-3) 2 (1-2)   

Cylindropuntia bigelovii  3 2 (1-3) 2 (1-2) 

 Hyptis emoryi 3 2 (1-2) 2 (1-2) 

 Cylindropuntia ramosissima 3 2 (2) 1 (1) 

 Mammillaria grahmii 2 1 (1) 1 (1) 

 Echinocereus engelmannii 2 1 (1) 1 (1)  

Sarcostemma hirtellum 2 1 (1) 1 (1)  

Mammillaria tetrancistra 1 1 (1) 1 (1)   

Fouquieria splendens 1 2 (2) 1 (1) 

 Echinocereus engelmannii 1 1 (1) 1 (1) 

 Datura wrightii 1 2 (2) 1 (1) 

 Atriplex polycarpa 1 2 (2) 1 (1)  

Grusonia kunzei 1 3 (3) 2 (2) 0.29 

Hymenoclea salsola 1 2 (2) 1 (1)  

Mammillaria grahmii 1 1 (1) 1 (1)  

Ziziphus obtusifolia 1 1 (1) 1 (1)  

Psorothamnus spinosus 1 1 (1) 1 (1)  

Sphaeralcea coslteri 1 2 (2) 1 (1)  

Senna covesii 1 2 (2) 1 (1)  
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Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 171 Sub-Association: Larrea tridentata/Ambrosia deltoidea – 

Krameria grayi on pavements, with less than 5% cover of Parkinsonia microphylla – 

Olneya tesota (Creosote/bursage on pavements, with less than 5% cover of palo 

verde/ironwood) 

Classification: 1154.1171 (a sub-association as 1154.117)  

 

Warren et al. (1981) classification: Not classified by Warren et al. This is a pediment 

and upper bajada association that can be seen as a more arid version of Warren et al.’s 

154.1212, without Parkinsonia and Ambrosia as dominant species.  

 

Brown, Lowe and Pase (1979) classification: An undescribed association of the Larrea 

tridentata-Ambrosia series, 1154.11. 

 

NVCS alliance: There is a Larrea tridentata shrubland alliance currently in the database; 

the alliance in this study is a Larrea tridentata sparse shrubland, with the “sparse” 

indicating less than 25% total cover (75% or more bare ground). 

 

NVCS association: No similar association within the Larrea alliance. 

 

Description:  On alluvial fans, at the foot of mountains in areas that are dissected by 

runnels. The diagnostic feature of this association is a lack of vegetation on interfluves, 

with only desert pavement present. More than 50 percent of the surface is devoid of 

vegetation. The plants only grow in runnels or on the edge of runnels. All of the rocky 

pavements in the southern Sentinel Plains where Ambrosia deltoidea is usually co-

dominant with Larrea tridentata and sparse Parkinsonia microphylla occupying the 

runnels between the pavements was mapped as this. Olneya tesota was uncommon 

compared to being present in all 1154.1170 sites. 

 

Location:  On slopes of 2to 10 percent, this association can be found on soils derived 

from any rock type. Two key ingredients are needed to form bare interfluves are (1) 

pebbles on a very old undisturbed surface; and (2) aridity on the order of less than seven 

inches annually.  

 

Field Identification: The surface is at least 50% devoid of vegetation, with vegetation 

occurring on the only on the edge or in runnels.    

 

Photo Identification: The vegetation of this association appears as dark areas, due to the 

desert pavement, on the interfluves with thin lines of vegetation following runnels 

coming off the mountain. 
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Table 10: Summary statistics for 1154.1171 - Larrea tridentata/Ambrosia deltoidea – 

Krameria grayi on pavements, with less than 5% cover of Parkinsonia microphylla – 

Olneya tesota (Creosote/bursage on pavements, with less than 5% cover of palo 

verde/ironwood) (n = 10 

Species Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Larrea tridentata 10 4 (3-5) 3 (2-4) 0.99 

Ambrosia deltoidea 10 3.5 (1-5) 3 (1-3) 0.54 

Parkinsonia microphylla 10 3 (1-4) 2 (1-3) 3.66 

Krameria grayi 9 2 (1-3) 1 (1-2) 

 Ambrosia dumosa 7 3 (1-2) 1 (1-3) 0.41 

Pleuraphis rigida 6 2 (1-3) 2 (1-2) 

 Echinocereus engelmannii  5 1 (1) 1 (1) 

 Encelia farinosa 4 3 (3-5) 3 (2-4) 0.57 

Olneya tesota 4 2 (2-3) 1 (1-2) 

 Carnegiea gigantea 4 2 (2-3) 1 (1-2) 

 Cylindropuntia ramosissima 3 2 (1-2) 1 (1)  

 Eriogonum inflatum 2 3.5 (3-4) 1.5 (1-2) 0.46 

Fouquieria splendens 2 1 (1) 1 (1)   

Ferocactus wislizenii 2 1 (1) 1 (1)   

Cylindropuntia echinocarpa 2 1 (1) 1 (1) 

 Mammillaria tetrancistra 2 1 (1) 1 (1)  

Lycium spp.  1 3 (3) 1 (1) 

 Erioneuron pulchellum 1 2 (2) 1 (1) 

 Prosopis velutina 1 3 (3) 2 (2) 

 Hyptis emoryi  1 2 (2) 1 (1) 

 Cylindropuntia fulgida 1 1 (1) 1 (1) 

 Mammillaria graphamii 1  1 (1) 1 (1) 

 Bebbia juncea 1 1 (1) 1 (1)  

Cylindropuntia bigelovii 1 1 (1) 1 (1)  

Sphaeralcea coslteri 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 118: Larrea tridentata/Atriplex polycarpa/Prosopis velutina 

(Creosote/Desert Saltbush/Mesquite on coppice dunes) 

Classification: 1154.118 

 

Warren et al. classification: 154.1762 – which includes Atriplex linearis as a common 

to co-dominant at half of the sites. A. linearis was present at 3 out of 15 sites and was 

uncommon. Prosopis glandulosa was also present in 9 out of 10 sites.  

 

Brown, Lowe and Pase classification: Most similar to Atriplex spp. –Prosopis juliflora 

torreyana association (154.173), however this association was only observed and no data 

was provided.  

 

NVCS alliance: Atriplex polycarpa shrubland. However the alliance in this study of the 

San Cristobal Valley is considered Atriplex polycarpa/Prosopis velutina on and 

surrounding coppice dunes. 

 

NVCS association: None currently listed. 

 

Description: This association occurs on coppice sand dunes and dune interspaces, and is 

identified by the presence of Atriplex polycarpa, codominant with Larrea and in most 

cases with Prosopis. Ambrosia dumosa and A. deltoidea can be common, uncommon or 

absent. Pleuraphis rigida was common or uncommon in 2 of the 3 sites.  

Location: In the eastern San Cristobal Valley this association is found in the valley 

bottom between the Aguila and Mohawk mountains. It is also found at the foot of the 

western and northern Aguila Mountains.  

 

Field Identification: This association is identified by walking or driving through the 

valley bottom and encountering sandy areas dominated by Atriplex polycarpa and Larrea 

tridentata with Prosopis velutina occupying raised sandy dunes. 

 

Photo Identification: Appears to be lightly colored and located around areas with low 

densities of mesquite trees on dunes. It is often surrounded by slightly darker Larrea 

tridentata monotype.  
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Table 11: Summary statistics for 1154.118 - Larrea tridentata/Atriplex 

polycarpa/Prosopis velutina (Creosote/Desert Saltbush/Mesquite on coppice dunes) 

association (n = 3). 

 
Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Larrea tridentata 3 5 (3-5) 3 (2-3) 0.93 

Atriplex polycarpa 3 3 (3-4) 3 (2-3) 0.73  

Ambrosia dumosa 3 3 (2-3) 2 (2) 0.40 

Ambrosia deltoidea 3 3 (1-3) 2 (1-3) 0.54 

Pleuraphis rigida 2 2.5 (2-3) 1.5 (1-2) 1.10 

Prosopis velutina 1 4 (4) 3 (3) 2.20  

Krameria grayi 1 1 (1) 1 (1)   

Atriplex canescens 1 1 (1) 1 (1)  

Ferocactus wislizenii 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 119: Larrea tridentata/Prosopis velutina (Creosote/Mesquite on 

coppice dunes) 

Classification: 1154.119 

 

Warren et al. classification: The most similar association is 154.1115R which is Larrea 

trientata – Prosopis glandulosa floodplain association. Lycium spp. and Ambrosia 

deltoidea are also listed as being common.  

 

Brown, Lowe and Pase classification: The most similar association is 154.114 

describing Prosopis juliflora torreyana (shrub hummock) association.  

 

NVCS alliance: Larrea tridentata sparse shrubland 

 

NVCS association: None currently listed. 

 

Description: This association occurs on coppice sand dunes and dune interspaces, and is 

identified by the codominance of Larrea with Prosopis. Atriplex polycarpa is absent. 

Ambrosia dumosa and A. deltoidea can be common, uncommon or absent. 

 

Location: In the San Cristobal Valley this association is limited to dunes in the northern 

extents of the valley near Dateland and east of the Aztec Hills. 

 

Field Identification: When walking this association can be found on dunes surrounded 

by Larrea tridentata monotypes (1154.110) and Larrea tridentata/Ambrosia dumosa 

(1154.111). Mesquite dominates the majority of the dune’s surface area with Lycium spp. 

often occupying the understory of the Prosopis velutina. 

 

Photo Identification: Small dots on the imagery represent scattered groupings of trees 

surrounded by bare areas with sparse vegetation (greater than 50% bare ground) like that 

of a Larrea tridentata monotype.  
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Table 12: Summary statistics for 1154.119 - Larrea tridentata/Prosopis velutina 

(Creosote/Mesquite on coppice dunes) association (n = 4). 

 
Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Prosopis velutina 4 4.5 (3-5) 3 (2-4) 2.07 

Larrea tridentata 4 3.5 (3-5) 3.5 (3-4) 1.20 

Ambrosia dumosa 4 2.5 (1-3) 1 (1-3) 0.38 

Lycium spp. 3 1 (1-2) 1 (1) 

 Pleuraphis rigida 2 2.5 (2-3) 1 (1) 

 Ferocactus wislizenii 2 1 (1) 1 (1)  

Fouquieria splendens 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 214 – Sub-Association: Ambrosia deltoidea/Larrea tridentata-Lycium 

spp./Parkinsonia spp. along water courses with beds less than 5-m wide 

(Bursage/Creosote-Wolfberry/Palo Verde) 

Classification: 1154.1214R (a sub association of 1154.121)  

 

Warren et al. (1981) classification:  154.1214R  

 

Brown, Lowe and Pase (1979) classification:  Not described 

 

NVCS alliance:  Currently not described, but would likely fall under “Intermittently 

flooded extremely deciduous subdesert shrubland (III.B.3.N.b)” as recommended by 

Malusa (2003).  

 

NVCS association: Not described. Could possibly be described as “Ambrosia 

deltoidea/Larrea tridentata intermittently flooded shrubland” as recommended by 

Malusa (2003).  

 

Description:  Along watercourses with beds less than five meters wide.  Larrea 

tridentata and Ambrosia deltoidea are most likely always present and typically common. 

Lycium species were lumped together as it is not possible to identify plants when they 

lack flowers; they were usually common, likewise were both species of Parkinsonia.  

Parkinsonia floridum preferred slopes around 1to 2 percent, while P. microphylla was 

found in washes of 2 to 5 percent slope. Encelia farinosa was another species that 

preferred steeper rockier slopes.  

 

Location:  On slopes of 1 to 5 percent, from the mountains and foothills to valley 

bottoms; however smaller watercourses were more common in the mountains and 

foothills. In the valley bottom smaller watercourses were usually associated with Larrea 

tridentata/Prosopis spp. floodplain (1154.115).  

 

Field Identification: The width of the open channel is 5 m or less. If the channel was so 

narrow that the vegetation was a single strand, rather than two strands on either side of 

the channel then the watercourse was no mapped separately and was considered part of 

the surrounding vegetation.   In the San Cristobal Valley washes with water beds less 

than 5 m had the same species composition as washes with beds greater than 5 m; 

therefore no data was taken in smaller washes.  

 

Photo Identification:  The smallest mapped watercourses had to have a visible open 

channel. Width of the watercourse was measured directly on the computer screen using 

ArcMap tools.   
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Table 13: Summary statistics for 1154.1214 Ambrosia deltoidea/Larrea tridentata-

Lycium spp./Parkinsonia spp. along water courses with beds less than 5-m wide 

(Bursage/Creosote-Wolfberry/Palo Verde) association (n = 3). 

 
Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Olneya tesota 3 3 (3-4) 3 (2-4) 4.26 

Larrea tridentata 3 3 (2-4) 3 (2-4) 1.05 

Lycium spp. 3 3 (2-3) 2 (1-3) 1.10 

Encelia farinosa 3 2 (1-2) 1 (1-2)   

Ambrosia deltoidea 3 3 (3) 2 (2-3) 0.50 

Parkinsonia microphylla 2 3 (3) 2.5 (2-3) 2.80 

Carnegiea gigantea 2 1 (1) 1 (1) 

 Hyptis emoryi 1 3 (3) 3 (3) 

 Ambrosia dumosa 1 3 (3) 2 (2) 0.40 

Krameria grayi 1 1 (1) 1 (1)   

Ferocactus wislizenii 1 1 (1) 1 (1) 

 Pleuraphis rigida 1 3 (3) 3 (3) 0.60  

Fouquieria splendens 1 1 (1) 1 (1)  

Bebbia juncea 1 4 (4) 3 (3) 1.69 

Datura wrightii 1 2 (2) 1 (1)  

Parkinsonia floridum 1 4 (4) 4 (4) 4.71 

Sarcostemma hirtellum 1 3 (3) 3 (3)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 24 – Association: Ambrosia deltoidea/Parkinsonia 

microphylla/Cylindropunti a bigelovii (Bursage/Foothill Palo Verde/Teddy Bear Cholla) 

Classification: 1154.124  

 

Warren et al. (1981) classification:  This association is similar to the 154.1212 of 

Warren et al. (1981). However, Stenocereus thurberi(organ pipe cactus) occurs in 80% of 

their samples, while it is entirely lacking in the association described here in the San 

Cristobal Valley.   

 

Brown, Lowe and Pase (1979) classification:  Probably part of the 1154.122 Ambrosia 

deltoidea-Carnegia gigantea mixed scrub association of the Palo Verde-mixed cacti 

(“Arizona upland”) series (1154.12).  

 

NVCS alliance:  Most similar to the Ambrosia deltoidea shrubland; however, this 

alliance should be an Ambrosia deltoidea sparse shrubland.  

 

NVCS association: No similar association yet to be described within the Ambrosia 

deltoidea shrubland alliance.  Malusa (2003) suggests using Ambrosia 

deltoidea/Parkinsonia microphylla/Cylindropuntia bigelovii sparse shrubland.  

 

Description:  The association is similar to Ambrosia deltoidea/Parkinsonia microphylla/ 

Stenocereus thurberi (1154.122), the uplands rocky pediment with Stenocereus thurberi, 

but the association as described here lack Stenocereus thurberi. The diagnostic species 

for this association is Cylindropuntia bigelovii, with Larrea tridentata and Ambrosia 

deltoidea common. Olneya tesota, Parkinsonia microphylla and Ambrosia dumosa were 

also present at every sample site, but were uncommon.  

 

Location:  On slopes 2 to 20% (the extent of the study), occurring on coarse alluvial 

outwashes and rocky slopes at the foot of the Granite Mountains and adjacent hills in the 

southern San Cristobal Valley.   

Field Identification: This association was mapped similar to Larrea tridentata-

Cylindropuntia bigelovii/Ambrosia spp. (1154.114). It was mapped by hiking along the 

lower limit of Cylindropuntia bigelovii, the diagnostic species. Binoculars were useful for 

spotting distant individuals, which were included in the range unless they were over 100 

m (328 feet) from the rest of the population. Field notes made on topographic maps as to 

where it occurred were also useful in mapping this association..  

 

Photo Identification:  Photos couldn’t discern the range of Cylindropuntia bigelovii, 

therefore drawings on USGS 7.5 minute quadrangles taken during “quick samples” and 

other notes taken during field surveys where primarily used to map the range of this 

association. 
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Table 14: Summary statistics for 1154.124 - Ambrosia deltoidea/Parkinsonia 

microphylla/Cylindropuntia bigelovii (Bursage/Foothill Palo Verde/Teddy Bear Cholla) 

association (n = 3). 

 
Sites 

Median 

Prominence 

(range) 

Median 

Cover (range) 

Mean Height 

(m) 

Cylindropuntia bigelovii 3 4 (4-5) 3 (3-4) 1.10 

Parkinsonia microphylla 3 4 (3-4) 3 (3) 3.37 

Larrea tridentata 3 3 (3) 2 (2) 0.81 

Ambrosia deltoidea 3 3 (3) 2 (2-3) 

 Olneya tesota 3 3 (3) 2 (2) 

 Ambrosia dumosa 3 3 (3) 2 (2) 

 Carnegiea gigantea 3 3 (3) 1 (1-2) 

 Krameria grayi 3 3 (2-3) 2 (2)   

Cylindropuntia echinocarpa 2 3 (3) 1.5 (1-2)   

Encelia farinosa 2 3 (3) 2 (2)   

Echinocereus engelmannii 2 1 (1) 1 (1) 

 Fouquieria splendens 1 2 (2) 1 (1)  

Jatropha cuneata 1 2 (2) 1 (1)  

Mammillaria tetrancistra 1 1 (1) 1 (1)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 26 – Association: Ambrosia dumosa/Pleuraphis rigida/Larrea 

tridentata on dunes (White bursage/ Big Galleta grass/Creosote on dunes) 

Classification: 1154.126 

 

Warren et al. (1981) classification:  Not classified 

 

Brown, Lowe and Pase (1979) classification: Not classified   

 

NVCS alliance: Ambrosia dumosa dwarf-shrubland alliance. The alliance in this study is 

better described as sparse dwarf-shrubland, with sprase indicating less than 25% total 

cover (75% or more bare ground).   

 

NVCS association: Ambrosia dumosa/Pleuraphis rigida spare dwarf-shrubland 

association from sand dunes.  However this association lacks Larrea tridentata as a 

common species, and it is present on dunes in this study. 

 

Description: Ambrosia dumosa is dominant and Pleuraphis rigida is common on sandy 

rises while Larrea tridentata is common on sandy rises as well as swales between dunes. 

Palafoxia arida can be common following wet seasons. 

 

Location:  The one identified site is located on the western side of the Aguila Mountains, 

low sandy swales on slopes of 1to 15%.  

Field Identification: Swales of sand that can be seen in the distance, upon hiking closer 

to them Ambrosia dumosa and Pleuraphis rigida are dominant.  

 

Photo Identification:  The wind-blown sand that forms near the foot of mountains has a 

distinctive crest/swale pattern on aerial imagery.  
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Table 15: Summary statistics for 1154.126- Ambrosia dumosa/Pleuraphis rigida/Larrea 

tridentata on dunes (White bursage/ Big Galleta grass/Creosote on dunes) association (n 

= 1). 

 
Sites 

Median 

Prominence 

(range) 

Median 

Cover (range) 

Mean Height 

(m) 

Ambrosia dumosa 1 5 (5) 4 (4) 0.45 

Pleuraphis rigida 1 3 (3) 3 (3) 0.90 

Larrea tridentata 1 3 (3) 2 (2) 

 Parkinsonia microphylla 1 3 (3) 3 (3)   

Cylindropuntia echinocarpa 1 2 (2) 1 (1) 

  

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 80 – Association: Prosopis spp. Bosque (Mesquite woodland) 

Classification: 1154.180 

 

Warren et al. (1981) classification:  124.711R, which is “open stands of trees 15 to 20 

feet tall, forming in continuous corridors along large intermittent drainages.”  

 

Brown, Lowe and Pase (1979) classification: Bosques are categorized as Mesquite 

series (224.52) of the Sonoran Riparian and Oasis Forests (224.5). See figure 182 in 

Turner and Brown (1982) for an illustration of a bosque.    

 

NVCS alliance: Prosopis glandulosavar. torreyana, velutina woodland 

 

NVCS association: Prosopis glandulosa var. torreyana, velutina woodland 

Description:  Thickets of Prosopis spp. with open patches Ambrosia deltoidea, A. 

dumosa, Atriplex polycarpa and Larrea tridentata are present.   

 

Location:  There are several bosques in the eastern San Cristobal Valley; most occurring 

in the floodplain separating the northern Granite Mountains from the southern Aguila 

Mountains. One other large bosque was surveyed east of a retired bombing target in the 

southern Sentinel Plains. Runoff from the retired target with a hardpan surface texture 

likely provided ample moisture for this bosque’s development. 

Field Identification: There is nearly continuous cover of Prosopis spp. with no clear 

channel in the bosque, or around it. If there is a channel it is classified as a wash. This 

association can grade into a wash or Larrea tridentata/Prosopis spp. floodplain. Very 

large Larrea tridentata (greater than 2 meters in height) was often observed with the 

Prosopis spp. of similar size.  

 

Photo Identification:  The crowns of larger trees are visible on aerial imagery and 

mapped were it appears to form a continuous canopy.  
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Table 16: Summary statistics for 1154.180 Prosopis spp. Bosque association (n = 2).   

 
Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Prosopis velutina 2 4.5 (4-5) 5.5 (5-6) 2.83 

Larrea tridentata 2 3.5 (3-4) 5 (5) 2.54 

Sphaeralcea coslteri 2 2.5 (2-3) 2.5 (1-4) 

 Lycium spp. 1 2 (2) 2 (2) 

 Physalis lobata 1 3 (3) 2 (2) 

 Ambrosia deltoidea 1 3 (3) 3 (3) 0.78 

Croton californica 1 3 (3) 2 (2)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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Vegetation code 81 - Association: Olneya tesota/Parkinsonia florida/Acacia 

greggii/Lycium spp. along watercourses with beds greater than five meters wide 

(Ironwood/Blue Palo Verde/Catclaw Acacia/Wolfberry) 

Classification: 1154.181 

 

Warren et al. (1981) classification: 1154.1215R 

 

Brown, Lowe and Pase (1979) classification: Somewhat similar to 1154.115, which is 

called the “Cercidium (=Parkinsonia) floridum-Olneya tesota-Dalea spinosa 

(=Psorothamnus spinosus) association”. However, as described in Turner and Brown 

(1982), this association is characterized by the “poor representation or absence” of 

Prosopis 

 

NVCS alliance: Currently not described. 

 

NVCS association: Not described. 

 

Description: Along watercourses (also known as washes or arroyos) with beds greater 

than 5 m (16 ft) wide. Encelia farinosa is always present, and typically co-dominant. 

Also typically common or co-dominant are Larrea tridentata, Lycium spp., Olneya 

tesota, Ambrosia deltoidea, and Parkinsonia floridum. Lycium are lumped into a single 

category because it wasn’t possible to identify species without flowers.  In this study 

Sebastiana bilocularis (Jumping bean) was a unique species observed in the large 

watercourses flowing out of the western Granite Mountains. 

 

Location: Slopes of 1 to 4%, predominantly in mountain foothills, forming in large 

canyons. 

 

Field Identification: The width of the open channel is at least 5 m over at least 50% of 

the watercourse surveyed. If the channel was braided so that the islands between were 

continuous blue Parkinsonia spp. / Olneya tesota, then the widths of the two strands of 

the braid were summed. If the islands between were a different association, then the 

strands were mapped separately, which sometimes resulted in a large arroyo turning into 

two or more small washes, then rejoining as a large wash.   

 

Photo Identification: The width of the open channel was measured directly from the 

photos using tools in ArcMap to determine if the association should be categorized as 

1154.181 or 1154.1214R (Ambrosia deltoidea/Larrea tridentata-Lycium 

spp./Parkinsonia spp. along water courses with beds less than 5-m wide). The open 

channel was easily viewed from aerial imagery, therefore a small number of relevés were 

taken for this association.  
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Table 17: Summary statistics for 1154.181 Prosopis spp./Parkinsonia floridum/Acacia 

greggii/Lycium spp. along watercourses with beds greater than 5 m wide (Mesquite/Blue 

Palo Verde/Catclaw Acacia/Wolfberry)) association (n = 4).   

 
Sites 

Median 

Prominence 

(range) 

Median Cover 

(range) 

Mean Height 

(m) 

Lycium spp. 4 3 (3-5) 2.5 (2-3) 2.00 

Encelia farinosa 4 4 (3-5) 3 (2-4) 0.71 

Olneya tesota 4 3 (3-4) 2.5 (2-3) 6.55 

Larrea tridentata 4 3 (2-3) 2 (2) 

 Ambrosia deltoidea 4 2 (1-3) 1 (1-2) 

 Parkinsonia floridum 4 3 (3) 2.5 (2-4) 5.40 

Bebbia juncea 3 2 (2-3) 1 (1-3) 

 Hymenoclea salsola 3 3 (1-3) 2 (1-3) 

 Sphaeralcea coslteri 3 3 (1-3) 1 (1-2) 

 Pleuraphis rigida 3 3 (1-3) 2 (1-2) 0.89 

Ambrosia dumosa 3 2 (1-2) 1 (1) 

 Hyptis emoryi 3 3 (3) 3 (2-4) 3.10 

Sebastiana bilocularis 2 3.5 (3-4) 3 (3) 3.30 

Trixis californica 2 1.5 (1-2) 1 (1) 

 Acacia greggii 1 3 (3) 2 (2) 

 Echinocereus engelmannii 1 1 (1) 1 (1) 

 Ditaxis neomexicana 1 3 (3) 2 (2) 

 Ephedra aspera 1 1 (1) 1 (1) 

 Hibiscus denudatus 1 1 (1) 1 (1)  

Mammillaria grahmii 1 1 (1) 1 (1)  

Sarcostemma hirtellum 1 3 (3) 2 (2)  

 

Cover Codes:  1 = <1 %     2 = 1-4 %    3 = 5-9 %    4 = 10-14 %   5 = 15–25 %    6 = 26-

40 % 

 7 = 41-60 %    8 = 61-80 %     9 = > 80 % 

 

Prominence Codes:       5 = dominant      4 = co-dominant      3 = common      2 = 

uncommon      1 = rare 
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