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ABSTRACT 

Concern for environmental management of our natural resources is most often focused on 

the human impacts upon these resources. Minor stresses on surface materials in sensitive 

desert landscapes can greatly increase the rate and character of erosion. The National 

Training Center, Ft. Irwin, located in the middle of the Mojave Desert, California, provides 

a study area of intense ofF-road vehicle (ORV) activity spanning a 50-year period. This 

study documents a case of concentrated ORV activity on sensitive desert environments, and 

the resulting environmental impacts. Geomorphic surfaces from two study sites within the 

Ft. Irwin area were mapped from 1 ;28,400 scale black and white aerial photographs taken 

in 1947. Surface disruption attributed to military activity was then mapped for the same 

areas from 1993, 1:12,000, black and white aerial photographs. Several field checks were 

conducted to verify this mapping. Images created from SPOT panchromatic and Landsat 

Thematic Mapper (TM) multispectral data acquired during the spring of 1987 and 1993 

were analyzed to assess both the extent of disrupted surfaces and the surface 

geomorphology discemable from satellite data. Classified and merged images were then 

created from these data and demonstrate the capabilities of satellite data to aid in the 

delineation of disrupted geomorphic surfaces. Correlations were also established between 

highly disrupted surfaces and soil surface conditions on selected geomorphic surfaces. 

Disruption maps produced from the air photos indicate that the amount of disrupted 

surfaces within the study sites grew from a combined total of 1.3 km^ in 1947 to 33.4 km" 
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by 1993. A combination of 6 bands of Landsat TM data with a seventh band of SPOT 

panchromatic data yielded a produa that delineated broad geomorphic surfaces that closely 

correlate with those mapped from the aerial photography. An error matrix between these 

two products resulted in an overall accuracy of 83.36% and a Kappa Index of Agreement 

of 77.28%. A 15-class unsupervised classification of the SPOT panchromatic data 

produced the representation of the extent and levels of disruption present in the study areas 

that closely matched field observations. 

Field sampling of soil strength and clay/silt percentages on disturbed and 

undisturbed surfaces reveals that these arid land surfaces react to intense ORV activity by 

becoming more compact and exhibiting higher percentages of clays and silts. 
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement 

In the study of the earth's surficial processes, it is evident that in many 

environments, humans are the most important agent affecting environmental change. In 

mining development, the damming of rivers for hydro-electric projects, the clearing of 

land for agricultural developments, or the continual expansion of urban areas, human 

activity exerts great stress on the land, often resulting in significant changes to the 

physical processes which shape the landscape. Cooke and Doomknamp (1974) document 

the geomorphological literature until the mid-1970s applied to environmental management 

issues. These studies concerned themselves with glacial, shoreline, aeolian, and fluvial 

processes focused primarily on floods and floodplain management. As the end of this 

century nears, increasing emphasis is being placed on the question of global climate 

change, how human activity may be altering the cyclic interaction between climatic and 

surface processes, and how these, in turn, affect our quality of life. 

Environments vary wadely in their response to human impacts. A dam built in an 

area underlain by granitic rock and covered by dense forests may have little significant 

impact on downstream sediment load. Place that dam in a geologic environment 

consisting of loosely-consolidated sedimentary rocks and little vegetation and the effect 



on changes in downstream sediment load could be significant. These various 

environments may also react differently to stresses placed upon them by vehicular activity. 

An area of fairly dense vegetation and clay-rich soils may not feel the effects of the 

passage of a 3/4-ton pickup nearly as much as would a surface composed of poorly-

sorted, loamy sands and sparse vegetation. Yet, to what degree these environments 

respond to different stresses upon their surfaces is a complex question. 

Studies in arid regions have focused on questions which include the effect of 

human activity on sediment transport, vegetation depletion and succession, animal 

habitats, soil compaction, and changes in albedo, noise and dust levels (Nakata et al., 

1981; Brattstrom and Bondello, 1983; Nataka, 1983; Prose, 1985; Wilshire, 1991). The 

expansion of desert-like landscapes within arid and semiarid environments, commonly 

referred to as desertification, threatens about one-third of the worid's land surface 

(Lathrop and Rowlands, 1983; Getis et al., 1994). Although the enlargement of deserts 

can come about through natural causes such as drought, it is increasingly a result of 

human activities such as overgrazing, deforestation for fiielwood consumption, clearing 

of land for cultivation, and negligent use of water resources. As worid population 

expands, pressure to move to these more marginal lands increases. It is for these reasons 

that research is needed to assess the impact of human activities upon our various 

environments and in particular upon the more sensitive arid and semiarid regions. 

In sensitive desert landscapes, environmental degradation can occur rapidly due 

to almost any activity that results in surface disruption. Studies of the environmental 



eflfects of off-road vehicles (ORV) on these ecosystems have demonstrated the significant 

effect this activity can have on increasing surface erosion and inhibiting plant recovery 

(Bull, 1979; Elvidge and Iverson, 1983; Belnap et al., 1994). The most dominant effects 

of this surface disturbance are the removal of plant cover, and the destabilization of 

surfaces by the destruction of protective desert pavements, lag gravels and algal crusts. 

Many of these studies, however, have focused on areas that see only sporadic use by 

recreational off-road vehicles such as motorcycles and dune buggies. In areas where there 

is sustained use through military maneuvers (passage of heavy traffic and exploding 

ordinance, whether ground to ground or air to ground), wide-spread, and perhaps 

irreversible environmental damage is occurring primarily through the removal of 

protective ground cover and increased exposure to wind and water erosion. 

The effects of large-scale military maneuvers on soil and vegetative conditions on 

U.S. Army training lands has been the focus of research efforts by the Army Corps of 

Engineers since 1983 (Doe, 1992). The U.S. Army Construction Engineering Laboratory 

(USACERL) has been actively developing methodologies to monitor damage on 

ecologically sensitive training lands and assist in the planning of training maneuvers to 

minimize impacts. My research is one component of a larger study currently being 

conducted under the terms of the Land Condition Trend Analysis Program (LCTA). 

Implemented army-wide in 1990 and sponsored by the U.S. Army Corps of Engineers, 

the LCTA evaluates the capabilities of the land to support the demands placed upon it by 

the U.S. army. By establishing permanent transects within many army training sites. 
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vegetation cover and condition can be continually monitored and land management plans 

developed to ensure long-term resource availability. In 1990, the LCTA program began 

at the National Training Center (NTC), Ft. Irwin, with studies focusing on the 

identification and disturbance of ecosystems within the NTC boundaries. 

Located in the middle of the Mojave Desert, California, the NTC provides a study 

area of intense ORV activity that has occurred over a 50-year period. By providing 

documentation of an extreme case of concentrated ORV activity, my study investigates 

what environmental impacts the sustained use by heavy military vehicles and artillery 

might have on sensitive desert surfaces. This was done through the mapping of disrupted 

geomorphic surfaces. 

Traditionally, the primary source of information for geomorphological mapping 

has been ground surveys used in conjunction with aerial photography, and often 

supplemented with thematic maps (Hayden, 1986; Jones, 1986). The use of aerial 

photography for aiding in this mapping is obviously advantageous, especially when access 

to areas, such as military bases, is restricted. Aerial photography permits unrestricted 

access to a study area, rapid familiarization with the region, and a three-dimensional 

stereoscopic view. Mapping fi^om black and white aerial photography, however, relies 

heavily on tonal differences, patterns, and morphological criteria such as slope and relief 

Subtle mineralogical differences, especially common in arid regions may be 

indistinguishable based on the above recognition elements (Davis et al., 1993). The high 

spectral resolution afford by satellite data, such as that provided by the Landsat Thematic 



Mapper (TM), allows for these differences in surface mineralogy to be identified. Studies 

have demonstrated the ability of sensors with fine spectral resolution to aid in 

distinguishing geologic units in desert regions (Davis et al., 1993; Thiessen, 1996). By 

eliminating the need for extensive field mapping to identify geologic or geomorphic units, 

the time necessary to map an entire region could be greatly reduced. 

Satellite data has been used extensively by the army for its initial selection of 

permanent LCTA plots within military installations by identifying homogeneous areas of 

soil and land cover (Cunningham, 1990). Limited research, however, has been conducted 

using satellite data to assess land conditions in association with these plots. Ongoing 

research at Utah State University uses remote sensing data for mapping potential habitat 

for threatened species on Air Force training ranges in western Utah (Ramsey and 

Falconer, 1996). Yet, much of the project emphasis is on the development of a modeling 

approach using various GIS data layers to describe soil erosion, loss of vegetation, and 

changes in vegetation condition derived from the field. Although satellite data will never 

replace the need for detailed ground analysis, it may provide a fairly detailed, easily-

accessible overview of the condition of the land surfaces upon which the maneuvers take 

place. This, in turn, allows for monitoring of surface disruption caused by military 

maneuvers and the changes incurred to these surfaces over time. 
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This research had three objectives: 

1) to map the extent of surface disruption due to military maneuvers on desert 

geomorphic surfaces using historical, large-scale black and white aerial photography; 

2) to evaluate the capabilities of Landsat Thematic Mapper (TM) and SPOT data 

to map these surfaces and the their disruption; 

3) to assess the effect of disruption from military maneuvers on soil surface and 

vegetation characteristics. 

This research focused on both quantitative and qualitative analysis of the amount and type 

of surface disruption at the NTC, Ft. Irwin, using a combination of field work, airphoto 

interpretation and satellite data. Ft. Irwin is a desirable study site, as aerial photos of the 

area show little evidence of disrupted surfaces in 1947, while the 1993 aerial photos show 

a considerable amount of surface disruption had occurred on the base in the intervening 

years. 
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CHAPTER 2 

BACKGROUND 

2.1 Regional Overview 

The National Training Center (NTC), Ft. Irwin (Figure 1), located approximately 

40 km NE of Barstow, California in the hyper-arid region of the Mojave Desert, is the 

U.S. Army's desert warfare training facility (Figure 2). One of the most active military 

training centers in the U.S., the NTC covers approximately 2600 km" with a proposed 

Figure 1. The National Training Center, Ft. Irwin. 
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Figure 2. Location map of the NTC, Ft. Irwin (From Army Corps of Engineers, 1979). 



expansion to the north by 1497 km^ of Federal, State and private land (Rapp and 

Vredenburgh, 1991). In the rain shadow of the Sierra and Transverse Ranges, the Mojave 

receives little winter precipitation, and virtually no summer precipitation due to the 

dominance of the Subtropical High pressure system. This lack of precipitation (150 

mm/yr) is also associated with both high summer temperatures and high potential 

evaporation of >2000 mm/yr (Blaney, 1957). Episodic climatic changes during the 

Holocene resulted in shallow lakes covering the Cronese Lake and Silver Lake playas, 

adjacent to Ft. Irwin, on at least 5 different occasions (Enzel et al., 1992). Because Ft. 

Irwin lies at the northernmost edge of the Mojave Desert Geomorphic Province, broad 

alluvial basins and internal drainage systems that characterize this region result in the 

presence of intermittent lakes throughout the NTC. 

The general geology of the NTC includes a variety of metamorphic, volcanic, 

plutonic, and sedimentary rocks. Precambrian metamorphic rocks and Mesozoic granitic 

units (dominated by granodiorite, diorite, and quartz monzonite) make up the mountains 

along the northern perimeter of the NTC. Cenozoic and Tertiary volcanics (rhyolite, 

basalt, and pyroclastics) and intrusives, and Pleistocene and Plio-Pleistocene non-marine 

units are found throughout the NTC. Pleistocene gravels and sands, aeolian sand deposits, 

and clay and silt of playas make up the rest of the geologic composition of Ft. Irwin 

(Dibblee, 1950, 1956; Enzel, 1992; Lee, 1994). Tectonically, many geologic structures 

along the northern boundary of the NTC are controlled by the strike-slip Garlock Fault, 

which has been the locus of vigorous tectonic activity throughout the late Tertiary and 
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Figure 3. Basin and Range topography. Looking east from the Avawatz 
Mountains in the northern comer of the NTC (Photo C.E. Lee). 

Quaternary (Brady et al., 1989). A portion of the Late Jurassic Independence dike swarm 

also traverses the area (Martin et al., 1993). The NTC ranges in elevation from 427 m in 

the south near Bitter Springs to approximately 1707 m in the Avawatz Mountains to the 

north. The area lies at the southern boundary of the Basin and Range province just south 

of Death Valley National Monument with many of the landforms typically associated with 

Basin and Range topography (Figure 3). Alluvial fans line the mountain fronts with many 

coalescing fans (commonly referred to as bajadas) graduating out to piedmont slopes 

which form the periphery of the basin floor (Bull, 1977; Peterson, 1981; Dohrenwend, 

1984; Jansson, 1993; Cooke et al., 1993). These broad alluvial basins are characterized 



by ephemeral streams, alluvial flats, and clay-rich playas (Army Corps of Engineers, 1979; 

Stevens, 1988). Surface materials vary from coarse, gravelly sand and cobbly surfaces, 

exposures of calcium carbonate or duripan, to well-developed desert pavement, with 

stones often coated in dark, manganese-rich desert varnish. Because it generally takes 

3000-5000 years to form a visible coat of varnish in arid regions and 10,000 or more 

years to form heavy coats, this varnish is indicative of the stability of the environment 

under which the varnish developed (Dom and Oberlander, 1981). 

Much of the Mojave is comprised of well-drained alluvial surfaces and vegetation 

in this area is dominated by low, widely-spaced shrubs, a pattern that develops in response 

to limited rainfall. In the lower elevations, where finer soils predominate and salts 

accumulate, saltbush such as Shadscale {Atriplex confertifolia) is common. Creosote 

bush, (Larrea tridentata) dominates at elevations from around 74 m below sea-level to 

1240 m and up to 1610 m on southern exposures, often in conjunction with Burro Bush 

{Ambrosia dumosa). This vegetation assodation may account for as much as 75% of the 

vegetation cover on the NTC (Lee, 1994). Further upslope, where water is more 

plentiful than on the lower slopes, creosote is found with Joshua Tree {Yucca brevifolia) 

and several grasses. A complete list of the plant communities at the NTC based upon 113 

LCTA transects is provided in Appendix C (Ferrus-Garcia, personal communication). 
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Studies of arid regions have long acknowledged the susceptibility of these lands 

to surface disturbance. Soil formation is slow and easily disrupted and recuperative 

powers after disruption are weak as biological activity, the main force influencing the rate 

of soil formation, is low except when occasional rains induce a growth of ephemeral 

vegetation. It is this lack of resiliency to disruption that leads to desert soils often being 

referred to as fragile (Dregne, 1983). The physical and biological effects of off-road 

vehicles include not only the reduction of soil stability, but the destruction of vegetation 

which leads to accelerated erosion. Erosion of hillslopes is commonly limited by the rate 

at which particles can be detached form the ground surface. Soil stabilizers (surface 

crusts, erosion lags of coarse particles, desert pavements and vegetation) inhibit 

detachment of particles by rainfall and runoff. Because surface stabilizers protect soil 

particles from the impact of raindrops, disruption by direct impact of oflf-road vehicles can 

decrease infiltration rates (through compaction) and greatly increase the number of 

exposed and detached soil particles (Wilshire, 1983). Nakata (1983) found that hillslopes 

above Ogden, Utah, stripped of their vegetation and soil cover by ORVs, produced 

serious debris flows after a severe 1978 rainstorm. 

Soil compaction studies indicate that soil aggregates and pore space, important 

for soil stability, infiltration, and the creation of microenvironments for soil biota, are 

reduced by compaction (Dregne, 1983; Belnap, unpublished document). The soils most 



susceptible to density increases are loamy sands or very coarse, gravelly soils with a wide 

range of particle sizes (Webb, 1983; Hutchinson and Huning, 1971). These soils, found 

throughout the NTC are susceptible to density increases at all moisture contents although 

the rate is probably quicker when wet than dry (Adams et al., 1982). Soils composed 

primarily of sands or clays, where the soil particles are about the same size, would 

compact the least although clay, the predominant soil component of playas in this area 

(Stevens, 1988), compacts significantly when wet. The degree of compaction dictates the 

amount or rate of recovery as surface materials are most prone to loosening from clay 

expansion, frost action, and biologic activity (Webb, 1983), and in hot, arid regions, by 

wind. Knapp (1992) in his study of an abandoned townsite in arid western Nevada, 

suggests that abandoned roads in that area needed approximately 100 to 130 years for 

complete loosening of soil to occur after compaction. 

In studies which have focused on plant depletion and succession, many have 

found that recovery of disturbed soils and vegetation (the amount of time required for 

restoration of a disturbed area to a state comparable to the ambient undisturbed 

condition) usually shows significant reductions in vegetation densities and covers, if it 

occurs at all (Kay and Graves, 1983; Lathrop, 1983; Webb et al., 1983; Wilshire, 1991). 

In studies on the effects of substrate disturbance on secondary plant succession. Prose et 

al. (1987) found significant changes in perennial plant cover, density, and relative species 

composition in areas which had seen military activity. Webb and Wilshire (1980) in 

studying recovery rates of soils and vegetation in a Mojave desert ghost town, found that 
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soil compaction was a major limiting factor on the revegetation of disturbed desert areas, 

with predicted recovery rates on the order of a century. In addition. Bury and 

Luckenbach (1983) found that in dune areas where ORVs caused severe vegetation 

depletion, the numbers of terrestrial vertebrate individuals was significantly reduced. 

Belnap et al. (1994) found a dramatic reduction of40-80% in nitrogenase activity due to 

the destruction of soil cyanobacteria as a result of disturbance by human feet, mountain 

bikes and off-road vehicles. A loss of nitrogen results in a reduction in soil fertility which 

is one of the most definitive and problematic aspects of desertification (Dregne, 1983). 

The removal of vegetation has the effect of accelerating wind and water erosion, 

as a reduction in vegetation density decreases infiltration rates and exposes soil to 

raindrop and wind erosion. Desert pavements, stone surfaces composed of rounded or 

angular fragments and set on or in a matrix of fine-grained material, are also 

fundamentally important as surface stabilizers. Although pavements are immensely varied 

in their form, all tend to protect underlying soils from raindrop impact and wind erosion, 

with generally low infiltration rates (Cooke et al., 1993). Characteristically, the few 

centimeters below the surface Is fine-grained with an open, vesicular structure due to 

thermal expansion of trapped soil air. Once a pavement surface has been disrupted, 

compaction of these vesicular structures often occurs leading to a reduction in infiltration 

capacity and increased runoff, increased wind erosion and decreased seed germination 

(Elvidge and Iverson, 1983). Bull (1979) demonstrated how self-enhancing feedback 

mechanisms perpetuate the removal of soil as vegetation density is decreased, therefore 
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increasing hillslope sediment concentration, water runoff and drainage basin sediment 

yield. Hinckley et al. (1983) document the result of several studies showing how 

decreased infiltration capacity, the removal of surface stabilizers, and the creation of 

tracks from off-road vehicles greatly accelerates water erosion in ORV use areas. 

Prose (1985) studied the persisting affects of military vehicles on Mojave desert 

surfaces 40 years after their passage. He found that although there was no significant 

changes in the bulk density of the upper 10 centimeters of the sandy soil surfaces 

impacted by the maneuvers, considerable compaction was evident at the 20-25 centimeter 

range. Recording penetrometer measurements. Prose found that tracks left by a single 

pass of an M3 "medium" tank 40 years previously had average soil resistance values that 

were 50% greater than the surrounding undisturbed soil. Although the soil surface layer 

appeared to have recovered, significant ponding still occurred in the visible ruts, indicating 

the continuing effects of compaction in these areas. 

In studies of changes in soil bulk density and porosity due to military maneuvers, 

both Smith and McMullan (1984) at Fort Carson, Colorado and Thurow (1990) at Fort 

Hood, Texas found signiiScant increases in soil bulk density, and concurrent decreases in 

soil porosity, with fi-equency of vehicle passes. In conducting studies over several years, 

Thurow (1990) found that although infiltration rates may recover over time, the rate does 

not generally recover to its original undisturbed rate. In his study of a 130 km^ watershed 

in the Pinon Canyon Maneuver Site, Colorado, Doe (1992) found that although changes 

in bulk density and infiltration differed depending on the size of a vehicle and the soil 
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moisture content of the impacted surface, increases in bulk density and decreases in soil 

porosity and infiltration rates always occurred as vehicle frequency increased. 

In addition to increased water erosion due to the removal of surface stabilizers, 

several studies have focused on the acceleration of wind erosion (Bury and Luckenbach, 

1983; Gillette and Adams, 1983; Stevens, 1988; Cooke et al., 1993; Lancaster, 1994). 

The dominant surfaces in the southwestern United States desert are alluvial fans, alluvial 

flats and bajadas (Gillette and Adams, 1983). The size and distribution of vegetation on 

these surfaces is important in controlling wind erosion since vegetation acts to "absorb" 

wind, preventing some movement of particles. As a result, some of the major variables 

controlling the amount of soil movement would be the coverage and height of vegetation, 

as well as the distribution of desert pavements, and the amount of ORV disruption in an 

area. Nakata, et al. (1981) examined the photographic record (provided by the 

LANDSAT I satellite) of six dust plumes which arose fi'om the western Mojave Desert 

in January of 1973. They determined that the cause of this erosion was human 

destabilization of the natural surface through agriculture, road building, urbanization, 

stream-channel modification and ORV use. 

McDonald (1995) examined the relationship between military vehicular traffic and 

soil structure breakdown at the NTC, Ft. Irwin; specifically, how the movement of 

tracked and wheeled vehicles affects the amount of suspended dust generated by aeolian 

processes. A Sheridan tank and a HMMWV (a wheeled vehicle) were used to traverse 

back and forth on an undisturbed area of land 300 times. Periodic soil samples were taken 
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after certain passes by each vehicle. A dry sieve analysis was used to look at the soil 

aggregate distribution, and Bagnold's wind transport formula calculated to determine the 

smallest particle size that would be transported under the wind conditions of the NTC. 

McDonald's results indicated that after the first 10-15 passes, the soil structure was as 

broken down as it was after 300 passes. These findings are significant as the range 

management techniques at the NTC dictate the constant rotation of maneuvers to 

different areas to allow the unused areas to remain fallow for a short period of time. 

According to McDonald, the justification behind this rotation is to allow the area to 

recover, but his results indicate this type of rotation can double the amount of suspended 

dust within a maneuver site. 

Less obvious, but no less destructive, is the effect that increased noise levels, 

caused by ORVs, have on desert animals. Brattstrom and Bondello (1983) conducted a 

study in the Mojave Desert where they found that the noise of dune buggies and 

motorcycles resulted in a) definite hearing loss in animals with little or no recovery; b) 

interference with the animals' ability to detect predators; and c) unnatural behavior placing 

animals in situations often resulting in their death. 

2.3 Geomorphic mapping and satellite data 

Geomorphological mapping, depicting landforms by their form, distribution, 

materials, age and processes, has traditionally been done through field observation in 



conjunction with ancillary data such as thematic and topographic maps, and airphotos. 

Jones (1986) and Hayden (1986) document how the increased use of aerial photography 

during World War II greatly improved the base from which the geomorphologist could 

work. Aerial photographs provided accurate depictions of topography, easy access to 

large and often remote areas, the ability to rapidly familiarize oneself with a study area, 

and stereoscopic coverage. With the advent of spacebome sensors, however, earth 

scientists have been given a powerful tool with which to map large areas of the earth's 

surface in time frames which were vastly shortened compared to traditional methods. 

In the 1970s and early 1980s, radar data from SEAS AT, Return Beam Vidicon 

(RBV) data from LANDSAT satellites and thermal infrared data from the Heat Capacity 

Mapping Mission (HCMM) were in use by geologists and geomorphologists. In the later 

part of the 70s, the LANDSAT multispectral scanner (MSS) provided the ability to map 

surface lithology and structure via nutrient and moisture stress patterns in vegetation 

through a ratioing of the red and near-infrared bands (Millington and Townshend, 1986; 

Franklin, 1987). The Landsat Thematic Mapper (TM), launched in 1982, included major 

improvements over the MSS by increasing spatial resolution, providing seven spectral 

bands as compared to the four of the MSS, extending its spectral range in the visible and 

reflected ER regions and adding a thermal IR band. For geologists, one of the greatest 

additions to Landsat TM was the inclusion of a band in the 2.1 ^m - 2.4 ^m region, which 

coincides with an absorption band caused by hydroxyl ions in minerals. This band, in 

conjunction with a band in the 1.5 fxm - 1.75 ^m region, provides the capability to 
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distinguish between different surface materials through absorption minima of iron 

hydroxyls, carbonates and clay minerals (Sabins, 1987). The addition of the blue spectral 

band was useful for distinguishing soil from vegetation (Evans and Smith, 1991), 

discriminating iron oxide and hydroxide-rich rock and soil, and for creating normal color 

composites. The use of the thermal band for monitoring surface modification processes 

in arid regions (Weitz and Farr, 1992) and the Shuttle Imaging Radar (SIR) for detecting 

subterranean features in arid lands (McCauley et al. 1982; 1986a; b) has also been 

demonstrated in recent years. 

The ability to acquire multitemporal, multispectral images over large swaths of 

land have allowed arid land geologists and geomorphologists to study such diverse topics 

as aeolian activity on dunes (Jacobberger, 1989; White, 1993; Lancaster, 1994), sediment 

transport systems in arid regions (Quarmby et al., 1989), and soil degradation (Raina et 

al., 1992; Arvidson et al., 1993). The use of satellite data to identify geologic structure 

and surfaces in arid lands based on differing mineralogies has been extensively explored 

(Davis et al., 1993; Rivard et al., 1992; Dwivedi et al., 1993; Al-Sarawi, 1996; Feldman 

el al. 1996;Thiessen, 1996). Using Landsat TM data, Davis et. al (1987) were able to 

isolate the presence of large concentrations of hematite in altered basalt rocks in northern 

Arizona, thereby discriminating between red cone and gray flow basalts. Davis and Berlin 

(1989) analyzed various TM color-composite images for a complex geologic environment 

in Saudi Arabia, and were able to discriminate among unaltered and altered basalt and 

rhyolite, granite and monzogranite, sandstone, and complex metamorphic units. Brady 
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et al. (1989) used TM data and field data to successfully map the intersection of the Death 

Valley and Garlocic Fault Zones in the Mojave Desert of California. 

Lee (1995) used a Landsat TM data set to map geomorphic surfaces for the entire 

Ft. Invin, NTC. Using a 25-class clustering algorithm on the TM data, and interactively 

recoding this product, Lee found that only 7 broad geomorphic surfaces could be 

identified. These surfaces, however, appeared to give a good indication of the presence 

and extent of these various geomorphic units at the NTC. Problems do exist, however, 

for large-scale mapping of geomorphic surfaces. Due to the limited spatial resolution of 

most satellite sensors, features such as ephemeral streams may be missed by the 30m 

ground resolution of the Landsat TM, while isolated, small landforms may be averaged 

into the surrounding larger geomorphic surfaces and the entire area identified as a single 

surface. To date, the satellite with the best spatial resolution currently available fi-om 

civilian remote sensing systems is the Systeme Pour I'Observation de la Terre (SPOT) 

which has a nominal spatial resolution of lOm in its panchromatic mode. The 

disadvantage of the SPOT panchromatic data is that images are acquired in a single broad 

spectral region extending fi^om 0.51 nm - 0.70 jim (visible green and red). This limits the 

ability of the sensor to distinguish between differing minerologies that may help to 

discriminate geomorphic units. The Landsat TM, with its coarser spatial resolution 

covers a much larger region of the electromagnetic spectrum. However, in arid regions 

the existence of weathered surfaces or dark rock surfaces caused by desert varnish can 

lead to spectral ambiguity between geomorphically distinct classes (Shih and 
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Schowengerdt, 1983). Lee (1995) found errors in classification occurring between stable 

desert surfaces and volcanic surfaces at the NTC using Landsat TM data. Using TM data 

to map a portion of the Mojave Desert, Brady et al. (1989) found that although 

reflectance and topographic characteristics were essentially independent, surface 

reflectance features combined to produce relatively little color variation. In order to 

overcome the problems presented by either limited spatial or spectral resolution, the 

digital integration of data from two different sensors may be merged. SPOT has been 

successfully merged with radar (Harris et al., 1990; Yesou et al., 1993) and with Landsat 

MSS and TM (Welsh and Ehlers, 1987; Carper et al., 1990; Grasso, 1993). 

2.4 Disruption Mapping and Satellite Data 

The use of satellite data to map disrupted surfaces in arid regions due to vehicular 

activity has been limited. Hutchinson and Huning (1971) used Landsat MSS pre-

enhanced data for evaluating the extent of surface damage caused by the annual Barstow 

to Baker oflf-road-motorcycle race. In this early work, they were able to delineate surface 

texture gradations from processed satellite data, and to then correlate these gradations 

with changes in slope, vegetation and reactions to ORV impacts. Graetz and Pech (1987) 

used Landsat TM data for assessing the impacts of oil exploration in an arid environment 

but found the spatial resolution of the data limited in its ability to detect small linear 

features associated with vehicle tracks created during seismic exploration. 
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Cunningham (1990) evaluated the ability of diflferent line and edge enhancement 

techniques on several types of remotely sensed data to detect off-road vehicle damage on 

a military base in southeastern Colorado. Using the semi-arid rangelands of the Pinon 

Canyon Maneuver site, he focused on portions of training areas that were primarily 

damaged by military tracked vehicles. His findings indicated that traditional 

photointerpretation techniques of high-quality aerial photography provided more 

information regarding off-road vehicular damage than digital satellite or airborne data. 

Of the satellite data examined (Landsat TM, SPOT Panchromatic and Geoscan's MKII 

Airborne Multispectral Scanner), the Multispectra! Scanner data, with a weighted 

Laplacian filter, provided the best results for detecting off-road damage from military 

tracked vehicles. 

Lee (1995) tested several satellite data products for their ability to detect changes 

in disrupted surfaces between 1987 and 1993 for the NTC area. These products included 

a Landsat TM and SPOT merge, and a SPOT panchromatic high-pass filtered image. A 

ten-class unsupervised classification was run on these products and boolean images of 

disruption were then created representing the presence or absence of disruption. It was 

found that although some surfaces mapped as disrupted included naturally occurring 

alluvial activity, the SPOT panchromatic high-pass filtered image provided a good 

indication of the changes in the extent of surface disruption occurring at the NTC between 

the two dates. 



2.4 Historical Overview of Ft. Irwin 

35 

Since 1940, when it was first used as an anti-aircraft range called Camp Irwin, the 

NTC, Ft. Irwin has been in various stages of military use. Records from the Annual 

Report of Hospital Station (1943) at Camp Haan, California (230 km south of Ft. Irwin) 

indicate for a period of 2-3 years anywhere from 5,000-15,000 troops were training in the 

Ft. Irwin area in any given month. Deactivated in 1944, the base was reopened in 1951 

as the West Coast Combat Training Facility during the Korean Conflict (Army Corps of 

Engineers, 1979). From this period on, because of the areas physiography, the base was 

used exclusively for armor and desert training. At the end of the Korean Conflict, the 

name was changed to the Army Armor and Desert Training center. In 1961, it was 

designated Ft. Irwin and became a permanent Class 1 installation. During the Vietnam 

war, many artillery and engineer units were activated, trained, and deployed to Southeast 

Asia from the base (Edson, 1995). Ft. Irwin was then partially deactivated in 1971, and 

in 1972 right-of-way was obtained by the California Army National Guard. Between 

1972 and 1981 Ft. Irwin was kept in ready status in order to facilitate mobilization 

requirements, provide occasional use by the Army for armored exercises and by the Army 

Reserve for weekend and annual training requirements (Army Corps of Engineers, 1979). 

In 1981, U.S. Army Forces Command (FORSCOM) assumed control of the base 

and Ft. Irwin became established as a National Training Center providing a training area 

for simulated full-scale combat situations in support of the Army's combined arms tactical 
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unit training. The number of troops rotating through the base annually grew from 

approximately 12,000-15,000 in 1979 to 60,000-120,000 by 1995. Personnel, employees 

and dependents living and/or working in the cantonment area increased from 

approximately 300 in 1979 to nearly 10,000 by 1995. 

The physical landscape of the NTC, today the U.S. Army's premier desert warfare 

training facility, allows for two force-on-force corridors and a live-fire corridor to be 

completely separated (Figure 4). Of the NTC's 2600 km^ only about two-thirds of the 

land is available for maneuvers due to mountainous terrain and the NTC's focus on heavy 

armor maneuvers. A yearly average of twelve 28-day rotations are conducted at the NTC 

with approximately 130-160 armored vehicles, and 45-70 wheeled vehicles, associated 

with each rotation (McDonald, 1995). 

In addition to occupation by the Army, several government and private 

organizations have formal land-use agreements with the Army for various activities. These 

include two airfields, the Leach Lake Air to Ground Gunnery Range used by the Air 

Force throughout the year for gunnery practice, and the 370 km^ Goldstone Deep Space 

Communications facilities operated by NASA. 
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Figure 4. Force-on-force and iive-fire corridors at the NTC (From Army Corps ot 
Engineers, 1979). 
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CHAPi1!.R3 

METHODOLOGY 

3.1 Selection of Study Areas 

In order to map in detail geomorphological units and surface disruption at Ft. 

Irwin, two study areas were delineated within the NTC area (Figure 5). These study areas 

were chosen based upon their differing geology and physiography, and represent the 

various lithologies and landforms present on the base as well as varying degrees of 

military impact. The first area (Figure 6), covering approximately 180 km^ encompasses 

the Gary Owen and Nelson Impact areas and includes Nelson and McLean lakes. (This 

area is referred to as the Nelson/McLean study site.) The alluvial landforms associated 

with this area are derived on and from Mesozoic igneous intrusives. Tertiary extrusives. 

Quaternary alluvium and lake deposits. The northern boundary of this study site is defined 

by the NW-SE trending Granite Mountains, while the southern and western boundaries 

encompass volcanic peaks. This area has heavy use during rotations with much of the 

activity focused on supplying forces in the live fire range to the north, and the staging of 

battles which includes activities such as the digging of pits and tank ditches. 

The second study site (Figure 7), located in the southeastern portion of the base, 

encompasses the Langford impact area and includes the physiographic formation known 

as The Whale, a remnant basalt flow. (This study site is referred to as the Whale). 
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Figure 5. Physical features and study areas of the NTC, Ft. Irwin (From Lee, 1995). 
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Figure 6. TM image of the Nelsoii/McLean study site 
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Figure 7. TM image of tiie Whale study site 
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Tliis area covers approximately 125 icm'and the landforms, dominated by Quaternary 

alluvial deposits, include Pleistocene volcanic basalts and some metamorphic units. The 

large alluvial plain which constitutes most of this study site is composed of granitic 

alluvium from the Alvord and Cronese mountains to the south, and is the sources of 

windblown sediment deposits which cover the Whale formation. This area also has heavy 

use during maneuvers. 

These two study areas were also chosen because 1947 aerial photographs of the 

base provided complete coverage of these areas, and showed them to have little evidence 

of previous military activity. It was also important to choose areas that were accessible 

between rotations as certain sectors of the base, such as the Leach Lake live-fire range 

to north, cannot be accessed for research work due to unexploded ordinance commonly 

found in these areas. 

3.2 Description of Aerial Photos 

3.2.1 Data Description 

For the purpose of mapping geomorphic surfaces and surface disruption of Ft. 

Irwin from the 1940's, black and white aerial photographs were acquired from the EROS 

Data Center's National Mapping Division. The earliest date available with complete 

coverage of the base was March, 1947, available in stereoscopic coverage at a scale of 

1 ;28,400. Stereopairs were obtained of both study areas which represent approximately 
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12% of the base. 

To map sur&ce disruption between 1947 and 1993 from aerial photos, black and 

white stereopairs for April, 1993 were obtained through the Directorate of Public Works 

at Ft. Irwin at a scale of 1:12,000. In addition, several 1993 Color Infrared photos at a 

scale of 1:24,000 were used to spot check certain areas for further verification of 

disrupted surfaces. 

3.2.2 Mapping Techniques 

In order to delineate the major geomorphic surfaces that occur in each study area, 

mapping was done from the 1947 aerial photos. Because it was noted there had been very 

little change in the types of geomorphic units and their distribution in this 46-year span, 

the larger-scale 1993 aerial photos were used for reference in this mapping. Surfaces were 

delineated using the black and white stereopairs and a stereoscope to render the photos 

in 3-D and to facilitate mapping of topographic subtleties. These surfaces were then 

noted on two xeroxed copies of Ft. Irwin Military Installation topographic maps 

(1 ;50,000). These notations aided in the identification and verification of surfaces during 

field checks. 

Despite the diversity of geologic units at the NTC, the study areas upon which this 

research is based are primarily alluvial geomorphic surfaces formed as a result of 

climatically-induced depositional events during the Quaternary. According to Bull (1991) 

each age of the alluvial geomorphic surfaces in this area of the southwest U.S. has a 
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distinctly diflferent topography, sedimentology and soil profile. The classification system 

used in this study are based upon that used by Lee (1994) and Peterson (1981) for 

landform types in the Mojave region of Ft. Irwin (Table I). During the process of 

delineating the geomorphic surfaces, several field checks were conducted to validate the 

mapping done from the aerial photography. These included field checks by truck and one 

helicopter reconnaissance. 

Once the geomorphic surfaces had been identified, mapping of surface disruption 

from both the 1947 and 1993 aerial photography was done. The next stage of this 

research entailed mapping both the geomorphic and disrupted surfaces fi^om the aerial 

photos onto mylar overlays created from the Military Installation topographic maps and 

copied to register as closely as possible to the photographs. This was initially done on the 

1947 photos for the delineation of geomorphic surfaces, and then on the 1993 photos for 

identification of disrupted surfaces due to military activity. Once this was completed, the 

maps were digitally registered into the Geographic Information System (GIS) ARC/INFO 

in order to quantify the amount of surface disruption which has occurred between the two 

dates and to facilitate direct comparisons with the satellite data sets. Finally, in order to 

allow for direct comparison with satellite datasets, all of the ARC/INFO coverages were 

rasterized to a grid of 10-meter cells and transferred to the image processor Earth 

Resources Data Analysis System (ERDAS) 7.5 These products were then transferred into 

ARCVIEW for final display. 
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Table 1. Landform Classifications (From Lee, 1995 and Peterson, 1981) 

Landform Type 

Playa 

Sand dune 

Sund Sheet 

Alluvial Plain 

Wash 

Alluvial Fan 

Ballena 
(Highly dissected 
alluvial fan) 

Exposed Remnant Surface 

Hill 

Mountain 

Definition 

Nearly horizontal surfaces (0-1% slope) which are poorly drained, 

usually alkaline and covered with water after floods. 

Wind-blown Ridges and hills of various shapes. 

Cover of wind blown sand, lacking a regular geometric or 
recognizable topographic form. 

Nearly level surface (1-3% slope) with shallow (< 2m) 
topographic irregularities. 

Surface characterized by wide (5 - 15m) braided channels, 
with minor (< Im) topographic irregularities occurring 3 to 
4 times per 30 linear meters. 

Gently sloping surfaces (1 - 15%) with vertical irregularities 
(< 10 m) occurring with a frequency of 15-50 per 1500 
linear meters, and with narrow imertlue surfaces. 

Moderately sloping surfaces (> 8%), with deeply incised 
stream)valleys (3-20 m) and a frequency of occurrence of 6-
10 per 1500 linear meters. Stable surfaces often coated with 
heavily varnished stones in arid environments. 

Small hills or hummocks of relict surfaces which rise above 
surrounding erosional surfaces 

Characterized by local relief of less than 150m, moderately 
steep to steep slopes (30 - 50%) and somewhat subdued 
profile. 

Characterized by local relief in excess of 150m, steep to very 
steep slopes (> 50%) and rugged profile. 

Volcanic flow Rough, rubbly, hummocky, poorly drained, gently sloping 
surfaces (I - 5%), occasionally cliff-bounded. 
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3.3.1 Data Description 

In order to assess both the extent of disrupted surfaces and the surface 

geomorphology discemable from satellite data, analysis was done on SPOT panchromatic 

and multispectral (XS) images acquired in the spring of 1993, and Landsat Thematic 

Mapper multispectral data acquired during the summer of 1993. The rationale for use of 

these systems is that both the SPOT panchromatic and XS data provide high spatial 

resolution information, while the Landsat Thematic Mapper provides the greater spectral 

resolution. Additionally, this data set, provided by Dr. Christopher Lee at California State 

University, Dominguez Hills, was currently being used as part of his LCTA research 

project at Ft. Irwin and was made available for use at no cost. 

3.3.2 Image Processing 

The first phase of processing the data involved geometric rectification. The 

SPOT panchromatic and XS images had been previously rectified to the Defense Mapping 

Agency 1:50,000 scale map sheet (Lee, 1994). For the SPOT panchromatic image, UTM 

coordinates for 29 ground control points were collected and then resampled using a 

nearest-neighbor algorithm. This rectified image has a RMS (root mean square error) of 

2.35 pixels and was used as the base image to which the SPOT XS was then registered. 

For my study, the registered SPOT panchromatic image was used as the base image to 
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which the Landsat TM image was registered. UTM coordinates for 45 ground control 

points were collected and resampled using a nearest-neighbor algorithm, yielding an RMS 

of 0.98. 

The general outline for the image processing was broken down into three phases; 

1) Run both unsupervised and supervised classifications on the 6 bands of TM 

data (the thermal band was not used). 

2) Create several products on which to run either supervised or unsupervised 

classifications (depending on the classification yielded the best results above) to delineate 

both geomorphic and disrupted surfaces. Interactively recode these based on the maps 

derived fi-om the air photo interpretation. 

3) Run a cross-classification on all of the above products created from the satellite 

data, and the photo-interpreted maps. 

In order to directly compare the satellite images with the photo-interpreted maps, 

the images were subset to match the ARC/INFO coverages. This included the creation 

of masks as the study areas were not orthogonal. The result was six data sets; a TM 6-

band, a SPOT panchromatic, and a SPOT XS for each study area. The TM data was then 

resampled to 10 meters using a nearest neighbor algorithm to allow for merges with the 

SPOT panchromatic data and to facilitate direct comparison of classifications among the 

different satellite data sets. 

The first phase involved running both an unsupervised and supervised 

classification on the TM data set for the Nelson/McLean study site to create an initial 



understanding of how the geomorphic surfaces would break out. It should be noted that 

all of the classifications were first run on the Nelson/McLean study site. This was done 

because most of the differing lithologies and landforms present at the NTC, with the 

exception of the basalt flows in the Whale study site, are found in this area. For the 

unsupervised classification, an isodata clustering algorithm was run using an initial 25 

classes. This number was chosen based on the 15 classes present on the photo-interpreted 

geomorphic surface map of this area. It was felt that some of these classes, such as playas 

and exposed carbonates, would probably not break out on the satellite image classification 

as separate classes. Thus, a larger number of classes was assigned with the intent of 

recoding them so as to identify the greatest number of distinguishable classes. 

The results of this 25-class classification showed the lack of spectral homogeneity 

present in the surface designated on the photo-interpreted map as granitic mountains and 

hills. In fact, this class included nearly all 25 signatures created from the classification. 

Because they were not alluvial surfaces and were rarely used for any type of military 

maneuvers, the granitic mountain areas were not an important component to this research 

and were masked out. The results of this unsupervised classification also indicated the 

presence of only 5 distinct geomorphic surfaces from the original 15 represented on the 

photo-interpreted maps (Table 2). 

Based on previous work done with Lee (1995), these results were not surprising. 

As mentioned earlier, a 25-class clustering algorithm was applied to a TM data set for the 

entire NTC in an attempt to delineate geomorphic surfaces. The results from that study 
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Table 2. Correlation between aerial photography and satellite data 
geomorphic surfaces 

Geomorphic Surfaces from Aerial 
Photosraphy 

Geomorphic Surfaces from Satellite 
Data 

Mountains, Hills — granitic Mountains 

Alluvial Slope, Plain, Fan, Wash — 
granitic 

Granitic Alluvial Slope 

Mountains, Alluvial Fan — volcanic 
Plio-Pleistocene non-marine 

Volcanic Hill 

Alluvial Slope, Plain, Wash — volcanic Volcanic Alluvial Slope 

Hill -- volcanic, Ballenas Remnant Alluvial Surface 

Playas, Carbonate Surfaces Playas/Exposed Carbonates 

indicated that seven spectrally distinct units could be identified. These included the 

granitic mountains and hills as well as a volcanic mountain/shadow class. Many of the 

processing techniques used in my research were directly based on this initial work by Lee 

(1994, 1995) and I was involved in interactively recoding the TM data set to represent 

the broad geomorphic surfaces present throughout the NTC. As a result of this initial 

investigation, I then attempted to apply these same techniques, this time using a TM data 

set which had been resampled to 10 meters, to a significantly smaller regional area. For 

the Nelson/McLean study site, 25 classes represented too many small clusters that could 

not be successfijlly recombined to form the contiguous surfaces present in the area. 

Based on the above results, training sites for only the five classes delineated from 



the unsupervised classification, were chosen for the supervised classification. The TM 

image was displayed on the screen and training sites were selected. A maximum-

likelihood classification was used and this methodology was performed iteratively to 

produce what was considered, qualitatively, the best product for subsequent quantitative 

analysis. Although many remote sensing studies have used supervised classification, based 

upon known surface properties, it seems better adapted to vegetation studies 

(Townshend, 1981). As Jones (1986) notes, in the mapping of geomorphic surfaces, it is 

difficult to obtain um'que spectral responses for landforms. Visual assessment of the 

unsupervised classification appeared to yield better depictions of the geomorphic surfaces 

in the Nelson/McLean area than did the supervised classification data. Based upon these 

results, an unsupervised clustering algorithm was used for the remaining analyses. 

To test the utility of using satellite data for mapping geomorphic and disrupted 

surfaces, several different products were created. Table 3 lists the eight merged image 

products upon which unsupervised classifications were performed. An isodata clustering 

algorithm was run on all of these products, designating 15 classes for each output image. 

These were then interactively recoded to the 5 more general geomorphic surfaces. 

Once this had been completed, all of these images, as well as the rasterized 

ARC/INFO coverage of the Nelson/McLean area were brought into DDRISI and run 

through CROSSTAB in order to create matrices comparing the satellite and photo-

interpreted classifications. These results were then entered into a spreadsheet in EXCEL 

to derive errors of commission, omission and the Kappa Index of Agreement (KIA). 
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Table 3. Image names and description of satellite data products for 
delineation of geomorphic surfaces 

Image Name Image Description 

NTMPS TM 6-band image, supervised classification 

NELHP155 TM image with the SPOT panchromatic high-pass filtered (3x3) 
image added as band 7 

NELLP155 TM image with the SPOT panchromatic low-pass filtered (3x3) image 
added as band 7 

NADDP155 TM image with the SPOT panchromatic image added back in to all 6 
bands of the TM image at 30% 

NTMP155 TM image with the SPOT panchromatic image added as band 7 

NRATI015 TM 5-band image (band 5 was deleted) with the ratios 2/1, 4/3, 7/5 
added back as bands 6, 7, and 8 

XS155 SPOT XS image 

NXSP155 SPOT XS image with SPOT panchromatic added as band 4 

Once these results were examined, the procedure yielding the best result was then applied 

to the images of the Whale study site, and error matrices generated from this final image 

and the photo-interpreted coverage of this area. 

To assess the ability of satellite data to identify disrupted surfaces, all of the above 

products were recoded to create boolean images and evaluated. These images displayed 

either the absence or presence of disruption. Additionally, a SPOT panchromatic high-

pass filtered image, a SPOT panchromatic low-pass filtered image, a straight SPOT 

panchromatic, and a 2/1, 4/3, 7/5 ratioed image created fi"om the TM data were also 
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examined. Of these images, only two appeared to be indicative of disruption in the 

Nelson/McLean area — NTMP155 (TM 6 bands + SPOT pan as band 7) and the SPOT 

panchromatic image. 

In the work done with Lee (1995) at the NTC, a SPOT panchromatic high-pass 

filtered image was used to create a boolean image of disruption based on 10 classes 

created from an unsupervised classification for the entire base. Upon returning to the field 

in 1996, it was felt that the areas indicated as disrupted using this procedure were too 

limited in their extent for my two study sites. Additionally, the varying degrees of 

disrupted surfaces within these study areas were not represented. With this knowledge 

as to the extent and degree of disruption present in the Nelson/McLean study area, the 

NTMP155 (TM 6 band + SPOT pan as band 7), and the SPOT panchromatic images were 

interactively recoded to create a map indicating five levels of disrupted surfaces — from 

non-disrupted to completely disrupted. 

The five categories of disruption assigned to both the Nelson/McLean and Whale 

study areas represent a continuum of disruption fi"om non-disrupted to completely 

disrupted surfaces. The criteria which distinguishes one level fi'om the next is based upon 

both the amount of vegetation present, and the degree to which the desert pavement has 

been disrupted. Evaluation of the validity of assigning the levels in this manner was based 

on knowledge derived from the field visits. 

To attempt a quantitative comparison of these images with the photo-interpreted 

ARC/INFO coverages of disrupted surfaces for the Nelson/McLean area, the ARC/INFO 
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coverages were rasterized and brought into ERDAS 7.5. These coverages included both 

polygons and lines and were subsequently subset together to create a single coverage. The 

next objective was to create, from this coverage, another coverage that would also 

indicate degrees of disruption. This was done by passing a 9x9 low-pass filter over the 

coverage, and then running the same filter again over this new coverage. The result was 

an image that could then be recoded to indicate 5 levels of disrupted surfaces. This 

derived image, and the two classified satellite images were then brought into IDRJSI and 

run through CROSSTAB to produce comparison matrices. These were not subjected to 

an error matrix analysis as what was interesting here were the percentage agreements as 

opposed to the errors of commission, omission and the Kappa Index of Agreement (KIA). 

Once the analysis was complete, all of the above images were brought into ARCVIEW 

for final display. 

3.4 Soil Surface Disruption 

A third goal of this project was to determine the effect that military maneuvers 

have on soil surface and vegetation characteristics at the NTC. For this portion of the 

study, analysis of both highly-disturbed and undisturbed surfaces was done on selected 

geomorphic surfaces. The selection criteria was based upon those surfaces which have 

seen the greatest degree of impact as deduced fi-om field investigations. Although for this 

study it was not possible to correlate quantitatively the amount of military activity with 



any one surface, it was possible to identify qualitatively those surfaces which have 

undergone a high degree of disruption versus those surfaces which are relatively 

untouched. Based upon the geomorphic surface maps derived from the aerial 

photography, the aerial photography itself, and the Military Installation Topographic 

maps, nine different surfaces were identifed to be used for the soil surface and vegetation 

analysis. Upon each of these surfaces, sample sites were selected that were either highly 

disrupted or as undisrupted as possible, with undisrupted surfaces often quite difficult to 

find. A week was spent in the field in January of 1996 to collect the data for this analysis. 

The goal of the soil analysis was to examine the degree of soil compaction due to 

the extensive maneuvers that occur approximately twice a month in the two study areas 

for a duration of about 10 days each. Four different types of analysis were conducted: 

soil penetrometer, soil infiltrometer, soil moisture content and soil texture. Additionally, 

vegetation condition data was collected at each sample site. 

Each sample site consisted of a 5x5 meter area upon which was laid a string grid 

composed of 25 1-meter quadrants. Once the grid was in place, secured into the ground 

by steel stakes, five of these quadrants were randomly selected from a random number 

table (Clark and Hosking, 1986). These were the sub-plots upon which the analyses were 

done. After the grid was established, the area was morphologically described as to slope, 

aspect, general condition of the soil surface, and vegetation characteristics. 

To collect the penetrometer readings, that indicate soil strength by measuring a 

soil's resistance to penetration, a Proctor Penetrometer was used provided by the 



Department of Soil and Water Science at the University of Arizona. This type of hand

held penetrometer included an array of feet, or needles, with areas of 1, 1/2, 1/4, and 1/8 

square inches. The measurements of force were given in pounds per square inch (PSI). 

Force readings were taken just as the base of the needle was flush with the ground 

surface, which was approximately 3 cm in each case. After a reading was taken, the 

needle was withdrawn, wiped clean, and the procedure repeated within each subplot for 

at least four more locations, at least 50-60 cm apart to prevent erroneous readings 

because of soil disturbance (Bradford, 1986). Dr. Art Warrick of the Department of Soil 

and Water Science advised on the sampling size and methodology and at least 25 readings 

were taken for each sample site. Needle sizes were adjusted according to the degree of 

surface compaction so as to keep the readings between approximately 70-130 PSI on a 

scale of 0-130. 

Because of the variety of needle sizes used, and in order to evaluate the results, 

the readings were first normalized to equivalent PSI readings. The mean PSI was then 

calculated for each sample site and these means were then converted to Pascals (Pa) using 

the equation; PSI x 6.90 x 10"^ = Pa (Condon and Odishaw, 1958). In order to test for 

significant differences between the samples of a disturbed and non-disturbed site for each 

independent geomorphic surface, a two-sample t-test assuming unequal variances was 

performed. For these tests, the following procedures were used; 
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Step 1; Hoi Ml - ~ 0 (The null hypothesis is that the difference 

between the two population means is zero, 

implying no significant difference exists 

between the two populations.) 

Step 2; Test statistic; t=  u \  -  u2-0  
Sp V I/n, + l/nj 

Where; fj., = sample mean 

Sp = estimate of the standard deviation for 

the two populations 

Where: Sp = V( n, - l)s/ + (n; - 1) S;" 
n, + n, -2 

Step 3; a = .05 (The data were tested at the a = 0.5 level 

of significance.) 

Step 4: The rejection region was identified. 

(Ho was rejected \ft> i. 

Hq was rejected if f < -/.) 

The collection of the soil infiltrometer data was done following recommendations 

by Sheri Musil, Senior Research Specialist with the Department of Soil and Water Science 

at the University of Arizona. Five sections of PVC pipe were used as infiltrometers, each 

section being 25 cm in height and 10 cm in diameter with a beveled edge on the end which 



penetrates the soil. Each of the infiltrometers was placed in the same subplot in which the 

penetrometer readings were subsequently taken and care was taken to insure the soil was 

not disturbed prior to the analyses. This resulted in 5 infiltrometer readings per sample 

site. In order to minimize the soil surface disturbance great care was taken to drive the 

PVC straight into the ground, to a depth of 5 cm, so as to retain a seal between the soil 

surface and the inside of the infiltrometer. Soil can also be disturbed by careless 

application of water to the surface inside the cylinder. Fine particles, such as clays, can 

temporarily be brought to the surface and settle on the soil again creating a restricting 

layer on the surface (Bouwer, 1986). To minimize this error, green scrub pads were cut 

to fit the inside of the infiltrometer and placed on the soil surface prior to adding the 

water. These pads absorb no water but break up the impact of the water upon the surface 

thereby preventing erosion by, and pooling of, the water. 

Once the infiltrometers were installed, rulers with 1-cm increments marked on 

them were taped to the inside wall of the infiltrometer, facing the sun to avoid shadows 

(Figure 8). Water was then added to the same fill line on each infiltrometer until the soil 

surface was saturated and an apparent steady rate of flow was noted. A stopwatch was 

then used to mark the time it took for the water to descend a given distance, usually 1 -2 

cm, but varying depending on the soil type and the degree of compaction. For analysis 

purposes, the results were normalized to the same rate (min/cm) and a mean rate for each 

sample site was derived. The above t-test was applied to these data sets but due to the 
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Figure 8. Soil infiltrometer. 

small sample sizes, and problems with collecting the data (covered in the RESULTS 

section) this test was not felt to be a reliable indicator of the difference in infiltration rates 

between the disturbed and undisturbed sites on each geomorphic surface. 

After the penetrometer and infiltrometer readings were collected, samples of the 

soil surface at each sample site were collected. Approximately 100 grams of the top 3-5 

cm of soil was collected from each subplot and placed into individual 4-oz sample cans, 

marked, and then sealed with electrical tape. Prior to going to the field, each sample can 

was weighed yielding a tare weight (empty can). Upon returning from the field, the 

sample cans were weighed yielding a wet soil weight, and then the samples were dried for 

24 hours in an oven set at 105° centigrade. The cans were then re-weighed yielding dry 



59 

soi! weiglit. Soil moisture was calculated using the following equation: 

% moisture = Cwet - drv't x 100. 
(dry - tare) 

Where: wet = can + wet soil 

dry = can + dry soil 

tare = can 

Once the percent moisture was calculated, the samples were combined according 

to sample site, and texture analysis was conducted by Teena Hayden at the Soil, Water 

and Plant Analysis Laboratory at the University of Arizona. This resulted in a cumulative 

percent of sand, silt, and clay for the surface soil at each sample site. 

The final aspect of the field work involved collecting data on the vegetation found 

in and around each sample site. This work was done by Ana Ferrus-Garcia, the 

vegetation specialist on the LCTA project at the NTC. At each sample site, the species 

composition, overall vegetation density, vegetation cover, and vegetation condition was 

recorded. Additionally, the vegetation community type surrounding the sample site, and 

its general condition, were also noted. 
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RESULTS 

4.1 Photo Mapping 

Results of the air photo mapping indicate that both the Nelson/McLean and Whale 

study areas contain landforms of low topographic relief, gentle slopes, both depositional 

and erosional environments, and fairly homogeneous expanses of geomorphic surfaces. 

In the Nelson-McLean study area, faulting has exposed in an area otherwise dominated 

by alluvial fans, alluvial slopes, alluvial plains, and washes derived from surrounding 

granitic formations. Both sedimentary and volcanic units crop out in these areas. 

Remnant highly-dissected alluvial fans, or ballenas, of volcanic detritus occur in the 

southwest portion of the study area with both the Nelson Lake and McLean Lake playas 

rimmed by volcanic and granitic material. In the Whale study area, geomorphic surfaces 

are dominated almost exclusively by volcanic hills, alluvial slopes and broad sand plains 

which are primarily granitic in origin. 

In the Nelson/McLean area, 16 distinct geomorphic surfaces were identified 

(Figure 9). With the exception of the granitic and volcanic mountain and hill categories, 

these surfaces were all formed during the Quaternary. The granitic alluvial surfaces are 

the most recent and are derived from the Mesozoic igneous intrusives that make up the 
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Figure 9. Photo-interpreted geomorphic surface map — Nelson/McLean. 
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Granite Mountains. The volcanic alluvial features result from erosional and depositional 

activity from the Tertiary volcanic mountains to the south and east of the study area, 

composed primarily of basalts and pyroclastics. The stable alluvial surfaces found in this 

area were formed during the Pleistocene (Dibblee, 1956) and are covered by heavily 

varnished stones and characterized by closely interlocking pebbly desert pavements. The 

small Plio-Pleistocene area located in the south-central portion of the study area is 

composed of clay-rich soils and is most likely a lacustrine deposit. 

After extensive analysis of both the 1947 and 1993 aerial photography, it was 

determined that the extent of the geomorphic surfaces had not changed during that time 

span, with the possible exception of the exposed carbonate surfaces. These had become 

so disrupted over time that it was difficult to tell on the 1993 photos whether the areas 

of exposure had expanded, or the surface had simply become churned up exposing large 

quantities of soil derived from these duripan surfaces. Field inspections were non-

conclusive but seemed to indicate a combination of the above. The delineation of all of 

the geomorphic surfaces relied upon the photography from both dates as the 1993 

photography had the best spatial resolution. 

The Whale study area (Figure 10), although dominated by Quaternary alluvial 

surfaces derived from the granitic Alvord and Cronese mountains, contains some surfaces 

which don't occur in the Nelson/McLean area. The Whale itself is a Pleistocene basalt 

flow which rises abruptly out of the surrounding plane, and is characterized by its dark. 
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boulder-covered surface. The hills rising to the east of the study area are composed of 

pre-Cretaceous metamorphic rocks and some intrusive granitic formations. Clustered in 

the southwest portion of the area, and along the northern base of the Whale formation are 

raised remnant surfaces of the upper Miocene (Dibblee, 1956). 

The aerial photography indicating disrupted surfaces showed evidence that a great 

deal of change had occurred in the surface characteristics of the two study sites between 

the two dates. Surface disruption in 1947, minimal in those areas which contained 

evidence of heavy-armor travel, appeared to be confined to a few roads while a majority 

of the area gave no appearance of having seen any military traffic. Disruption was more 

apparent in the Nelson-McLean study area (Figure 11) which had a few dirt roads 

bisecting the area near the Nelson Lake playa itself but none up in the region of McLean 

Lake nor along the long piedmont slope of the Granite Mountains. In the Whale area 

(Figure 12), only two roads and one poweriine traversed this site at this time. 

By 1993, however, the amount of surface disruption was considerable (Figures 

13 and 14). In addition to numerous roads that now bisected both study areas (Figure 

15), hundreds of sites existed where surfaces had been scraped clean of all vegetation and 

surface coverings. Some of these sites were used for a maneuver called 'hull defalide' in 

which a pit is dug deep enough for a tank to hide in and the tank repeatedly surfaces as 

it shoots and then descends again. Other areas were simply denuded as a result of 

extensive maneuvers upon their surfaces. These areas are represented by small black 

polygons on the digitized maps. It should be emphasized here that in order to quantify the 



Vehicle Tracks 

tv^-vj Mountains - granitic 

I I Alluvial Slope - granitic 

Alluvial Plain - granitic 

Alluvial Fan - granitic 

m Mountains - volcanic 

I Alluvial Slope - volcanic 

I Alluvial Plain - volcanic 

I Ballenas 

I Alluvial Fan - volcanic 

I Hill • volcanic 

Hill - granitic 

Wash 

• Cartx>nate Surfaces 

Playa 
Hill - Pllo-Plelstocene 

1.-' 

% \ 

feh-, \ ̂
 

~m 

0 1 2 3 4 5 Kilometers 

igure 11 1947 photo-interpreted disinpted surface map -  Nelson/iMcLean 



I I Outside Military Boundary 

^^Vehlcla Tracks 

HIM - Basalt 
EU Hill - Granitic 
vmnk Mill - Metamorphic 
LJ Alluvial Slope - Gninitic 

Alluvial Plain - Granitic 
MWta Alluvial Slope • Volcanic 
I^J Alluvial Plain • Volcanic 
BSa Wash 
m Exposed Remnant Surface 

N 

0 12 3 Kilometers 

Figure 12 1947 photo-interpreted disrupted surface map -  The Whale Cn 



/^^Vehicla Tracks 

1^1 Continuous Disruption 

{Mountains • granitic 
I I Alluvial Slope • granitic 

Alluvial Plain • granitic 
Alluvial Fan - granitic 

{Hill Mountains - volcanic 
Alluvial Slope - volcanic 
Alluvial Plain • volcanic 
Ballenas 
Alluvial Pan - volcanic 
Hill - volcanic 
Hill - granitic 

[ftWN Wash 
I I Carbonate Surfaces 

^3 Pi"y» 
B531 Hill - Plio-Pieistocene 

N 

5 Kilometers 

Figure 13 1993 phoio-inierpreiecl ciisrupied surface map -- Nelson/McLean 0\ 



m Continuous Disruplion 

A/ Voliicis Tracks 

IB Hill • Basalt 
Hill • Granitic 
Hill - Metamorphic 

• Alluvial Slope - Grt>nitic 
m Alluvial Plain • Granitic 
F~1 Alluvial Slope • Voleanic 
m Alluvial Plain • Volcanic 

Wash 
Exposed Remnant Surface 

N 

0 12 3 Kilometers 

Figure 14. 1993 photo-inierpreted disrupted surface map -- The Whale o\ 
00 



69 

amount of surface disruption for the study areas, a unit of measure had to be assigned to 

the digitized lines which represent the roads in the area. As a result of field observations, 

the lines were assigned a lO-meter track width to represent the average road width at the 

NTC. From this, the amount of disruption was calculated per study site. 

Figure 15. Roads bisecting raised remnant surfaces at the NTC. 

As indicated by the photo mapping, the extent of disrupted surface in the 

Nelson/McLean study area grew from approximately 1 km^ in 1947 (Table 4) to 

approximately 11.7 km* by 1993 (Table 5). In the Whale study area, the amount of 

surface disruption increased from approximately .3 km^ in 1947 (Table 4) to 21.7 km* 



SURFACE TRACK 
(meters') 

TOTAL 
(Km') 

Mounlains - Granitic 108,647 11 

Alluvial Slope - Granitic 153,797 .154 

Alluvial Plain - Granitic 1,498 .001 

Alluvial Fan - Granitic 0 0 

Hill - Granitic 0 0 

Mountains - Volcanic 19,405 .019 

Alluvial Slopc-Volcanic 417,955 .41 

Alluvial Plain-Volcanic 184,049 .18 

Alluvial Fan - Volcanic 38,782 .039 

Hill - Volcanic 32,795 .033 

I3allcna.s 43,378 .043 

Wash 50,058 .05 

Carbonate Surfaces 0 0 

Playa 3,426 .003 

Hill - Pleistocene KM 1,740 .002 

T<iJa! Area <if 
Disrupted Surfacc 

l,tt55,53t» 1 

SURFACE TRACK 
(meters') 

TOTAL 
(Km') 

1 lill - Basaltic 88,060 .09 

Alluvial Slope - Basaltic 0 0 

Alluvial Plain - Basaltic 0 0 

Hill - Granitic 0 0 

Alluvial Slope - Granitic 48,794 .049 

Alluvial Plain - Granitic 158.533 .16 

Hill - Metamorphic 63,905 .064 

Wash 0 0 

Exposed Remnent 
Surface 

0 0 

Total Area of 
Disrupted Surfacc 

359,292 .36 

Table 4. Total area of 1947 disrupted surfaces per 

geomorphic surface for the Whale (above) 

and the Nelson/McLean (left) study sites. 



SURFACE PITS ETC. 
(meters') 

TRACKS 
(meters') 

TOTAL 
(Km') 

Mountains - Granitic 0 76,440 08 

Alluvial Slope - Granitic 224,081 1,656,334 1.9 

Alluvial Plain - Granitic 146,836 555,481 .7 

Alluvial Fan - Granitic 245,012 516,983 .8 

Hill - Granitic 13.934 70,751 .08 

Mountains - Volcanic 50,110 61,885 .1 

Alluvial Slope-Volcanic 802,051 3,095,343 3.9 

Alluvial Plain-Volcanic 509,870 1,056,820 1.6 

Alluvial Fan - Volcanic 43,786 187,488 .2 

Hill - Volcanic 252,564 667,946 .92 

Ballenas 148,224 750,195 .9 

Wash 84,841 411,448 .5 

Carbonate Surfaces 2,706 24,773 .03 

Playa 1,369 2,668 .004 

Hill - Pleistocene NM 0 34,381 .03 

Total Area of 
Disrupleil Surfacc 

2,525,386 9,388,280 11.7 

SURFACE PITS ETC. 
(meters') 

TRACKS 
(meters') 

TOTAL 
(Km') 

Hill - Basaltic 1,819 400,618 .4 

Alluvial Slope - Basaltic 0 55,116 .05 

Alluvial Plain - Basaltic 0 0 0 

Hill - Granitic 0 21,963 .02 

Alluvial Slope - Granitic 200,090 972,380 1.2 

Alluvial Plain - Granitic 16,345,830 3,190,156 19.5 

Hill - Metamoiphic 0 219,396 .2 

Wash 264,705 9,417 .3 

Exposed Reinncnt 
Surface 

0 0 0 

Total area of 
Disrupted Surfacc 

16,812,443 4,679,046 21.7 

Table 5, Total area of 1993 disrupted surfaces per 
geomorphic surface for the Whale (above) 
and Nelson/McLean (left) study sites. 
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by 1993 (Table 5). Although the amount of surface disruption may appear to be greater 

on certain geomorphic surfaces, this is attributed to the maneuver activities determined 

by the military at the NTC and is not reflective of a surface's reaction to disruption. 

What was of particular interest at the Whale study site, although not mapped for 

this study, was the extent of wind-blown sediment which covers this formation. Derived 

from the alluvial plain adjacent to the southern edge of the Whale, sediment deposits are 

evident on the 1947 aerial photography, particularly on the western portion of the flow 

(Figure 16). By 1993, however, the growth of the sediment deposits on the flow are 

evident (Figure 17). There is little doubt that the maneuver activity which has stripped 

large portions of the granitic plain of surface coverings and vegetation has contributed to 

the increase in deposits by creating a greater source area for wind-blown sediment 

transport. Although the photography spans a 46-year time period, the actual period of 

intense military activity in this area is only about 10 years. Color-infi-ared photography 

of this area for 1983 shows the amount of sediment covering the Whale to be much closer 

to the amount present in 1947. 

4.2 Image Processing 

4.2.1 Mapping of Geomorphic Surfaces 

The initial processing of the satellite data was based upon the geomorphic 

classifications derived from the aerial photography. Initially, it was hoped that the 15 



Figure 16 Sedimenl deposits on the Whale — 1947 



Figure 17 Sediment deposits on the Whale ~ 1993 
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classes mapped for the Nelson/McLean study area would break out to some degree under 

a 25-class isodata clustering algorithm run on the TM data for this site. However, as 

previously mentioned, only 5 broad geomorphic classes broke out as spectrally 

independent, and these were compared to the reclassed photo-interpreted maps (Figures 

18 and 19). 

It should be stated that a crucial methodological assumption when mapping 

geomorphic units from aerial photography, is that natural terrain units on the ground are 

represented on the photography through tone, texture, pattern, shape, site association and 

dimension. Spectral response patterns, then, should represent the combination of these 

attributes. Therefore, classification results when comparing mapping from aerial 

photography and satellite data, should be viewed as comparison assessments, or 

interpretation accuracy (Franklin, 1987). The delineation of geomorphic surface classes 

from the satellite data in this study is based on personal judgement derived from 

knowledge gained in the field and from the aerial photography mapping. In this sense, the 

mapping is only as good as the mapper. Still, this type of approach is the best available 

method for assessing the results of digital landform classification. If there appears to be 

a reasonable level of agreement between the two methods, then the value of the digital 

interpretation is validated (McCarthy et al., 1996). 

With this view, the results of the supervised classification on the Landsat TM data 

may be better explained. In attempting a supervised classification, training sites are also 

selected based on the areas which are best thought to represent the landscape classes. 
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while in an unsupervised classification, randomly sampled pixels actually do represent the 

landscape (Franklin, 1987). Additionally, in geomorphology, it is often quite difficult to 

find unique spectral responses fijr landforms which are based not only on their surface 

materials, but on their morphology and site association. Although attempted several times, 

the supervised classification of the TM 6 band image (NTMPS) provided a poor indicator 

of geomorphic surfaces in the Nelson/McLean area. This was especially clear when the 

results of the error-matrices, indicating overall accuracy and Kappa Index of Agreement 

(KIA), for all the products were compared (Table 6). The complete error-matrices for all 

products are shown in Appendix A. 

The Kappa Index of Agreement, which has wide application in remote sensing 

studies, yields a K^^, statistic which is a measure of agreement or accuracy (Kliman, 

1996; Rosenfield and Fitzpatrick-Lins, 1986). It is calculated as; 

K-ha, = iP.-Pc)l -PJ 

where; = the proportion of units which agree 
Pc = the proportion of units expected for chance agreement 

This statistical measurement is used to account for chance agreement which may occur 

within a standard error matrix, as overall accuracy only incorporates the major diagonal 

and excludes the omission and commission errors. Kh^, computates the off-diagonal 

elements as a product of the row and column marginals. Depending on the amount of 

error inherent in the matrix, these two measures (overall accuracy and the K^^t statistic) 

may not agree (Jensen, 1996). As a result of using the Kappa Index of Agreement in this 
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Table 6. Comparison of overall classification accuracies for the satellite data against 
the photo-interpreted geomorphic surface maps. 

Image Overall Accuracy Kappa Index of 
Agreement (KIA) 

NTMP155 
TM 6 band -i- SPOT pan as band 7 

83.36% 77.28% 

NELHP155 
TM 6 band -i- SPOT high-p3.<<s pan a.s 

band 7 

82.13% 75.61% 

NELLP155 
TM 6 band » SPOT low-pa5s pan as 

band 7 

80.83% 74.05% 

XS155 
SPOTXS 

77.83% 69.57% 

NXSP155 
SPOT XS + SPOT pan as band 4 

77.07% 68.07% 

NADDP155 
TM 6 band * 30%addback of SPOT pan 

71.43% 61.74% 

NTMPS 
Supervised classification of TM 6 band 

70.82% 62.62% 

NRATI015 
T\J 5 band ' bands 6,7,8 = 2/1.4/3.7/5 

42.12% 24.77% 

study, both overall and individual category classification accuracy can be assessed creating 

a reliable indicator of the ability of remotely-sensed data to accurately classify landforms. 

Of the eight products created for evaluation of geomorphic surfaces at the 

Nelson/McLean study site using satellite data, the NTMP155 image (TM 6 band + 

SPOT pan) (Figure 20) gave the best overall accuracy (83.36%) and KIA (77.28%) 

(Table 7). It is apparent that when the high spectral resolution of the Landsat TM data 
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Figure 20 NTMP155 -- Geomorphic surface map created from 6 bands of TM data plus a seventh band of 

SPOT panchromatic data for the Nelson/McLean study site. 
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is combined with the high spatial resolution of the SPOT panchromatic data (images 

NTMP155, NELHP155, NELLP155) both the overall accuracy and the KIA is quite high. 

Although the application of textural filters still produced fairly good results, it appears 

that the drop in accuracy may be attributed to occasional rapid spectral shifts involved in 

merging the high-pass filtered SPOT panchromatic image with the TM data (Lee, 1995). 

When the SPOT multispectral data is evaluated on its own (XS155), both the 

overall accuracy and the KIA drops. Even when the high spatial resolution of the SPOT 

panchromatic data is combined with the lower spectral resolution of the SPOT 

multispectral data (NXSP155) the overall accuracy doesn't improve. This appears to 

indicates the value of the higher spectral resolution provided by the Landsat TM for 

mapping geomorphic surfaces. When the SPOT panchromatic data is only added back 

at 30% to the 6 bands of TM data (NADDP155), a more significant decrease in 

accuracies occurs. This trend with the merged TM and SPOT panchromatic data sets, 

indicates that the spatial resolution provided by the SPOT data influences the accuracies 

of these data sets to map geomorphic surfaces. 

The poor overall accuracy and KIA for the image created fi^om the 5 bands of TM 

plus the ratio images (NRATIO15) suggests that the division of surfaces along primarily 

spectral/mineralogical lines segments homogeneous geomorphic units. Because the use 

of ratios subdues topography, there may be spectral/topographic relationships which help 

to delineate geomorphic surfaces that have been subdued or eliminated. This relationship, 

however, is speculative and presents an area of further research. 
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Table 7. Errors of omission and commission and the error matrix for the 
NTMP155 image and the 5-class photo-interpreted geomorphic 

surface map. 

Airphoto DaU-> 
Classified Data 

Errors of Omission Errors of Commission Percent Correct 

Bacitground 1.07% 8.83% 98.93% 

Volcanic Hill 34.41% 7.62% 65.59% 

Remnant Surface 71.27% 38.95% 28.73% 

Volcanic Slope 14.85% 27.22% 85.15% 

Granitic Slope 18.66% 9.67% 81.34% 

Playas/Evaporates 18.18% 26.26% 81.82% 

Overall: 16.64% 16.64% 83.36% 

Aiqihoto Data-* 
Classified Data 

Back
ground 

Volcanic 
Hill 

Remnant 
Surface 

Volcanic 
Slope 

Granitic 
Slope 

Playas/ 
Evaps 

Row 
Total 

Background 760700 4847 0 0 63029 0 828576 

Volcanic Hill 131 79016 4979 3231 837 0 88194 

Remnant Surface 219 25172 51542 42287 2189 5 121414 

Volcanic Slope 2836 11152 118664 536044 35608 3075 707379 

Granitic Slope 5073 278 3411 42080 449999 2651 503492 

Playa/Evaporates 0 0 787 5910 1552 25797 34046 

Column Total 768959 120465 179383 629552 553214 31528 1903098 

Table 7 shows the errors of omission and commission for the best product, the 

NTMP155 image created from the combined TM and SPOT panchromatic images. The 



greatest error in classification occurred within the category of Remnant Surfaces. The 

results show that 71.27% of the areas on the photo-interpreted map of Nelson/McLean 

mapped as remnant surfaces have been mapped by the satellite image as associated with 

other classes. The primary error occurs where remnant surfaces on the photo-interpreted 

map have been mapped belon^g to either the Volcanic Hill or Volcanic Slope category 

in the satellite data. This is not surprising due to the nature of the surfaces in those areas -

volcanic material that has not been disturbed by military activity - that often appear similar 

in tone to varnished remnant surfaces, whether those surfaces are granitic or volcanic. 

Although field observations show the remnant surfaces to have more well-developed 

varnished surfaces, many of these have been highly disturbed exposing lighter soils and 

unvarnished surfaces of rocks and pebbles. This disturbance would cause the variation 

in signatures found on the different volcanic surfaces and could readily account for the 

mis-classifications. 

Another area of mis-classification, indirectly indicated by the error-matrix but 

readily apparent on visual inspections of all of the satellite-image products, is in the area 

of granitic alluvial fans bordering McLean playa to the north. These fans were 

consistently classified as belonging to the Volcanic Slope class although their surfaces 

are composed of the same material as the adjacent fans. The difference can be attributed 

to the lack of military maneuvers upon them, and the relative stability of the natural 

alluvial processes, which has left these fans with surfaces of heavily-varnished rocks and 

closely-interlocked, pebbly desert pavement. This results in signatures from these 
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surfaces that differ, often significantly, from the highly-disturbed granitic soils which 

constitute the remainder of this study area. 

The greatest areas of agreement for the NTMP155 image (85.15%), occur in the 

Volcanic Slope category with both the Playa/Evaporates (81.82%) and the Granitic Slope 

(81.34%) categories showing strong agreement as well. (Although the Background 

category shows the strongest correlations between the two data sets, these are simply the 

areas of granitic mountains and hills which have been masked out of both the photo-

interpreted and satellite image classifications.) What is interesting, is that in subsequent 

image matrices (Appendix A), although the error of omission generally is highest in the 

Renuiant Surface category, the error of commission begins to increase dramatically in the 

Playa/Evaporates category. This is a result of the inability of these data to distinguish 

between highly disrupted surfaces, and playas and exposed carbonate surfaces. Although 

all three of the products which combined the TM data and the SPOT panchromatic data 

(NTMP155, NELHP155, NELLP155) were able to break out the playas and exposed 

carbonates as a separate class, they also included varying amounts of highly disrupted 

surfaces. The disrupted surfaces in this arid environment, particularly the granitic surfaces, 

are light colored and have a bright spectral response similar to that of the playas and 

carbonate surfaces. The NTMP155 image, however, included the smallest percentage of 

disrupted surfaces within the playa/exposed evaporates class. As a result, this image was 

subsequently used to test its ability to map disrupted surfaces. 

After the analysis for the Nelson/McLean study site was completed, the image 
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processing steps which yielded the best results were then applied to the Whale study area. 

Although the overall accuracy for this image was fairly high (77.42%), the KIA was quite 

low (44.29%). Analysis of the error matrix (Table 8) and of the image WTMP (Figure 21) 

Table 8. Error matrix for WTMP and the 5-class geomorphic surface map 
for the Whale study area. 

Aiqihoto Data-^ 
Classified Data 

Volcanic 
Hill 

Remnant 
Surface 

Volcanic 
Slojie 

Granitic 
Slope 

Granitic 
Hill 

Row 
Total 

Volcanic Hill 78975 5555 12311 18656 6699 122196 

Remnant Surface 47791 3219 6100 7194 4757 69061 

Volcanic Slope 22120 6502 20338 71435 4843 125238 

Granitic Slope 27369 13742 24148 862066 2177 929502 

Column Total 176255 29018 62897 959351 18476 964598 

Errors of 
Omission 

Errors of 
Comm. 

Percent 
Correct 

Volcanic Hill 55.19% 24.52% 44.81% 

Remnant Surface 88.91% 226.90% 11.09% 

Volcanic Slope 67.66% 166.78% 32.34% 

Granitic Slope 10.14% 7.03% 89.86% 

Overall: 22.58% 22.58% 77.42% 

shows that the greatest errors occur as much of the area classified as Remnant Surface 

on the photo-interpreted maps is classified as Granitic Slope on the satellite image, and 

a great deal of the Volcanic Hill category being identified as Remnant Surfaces. 

Additionally, a high percentage of the surfaces delineated as Volcanic Slope in the photo-



4 

J 

•• Volcanic Hill 

Exposed Remnant Surface 

• Alluvial Slope - Volcanic 

I I Granitic Hill 

n\ Alluvial Slope - Granitic 

3 Kilometers 

Figure 21 WTMP -- Geoniorpiiic surface map crcaied from 6 bands of TM data plus a seventh band of 

SPOT panchromatic data for the Whale study site. 
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interpreted maps, were classified as Granitic Slope on the classified satellite image. 

The first error is most likely due to the fact that the remnant surfaces were 

identified from the aerial photography not so much due to their tone, but due to their 

topographic relief when viewed in stereo. These surfaces create a type of "badlands" 

topography in the area, jutting above the surrounding surfaces which are exposed to 

ongoing alluvial (and military) activity. The problems in mis-classification between 

volcanic and granitic slopes and remnant surfaces is attributed, again, to the surface 

disruption caused by intensive military maneuvers in this area. Finally, one area on the 

photo-interpreted map is identified as a granitic intrusion. As with the Nelson/McLean 

study area, this area not only did not break out as a single class, but tended to reflect 

many different signatures. As it was a small outcropping, this area was not masked prior 

to the processing of the data which led to further, albeit not necessarily significant, errors 

of commission. 

4.4.2. Mapping of Disrupted Surfaces 

After extensive field reconnaissance, and the processing and analyzing of all of the 

above products, it was felt that only two ~ NTMP155 (TM 6 band + SPOT pan as band 

7) and the 15-class image PAN15 fi-om the SPOT panchromatic image —showed the 

presence and levels of disruption in the Nelson/McLean study area. These images were 

first isolated by visual inspection based on first-hand knowledge of the condition and 

extent of disrupted surfaces in this area. The binary images of this area, based on the 10-



class classification of a SPOT high-pass filtered image fi'om Lee (199S), and a 15-class 

classification on the two above images for this study, were good indicators of the area! 

extent of disruption in both the Nelson/McLean and Whale study sites. AJl of these 

images, however, lacked information about the degree of disruption upon these surfaces 

as they simply indicated the absence or presence of disrupted surfaces. During the first 

analysis in 1995, the image created from the high-pass filtered SPOT image was found to 

contain areas of naturally-occurring alluvial activity, such as small washes on fans. This 

suggested the amount of surface disruption represented by this data was over-estimated. 

Upon later field inspection, it was found that the amount of disruption occurring by 

natural alluvial activity was minimal and that the extent of disrupted surface in the 

Nelson/McLean area indicated by the high-pass filtered SPOT image was actually 

underestimated. Additionally, analysis of soil surface and vegetation characteristics 

revealed that different degrees of disrupted surfaces were present in the area, with those 

areas considered non-disrupted being extremely limited. In fact, vast portions of this 

study area contained surfaces that had been so completely disrupted that what vegetation 

existed was present only because it had not literally been tread upon, although the surface 

immediately surrounding it had. As a result, it was felt that five levels of disruption best 

represented the existing surfaces conditions at the NTC. 

Another consideration in seeking a better method to map disrupted surfaces was 

that in order not to have the playas classified as disrupted surfaces on the high-pass 

filtered SPOT image, they had to be masked. The same problem arose with all of the 
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products used for geomorphic surface analysis with the exception for NTMP155 (TM 6 

band + SPOT pan) and PAN15 (SPOT pan). Although both of these images included 

areas of disrupted surfaces which fell into a 'playa /exposed carbonate' category, the 

amount was small and considered fairly insignificant. It is possible that these surfaces 

were isolated on the SPOT panchromatic image simple through increasing the number of 

classes, and through "smoothing" the areas by not applying a high-pass filter to the 

image. 

Once these two images had been interactively recoded to represent five levels of 

disruption, fi-om non-disrupted to completely disrupted, visual inspection indicated that 

the PAN 15 image (Figure 22) was the best indicator of levels of disruption. The same 

processing steps were then used on the SPOT panchromatic image of the Whale study 

area (Figure 23). The resulting images of disruption, created after the last visit to the 

field, were visually checked against the 1993 aerial photography and were felt to be highly 

representative of the extent and degree of surface disruption occurring in the study sites. 

There were a few areas, such as the upper northeast comer of the Whale and the alluvial 

fans along the northern border of McLean playa, that were classified as being highly 

disrupted and are, in fact, relatively non-disrupted. The vast majority of the areas, 

however, appeared to be well matched to the current extent of surface disruption. 

The next analysis compared the amount of disrupted surface indicated by the air 

photo mapping with the amount indicated by the satellite data. During the air photo 

mapping, the myriad roads, tank pits and areas scraped completely clean of surface 
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Figure 22 PAN 13 -- Disrupted surface map created from SPOT panciiromatic data for tlie Nelson/McLean study site. § 
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Figure 23. Disrupted surface map created from SPOT panchromatic data for the Whale study site. 



coverings and vegetation were mapped as disrupted. The inherent problem is that nearly 

all of the surfaces have some degree of disruption occurring between or around the above 

mapped areas and it is virtually impossible to manually map all of this disruption. When 

looking at the aerial photos, it may appear that a particular surface doesn't have any single 

tracks crossing it, and that the surface is clearly darker than the surrounding roads or 

nearby pits. However, these areas are most often so disrupted that no single track is 

apparent. Additionally, they may contain some vegetation such as isolated creosote 

bushes; yet, these surfaces are not quite as heavily impacted as the adjacent surfaces that 

are scraped clean of vegetation and so appear darker on aerial photography. The result 

is that mapping from air photos was not considered a good indicator of the total extent 

of disrupted surfaces occurring in the study sites. 

Due to these problems, an error matrix was not run between the satellite image 

and the rasterized photo-interpreted map (Figure 24). Instead, the percent of pixels 

classified as disrupted in both maps were examined (Table 9). This analysis was done 

only for the Nelson/McLean area as it was felt these results would be indicative of the 

overall accuracy of these two mapping techniques. The results of this analysis indicate; 

1) the percentage of area mapped on each product for each level of disruption, and 2) the 

percentage of the different disruption levels on the photo-interpreted map that 

corresponded to the same disruption levels on the satellite data. What is of most interest 

is the differences in percentage of areas mapped for the different disruption levels. On the 

map derived from the airphotos, only .5 % of the total Nelson/McLean study site was 
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Table 9. Comparison of airphoto and satellite imagery maps for disrupted surfaces. 

Airphoto Data-» 

Cl-assificd Data 

Level 1 
Non-disrupted 

Level 2 
Disrupted 

Level 3 
Moderately 
Disrupted 

Level 4 
Highly 

Disrupted 

Level 5 
Completely 
Disrupted 

Row Total % 
Total 
per 

level 

Level 1 11214 1188 5729 592 10 28733 3.5 

Level 2 21686 2046 15144 1741 155 60772 7 

Level 3 23013 22540 17590 2483 292 65918 8 

Level 4 67290 71375 66573 10540 828 216606 26 

Level 5 12371 137431 158782 32249 4233 454066 55 

Column Total 456248 264580 263818 147605 5518 826095 

Pcrcent of Total 
per Level 

40 23 23 13 .5 

% of Airphoto 
/Satellite 

Agreement per 
Category 

7 20 46 91 97 

4^ 
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mapped as Level 5 (compieteiy disrupted), and only 13% as Level 4 (highly disrupted). 

Forty-six percent of the area was mapped as slightly to moderately disrupted with 40% 

falling into the Level 1 category of non-disrupted surfaces. These results are in striking 

contrast to the PAN] 5 image which indicates 55% of the area is Level 5, 26% is Level 

4, and only 3.5% is Level I. The PAN15 image is felt to be much more indicative of the 

extent and levels of disruption in this area. 

Although these two products could not be run through an error matrix, some 

correlation analysis was conducted. Of all the pixels on the photo-interpreted map which 

fell into the Level 4 or 5 category, 97% were also mapped as Level 4 or 5 on the PAN 15 

image. This confirms that those surfaces which are recognized as being extremely 

disaipted on the aerial photographs, are also recognized as such by the satellite data. The 

biggest discrepancy occurred at the Level 1 category where only 7% of the area on the 

photo-interpreted map were recognized as non-disrupted on the PAN15 image. This 

verifies the difficulties in mapping the total extent of disrupted surfaces, including all 

levels of disruption, from aerial photography. 

4.3 Soil Surface Data 

The primary goal in conducting a soil surface analysis of the geomorphic surfaces 

in the study sites was to attempt to correlate surface and vegetation conditions with 



miiitary activities and the eflfect of maneuvers upon these surfaces. The size of a unit 

that deploys to the NIC is usually a Brigade which consists of one Armor Battalion, one 

Mechanized Infantry Battalion, and one Light Infantry Battalion. In addition, a Motorized 

Rifle Regiment, constituting the Opposing Forces, will fight battles against one of the 

above battalions in the southern portion of the NTC. The types of military vehicles and 

aaivities which constitute a maneuver are listed in Table 10. During each 28-day rotation, 

maneuvers are conducted for a duration of two weeks followed by approximately a week 

during which the base is "policed" by patrols which detonate unexploded ordinance. In 

both study sites, activity associated with these maneuvers (Figures 25 and 26) include the 

digging of tank ditches, and turret and hull defilade positions (pits dug for almost all the 

tanks). The use of mine plows and rollers for breaching mine fields involve attaching the 

plows and roller to tanks and using the 70-ton bulk of a tank to push these across an 

expanse of soil. The only restrictions for digging on the NTC involve being 100 meters 

away from all paved roads and no digging in ofF-limit areas, such as playas or Desert 

Tortoise habitats (McDonald, personal communication). 

To assess the soil surface and vegetation conditions left by these maneuvers, 

surfaces which were extremely disrupted were compared with those that had seen little 

or no impact. The results are a simple comparison of soil surface and vegetation 

characteristics between these two surface types, as opposed to a detailed analysis of the 

characteristics of highly-disturbed soils. The objective was to assess the changes which 

occur to these surfaces over a relatively short time span (approximately 10-15 years) as 



Table 10. Elements of a Brigade at the NTC, Ft. Irwin. 97 

BRIGADE 

BLUE FORCES Equipment 

Armor Battalion 50 - 60 Ml Al Abrams Main Battle Tanks 
70 tons (120 mm main gun) 

Mechanized Battalion 50 - 60 M2 Bradley Infantry 
35 tons (25 mm cannon) 

Light Infantry Battalion 1 0 - 1 5  H M M U V ' s  m i n i m u m  
2 tons 

OPPOSING FORCES (OPFOR) 

Motorized Rifle Regiment Approximately 100 Sheridans, HMMLfVs, 
Soviet vehicles (T72s, BRDMs, BMPs) 

—One Blue Force Battalion (Armor or Mechanized) will conduct a live fire in the 
northern corridor of Leach Lake Oust to the north of the Nelson/McLean study area), 
while one Battalion (Armor or Mechanized) will conduct maneuver training in the south 

—The OPFOR will fight different types of battles with the Blue Force maneuver 
unit which is in the south. 

—The Leach Lake live fire range (just to the north of the Nelson/McLean study 
area) is used for the firing of 155 mm and 105 mm Howitzers, Multiple Launch Rocket 
System, Hell Fire Missiles from Apache Helicopters. 

—When this live fire conducted in the north is orientated towards the east, the 
Nelson/McLean area becomes a Main Supply Route (MSR), an area through which all 
supplies travel. This area could see the a minimum of 1000 passes by vehicles in a single 
day when in fiill use. This is in addition to the activities including the establishment of tank 
ditches, turret and hull defilade positions, and the use of mine plows and mine rollers. 



Figure 25. Ml A1 Abrams Main Battle Tank during maneuvers at the NTC 
(Photo Dept. of the Army) 

Figure 26. Defensive position during maneuvers in the Nelson/McLean area. 
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a result of intense use by heavy militaiy vehicles during maneuvers. Data for soil strength, 

moisture, texture and infiltration, as well as vegetation conditions, were collected for 

each site. 

Prior to heading to the field, selected geomorphic surfaces were identified for the 

soil surface test sites (Figures 27 and 28). An attempt was made to chose sites on each 

geomorphic surface that were approximately at the same elevation and physiographic 

setting. For all of the soil surface analyses, mountains and hills of metamorphic, granitic 

and volcanic nature were omitted, as were washes, playas and carbonate surfaces. 

Because features such as washes and playas were undergoing constant change through 

natural processes, and therefore didn't form well-developed surface soils, there was little 

to be gained from analyzing these surfaces for change related to military activity. The 

mountain and hill categories were excluded due to the extremely limited military activity 

which occurs in these areas. Exposed carbonate surfaces, quite compact by nature, and 

with a limited extent throughout the base, were also excluded. In the Whale study site, 

the upper-Miocene remnant surfaces indicate an absence of military activity in these areas 

and so were also not included in the studies. 

The first, and perhaps most interesting analysis was to examine soil strength as 

indicated by soil penetrometer readings (Figure 29). Using the software package EXCEL, 

the statistics generated by the r-test on the nine remaining surfaces indicate that the soil 

strength results acquired between disturbed and non-disturbed sample sites for a given 
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Figure 29. Taking soil penetrometer readings at the Nelson/McLean 
study site. 

geomorphic surface are ail significantly different at the 0.5 confidence level. The total 

statistics calculated for each pair of sample sites are found in Appendix B. Figure 30 

shows the soil strengths in Pascals for both a disrupted and non-disrupted study plot. 

From these results, it is apparent that extensive military maneuvers in these areas have 

created often significant compaction upon soil surfaces. Only one surface, that of a 

granitic alluvial fan showed a decrease in soil strength as a result of military maneuvers 

upon it. While taking measurements on this surface (Figure 31), tanks upslope of the site 
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Figure 31. Highly disrupted granitic alluvial fan. 

Figure 32. Desert pavement on an undisturbed granitic fan. 
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Figure 33. Compacted surfaces as a result of linear movement of vehicles 
at the Nelson/McLean study site. 

were observed conducting pivot maneuvers, similar to 360° turns. This type of activity 

would coincide with the nature of the disturbed surface on this granitic fan — loose, very 

sandy soil piled into deep berms creating a 'sandbox' quality to the area. The undisturbed 

soil on an adjacent fan (just a few hundred meters to the north) was of quite a different 

nature. Covered by a fine matrix of closely-interlocking pebbles (Figure 32), this granitic 

surface protected a soft, vesicular underlying soil structure, but one that was more 

developed than the disturbed site. It appeared that the type of maneuvers upon this site 

created a surface that was constantly being churned up, as opposed to most sites where 

the more linear movement of vehicles resulted in compacted surfaces (Figure 33). 
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Although the results of the soil penetrometer analysis clearly indicate that 

compaction occurs on these surfaces as a result of intense military maneuvers, several of 

the penetrometer readings taken could not be included in the analysis as they exceeded 

the capability to measure a soil surface (i.e. readings would exceed 130 PSI, the 

maximum force measured by this penetrometer while using the smallest needle size). This 

primarily occurred on the Plio-Pleistocene non-marine and the volcanic ballena surfaces 

where 24% of the readings from the Plio-Pleistocene and 20% of the readings for the 

volcanic ballenas could not be taken. The soil strengths indicated for these two surfaces 

are not completely indicative of the true soil strength, yet still show significant differences 

over their non-disturbed counterparts. Not surprisingly, these two surfaces also have the 

highest percent of clay and silt in their soils. Figure 34 shows the percent of clay and silt 

present in the soil surfaces examined. These values were derived through combining the 

five samples gathered at each site to indicate a single value for that site for qualitative 

comparison. Aside from the fact that the volcanic soils generally had higher percent 

clay/silt than did the granitic (Figure 35), what become quickly evident was that all of the 

disturbed soils, with two exceptions, had higher percentages of clay/silt than the 

undisturbed soils on the same geomorphic surface. This may be due to the destruction 

of the shallow A horizon inherent in these arid land soils, and its subsequent removal 

primarily through wind erosion (McDonald, 1995), exposing the more argillic B/ horizon. 

The underlying reasons behind this observation are speculative, however, and require 

further study. 
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The soils of the granitic alluvial fan did not reflect these processes as it appears 

the type of maneuvers upon this particular surface may cause the surface materials to be 

recirculated and mixed with subsurface materials. It is also possible that since the 

undisturbed granitic alluvial fan site had to be located on an adjacent fan (no such site 

existed on the disturbed fan) that the alluvium from which this fan is derived may simply 

be higher in clays and silts. 

The other exception to higher percents of clays and silts in the disturbed versus 

undisturbed sites occurred on the basalt flow that makes up the Whale formation (Figures 

36 and 37). The reason for this appears to be the nature of the sediment that makes up 

much of the soil surface. As previously mentioned, the large granitic plain lying adjacent 

to the Whale to the south has been almost completely stripped of vegetation and 

protective surface coverings (Figure 38). This has resulted in a huge source area for 

wind-blown sediment which is constantly being deposited on the Whale, leaving little of 

the soils derived from the basaltic rocks exposed (Figure 39). The close proximity of the 

granitic plain to the Whale, the high winds which occur in this area, wind direction and 

the heavy rotation of maneuvers through this area, are all factors in the transport and 

deposition of sediment at this study site. During maneuvers, the movement of vehicles 

over the terrain result in soil being picked up and thrown into the air by tracks and wheels, 

causing the finer material, such as clays and silts, to be exposed to wind and suspended 

in the atmosphere (McDonald, 1995). The heavier sands and gravels would travel shorter 

distances, perhaps being deposited on the rocky outcrop of the Whale. 



Figure 36. Aerial view of the Whale basalt flow (Photo C.E. Lee). 
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Figure 37. Wind-blown sediment on steep, rock slope of the Whale basalt flow 
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Figure 38. Granitic alluvial plain immediately adjacent to the Whale 
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Figure 39. Looking south from the top of the Whale. South-facing slopes 
and small basin on this formation are covered in wind-blown sediment. 
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During the duration of the neid work to collect soil surface samples, inclement 

weather occurred at the NTC. Only one day out of five was fi'ee of clouds and a large 

low-pressure system off the coast of California caused heavy rainfall for almost 24 hours 

during field work. For the week prior to field work beginning, sporadic rainfall had also 

occurred at the NTC. As a result, soils in the area were exceptionally wet during the 

collection of soil samples. The implications of this were; 1) the soil moisture content of 

the surface samples was exceptionally high, and 2) the ability to use the penetrometer and 

actually penetrate many of these surfaces was most likely facilitated. In their study of 

Mojave desert soil compaction due to civilian ORVs, Adams et al. (1982) found average 

soil strength in a single-pass track was 5.3 units (kg cm'") greater than in the undisturbed 

area when the soil had dried to 5.1% moisture. When it had dried to 1.8%, average soil 

strength was 28.4 units greater. For 10 or more passes by a standard 4-wheel drive truck, 

soil strengths at 1.8% moisture content were too high to measure with a soil 

penetrometer. 

Access constraints prohibited collection of additional soil moisture data under 

"normal" conditions (annual rainfall in this area is, on average, 150 mm or less) and there 

is no doubt the soils were unusually wet at the time of their collection. Soil moisture 

values (Figure 40) for the 18 different sites ranged from a low of 2% for the disturbed 

granitic alluvial fan, to a high of 10.7% for the disturbed Plio-Pleistocene surface. 

Fourteen of the surfaces had soil moistures greater than 3%, and half had values greater 

than 5%. It is assumed that under these conditions, soils in this area were on the whole 
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more easily penetrable than they would be under the normally drier conditions that exist 

at the NTC. This would imply that the disturbed soil surfaces analyzed are even more 

compact than indicated by this study for a majority of the year. 

Due to the extremely compacted nature of many of the disturbed soils, collecting 

soU infiltrometer readings was problematic. Although readings were taken for every site, 

some only consisted of one reading as opposed to the five attempted. Most of the 

problems lay in two areas: 1) the soils were so compact that fracturing of the soil (and 

occasionally an infiltrometer) occurred when the infiltrometers were inserted, and 2) 

stones and pebbles associated with the original desert pavements were imbedded into the 

soils. When the infiltrometer came into contact with these stones, airpockets were 

created so that tight seals were not able to be obtained and water would quickly flow out 

along the bottom perimeter of the infiltrometer. As a result, readings from these sites 

were erroneous and were not indicative of the true nature of the soil surface. Because of 

these problems, a statistical analysis was not run on these numbers but the mean times 

were graphed (Figure 41). Despite the underestimation errors associated with some of 

the readings, seven of the nine surfaces exhibited slower infiltration rates for the 

disrupted sites versus the non-disrupted sites. Certainly, in regards to a statistical 

analysis, these results are not conclusive, but the evidence would suggest that desert soils 

in this area which have undergone compaction have slower infiltration rates than soils 

which have remained untouched by military maneuvers. 

The last phase of the field work at each site involved collecting data on the 
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condition of the vegetation upon that site. This was done by Ana Femis-Garcia, the 

vegetation expert for the LCTA project at Ft. Irwin. From her data, statistics on the 

percent cover, total density, and condition of vegetation on each site were derived, as 

were species and vegetation community characteristics. The overall results of this 

analysis are presented in Table 11. The breakdown of the data per species and site is 

presented in Appendix C. 

When reviewing the above table, it should be noted that the percent of damaged 

plants represented per site can be misleading as some of the sites which indicate 0% are 

sites which have no vegetation on them. This is the case with almost all of the disturbed 

sites since the goal was to measure soil surface and vegetation characteristics on highly 

disturbed sites. These generally had no, or very little, vegetation. What is most 

interesting in reviewing the data, is the condition of vegetation on the different 

geomorphic surfaces in the undisturbed sites. For these sites, the percent cover (based 

on absolute cover in meters^ for perennial vegetation) was often quite high and the 

condition of the vegetation was excellent (Figures 42 and 43 ). 

The only non-disrupted site that showed any evidence of damaged plants, the 

granitic alluvial plain, was also the only site that was not actually "non"-disturbed. After 

an extensive search on the alluvial plain surface in the vicinity of the Whale, the least 

disrupted site was chosen on which to conduct the analysis for a non-disturbed site, 

despite the evidence that at some point in history a wheeled vehicle had traversed this 

area. This is somewhat indicative of the extent of disrupted surfaces on granitic alluvial 



Table 11. Vegetation cover and condition for soil surface study sites. 

GEOMORPmC SURFACE COVER (m^) % COVER TOTAL DENSITY # OF PLANTS DAMAGED % DAMAGED 
# of plants 

Ballena D 0.03 0.13 1 1 100 
Ballena ND 1.6 6.41 10 1 10 

Volcanic Alluvial Fan D 0.2 0.79 8 8 100 
Volcanic Alluvial Fan ND 1.2 4.8 17 0 0 

Volcanic Alluvial Slope D 0,41 1.64 3 2 66.67 
Volcanic Alluvial Slope ND 2.25 9 18 0 0 

Volcanic Alluvial Plain D 0.04 0.16 4 4 100 
Volcanic Alluvial Plain ND 3.72 14.89 33 0 0 

Granitic Alluvial Fan D 0 0 1 1 100 
Granitic Alluvial Fan ND 2.6S 10.59 31 0 0 

Granitic Alluvial Slope D 0 0 0 0 0 
Granitic Alluvial Slope ND 5.59 22.34 36 0 0 

Granitic Alluvial Plain D 0 0 0 0 0 
Granitic Alluvial Plain ND 1.94 7.76 6 3 50 

Basalt Flow D 0 0 0 0 0 
Basalt Flow ND 4.78 19.12 8 0 0 

Plio-Pleist. non-marine D 0 0 0 0 0 
Plio-Pieist. non-marine ND () 0 0 0 (» 



Figure 42. Vegetation condition on a disturbed volcanic alluvial slope. 

Figure 43. Vegetation condition on an undisturbed volcanic alluvial slope 
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plains located within the two study sites when it is virtually impossible to find an 

undisturbed site only 5x5 meters in area. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Review of Objectives 

The objective of this dissertation was to use three different modes of analysis to 

gain insight into the effects that intense military maneuvers can have on fi-agile desert 

soils. By focusing on, and mapping the disruption of, geomorphic surfaces, this study 

offered documentation of an extreme case of concentrated ORV activity on an 

environment where even minimal stresses on surface materials can greatly increase 

erosional responses. An attempt was made to both quantitatively and qualitatively 

analyze, through field work on soil surfaces and vegetation characteristics, the 

interpretation of aerial photography, and the processing of satellite data, the extent and 

degree of surface disruption at the NTC, Ft. Irwin. 

The first objective was to manually map the extent of surface disruption due to 

military maneuvers on the geomorphic surfaces of two selected study sites at the NTC. 

This was accomplished by using black and white aerial photography from 1947 and 1993 

to first delineate the geomorphic surfaces, and to then map the disruption which was 

present upon them for these two dates. The results indicated a total of 18 different 

geomorphic surfaces existed within the two study areas and were characteristic of arid 

landforms associated with broad alluvial basins and internal drainage systems. The results 
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of the disruption mapping showed a dramatic increase in the extent of surface disruption 

attributed to military activity between 1947 and 1993 — from a combined total for both 

study sites of 1.3 km^ in 1947, to 33.4 icm^ in 1993. 

The second objective was to evaluate the capabilities of satellite data, in this case 

Landsat TM and SPOT data, to map the same geomorphic surfaces delineated from the 

aerial photographs, and the disruption occurring upon them. The satellite data was 

extensively processed to determine the best procedure for highlighting both of these 

phenomenon and the final products were tested against the photo-interpreted maps. It 

was found that using the 6 bands of TM data (excluding the thermal) and adding a seventh 

band of the SPOT panchromatic resulted in a product that delineated broad geomorphic 

surfaces found in this area that closely correlated with those mapped from the aerial 

photography. It was also found that by running a 15-class clustering algorithm on the 

SPOT panchromatic image and then recoding this to 5 classes, a disruption map was 

created that gave an excellent depiction of both the extent and levels of surface disruption 

present in the study areas. 

The final objective was to identify the effects that intensive military maneuvers at 

the NTC might have on general soil surface and vegetation characteristics. Through 

analysis of soil strength, texture, moisture and infiltration rates, it was determined that 

these arid land surfaces react significantly to ORV activity, primarily by becoming more 

compact and exhibiting higher percents of clays and silts in their surface soils. The 

examination of vegetation characteristics indicated that surfaces which saw intense 
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activity from heavy military vehicles eventually became cleared of most, if not all prior 

vegetation. The vegetation communities found in the undisturbed areas were healthy and 

generally exhibited quite good cover for these Mojave desert communities. 

5.2 Discussion 

From the outset of this research project, it was recognized that the Ft. Irwin NTC 

was an excellent location for exploring the impact of ORV activity on desert soils. The 

availability of historical aerial photography with complete coverage of the base and dating 

back nearly 50 years attested to the relatively undisturbed state of the surfaces in this part 

of the Mojave prior to its becoming a heavily-used military training center. Because of 

its use by the military, the area studied was delineated by definitive borders creating 

restricted access and isolating this area and its activities from the landscape lying outside 

the NTC. This unique environment provided by military installations is conducive to 

comparison studies of like surfaces lying outside of installations, with different uses. 

Additionally, a well-documented history lends credence to the fact that this land has seen 

almost exclusive use by military vehicles on its unpaved surfaces. This allows for indirect 

correlations to be drawn between the types of activities conducted in the area, and the 

resulting impacts upon its surfaces. 

As an integrated study, this research helped to identify both the nature and the 

extent of disrupted surfaces as a result of intense military activities over a fairly short time 
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span. Both the documented land use of the area by the military, and the partial coverage 

available of the NTC for 1983, indicate that it wasn't until the U.S. Army Forces 

Command (FORSCOM) assumed control of the base in 1981 that intense, wide-spread 

training activity began. The extent of disrupted surfaces indicated by the satellite data for 

the two study areas was significant, and the degree to which these soil surfaces were 

impacted suggest that once these soils have seen intense activity of this nature, it is 

unlikely they will recover to their former state. These findings, in conjunction with 

McDonald (1995) on suspended dust at the NTC, suggest that the military's policy of 

rotating units on occasion to let an area "recover" for a period of time is not warranted. 

It might, in fact, be preferable to concentrate the intensity of activities in an area if it 

means limiting their extent. 

The use of satellite data for mapping disrupted surfaces proved quite successful 

for this arid region. A large part of the success lies in the fact that in stable arid 

environments, untouched by human activities, desert pavements and desert varnish are a 

wide-spread component of these surfaces. The exception to this are those areas 

undergoing active cycles of erosion and deposition, which in arid environments are 

primarily located within washes or in areas of active dunes. This process of erosion and 

deposition results in the active surfaces exhibiting spectrally lighter signatures than the 

more stable surfaces, regardless of parent material. As a result, mapping of undisturbed 

desert geomorphic surfaces fi^om satellite data, although problematic (see section 2.3), has 

met with success when delineating between stable and active alluvial surfaces. Kierein-
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Young (1996) recently used Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) 

and Airborne Synthetic Aperture Radar (AIRSAR) to indicate relative ages of surfaces 

on an alluvial fan in Death Valley. By integrating the hyperspectral and radar data, and 

focusing on a small study area, she was able to delineate between heavily varnished 

surfaces covered in desert pavement, a younger surface of heavily varnished cobbles, and 

the youngest surfaces which were recent washes with no developed desert varnish. 

What the above study reveals is that in a relatively "natural" arid environment, 

these differences in surfaces can be identified using airborne remote sensing data. When 

a desert surface composed of desert pavements and/or heavily varnished rock is disturbed, 

the surface will exhibit a lighter spectral signature than its undisturbed counterpart. As 

a result, the mapping of disrupted surfaces in this arid region relied heavily on tonal 

differences exhibited between surfaces which had undergone different degrees of 

disturbance. An area that had seen light activity would still have some pavement and 

exposed varnish surfaces intact and would exhibit a darker tone than those that were so 

disrupted that the pavements had been buried in the compacted topsoils and no varnished 

stones were left unturned. For these reasons, the limited spectral region of the SPOT 

panchromatic image yielded excellent results when mapping these disrupted surfaces. 

When the higher spectral resolution of the Landsat TM was introduced, the differing 

mineralogies inherent between and among volcanic and granitic soils, resulted in spectral 

signatures indicative of these differences, as opposed to the degree of varnished and 

paved surfaces that were left untouched. This resulted in images which, for the most part. 
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poorly indicated the variation in degrees of disruption. In addition, by using a high-pass 

filter on the SPOT panchromatic image, as was done in the early part of this study, the 

more subtle brightness changes between surfaces which have undergone different degrees 

of disturbance would be lost. 

5.3 Future Work 

Based upon the results of this research, several recommendations could be made 

for future work in this area. First, for the mapping of geomorphic surfaces from satellite 

data it is believed that the inclusion of a digital elevation model (DEM) would be a 

significant aid for identifying the morphology, such as slope and topographic relief, 

associated with different surfaces. Hutchinson (1982) successfijlly integrated DEM and 

Landsat data to create geomorphic surfaces maps defined by both multispectral and slope 

information. At the time of this study, no DEM was available at the scale needed for 

mapping surfaces in the study areas. The previously discussed problems associate with 

identifying these surfaces based on mineralogical characteristics alone, and at the 

relatively small scale of these study areas, indicates the need for ancillary data. Since this 

data should ideally be in digital form, the use of a DEM could prove to be a fairly simple, 

time-saving means of more accurately delineating arid land geomorphic surfaces on a 

broad scale. 

In the next few years, newly-developed civilian sensors will become available to 
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the public. The higher spatial resolution promised by many of these sensors ranges from 

approximately 1 meter to 5 meters in the panchromatic mode (Environmental Research 

Institute of Michigan, 1996). This increased spatial resolution should help to further 

identify the degree to which different arid land surfaces might be responding to ORV 

impacts in particular, but possibly any type of activity which would result in surface 

disruption. 

In addition, more powerful civilian radar is also being developed by companies 

such as RadarSat in Richmond, British Colombia, which promise spatial resolutions 

ranging from 1 to 100 meters. Radar can be a valuable tool for surface texture analysis 

and can help to better characterize features such as fine-grained floodplain deposits, and 

depositions of coarse gravels or cobbly surfaces. The surface textures left behind from 

military maneuvers might prove to create patterns recognizable from radar. 

Although the geomorphic and disrupted surfaces mapped for the two study sites 

appeared to correspond well to actual conditions at the Nelson/McLean and the Whale 

areas, these were relatively small research sites (< 200 km^). The next step would be to 

apply the models developed in this study to larger areas, such as the entire NTC, to see 

how well they would perform when mapping surfaces at a much smaller scale. 

Another area of interest would be to attempt to directly correlate the type of 

military maneuver and the type and number of vehicles used in a maneuver, with the soil 

surface conditions of that area. Although this study was able to draw some general 

connections between the above, this researcher was not able to locate the more 
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descriptive data by the time the study was being concluded. It is believed that this 

information does exist for most military bases within the United States and it is simply a 

matter of becoming better acquainted with the military system in order to uncover it. It 

would be interesting to investigate in what ways, if any, different types and weights of 

military vehicles might differentially impact desert soils. Further studies might explore the 

conditions of soil surfaces under different maneuver circumstances, such as impacts left 

by tracked vehicles versus those by imploding ordinance. 

The surface disruption classes presented in this work were based on a continuum 

from undisturbed to completely disturbed. Each level, going from Level 1 (undisturbed) 

to Level 5 (completely disturbed), represents a decreased amount of vegetation cover and 

an increased amount of disruption to surface pavements. Future work could also attempt 

to relate each of these levels of disruption to specific ecological conditions present on 

those surfaces. This information could prove valuable to ecologists, if they could 

correlate the condition of these habitats with varying degrees of surface disruption. 

Finally, it will be important to apply these techniques to other military areas in arid 

regions, both nationally and internationally. Since most military bases have the same set 

of circumstances in relation to defined borders and documented histories, it would be 

informative to use these techniques in comparing the disruption occurring on military 

bases with areas that see a great deal of impact as a result of recreational ORVs. 
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Volcanic Slopes 6686 6059 77390 400073 158347 798 649553 
Granitic Slopes 1035 265 11970 94793 289496 1574 399133 
Pi ayas/Evaporltes 0 16 4540 32244 38185 ;-a930 103915 

mri Total: 768959 120465 179383 629552 5532H >1128 16)0822 

Overal1 Accuracyt 71.43% Kappas 61.741 

Bacliground 1.07% 0.83% i>8.$3t 

Volcanic Hill 42.9&% 4.07% &7.0S% 
Remntnt Surfaces S3.79% 81.0€% 46.21% 
Volcanic Slopes 36.45% 39.63% 63.SS% 
Granitic Slopes 47.67% 19.82% &2.33% 
Playas/Evaporltes 8.24% 237.84% 91.76% 

OveraUt 28.&7% 28.S7% 71.43% 

6.4£< U U«ll l.tE«ll 5, .2E* n 4.6E«U 
5.7E* 10 b.9E«09 1 . 3E*10 4. .6E* 10 4.1EtlO 
1.8E* 11 2.8E*10 4.1E*10 1, .4E* 11 1.3EtU 

5E« 11 7.8E«10 1.2E*11 4, .IE* 11 3.6E*n 
2.It* 11 4.6E*10 7.2E*10 2, .5E« 11 2.2E01 

as* 10 I.3E«10 1.9EM0 6. .5E* 10 5.7EOO 

1.8E* 12 i.il'W 4.IE* 11 1. ,4E* 12 1.3E*12 

Grand Tot al of Entries: 5. .2E* 12 
Sua of Di agonal Entriess .3E« 12 

Observed Correct: 0.71 43 Expected 
observed - enpectedi 0.46107 
one • expected] 0.74677 

Kappa* 0.61742 

2 .6E*10 
2, ,3E«09 
7, .2E*09 

2E*10 
r .3E«10 
3. .3E«09 

7 .2£*10 

Chance; 0.2S323 

U> 
o 



NELLPlS&i Ceoporphic Surface H-ip 

)ass)f)ed Backgrcund Volcanic Remnenc Volcanic Cram 11 c Playaa/ Kow 

Data Hill Surfaces Slopes Slopes vaporiCe Tocal 

Background 7«0"00 4947 0 0 63029 0 929576 

Volcanic Hill 370 6«21S 97j»0 6342 1149 0 103965 
Remnenc Surfaces 379 213&1 637S6 9302S 2^69 6 171105 
Volcanic Slopes 3902 7916 97124 470693 46303 li73 6273U 
Granitic Slopes 3709 236 7473 63400 439003 3949 5U669 
PIAyaa/Evapor 1ces 0 0 1240 6092 2142 26101 35575 

mn Total: 768i>t» 12046& 179)93 «29bt2 31^26 194&4C9 

Overal1 Accuracy: 90.931 Kappa: 74 Olfc 

Errors of Errors of Percent 

fiackground 2.07t a.dJI 99.931 
Volcanic Hi 11 26.431 M.6SI 71.571 

P.emncnc Surfaces 64.46% &9.94I 35.541 
Volcanic Slopes 2S.23t 24.99% 74.771 
Craniclc Slopes 20.931 14.221 79.171 

PIayas/Evaporltes 17.211 30.0St 92.791 

Overal1: 19.171 19.171 90.931 

t U . l l  a£*10 
\ • 3E*n 
4.B£*n 
4E*U 

2.IE.10 

l.6t«12 

I Z ' \  \  
1.)E«1C 
2. IE«10 
7.6E*10 
<.2E«10 
4.3E«0& 
2 .OE* n 

t.&E*U 
l.$E«10 
3. !E*)0 
1. u*n 
i. 3E* 10 
6. -lEtOd 

•I. IE*n 

& . 2 £ * U  
«.&E«)0 
l.lEtll 
3.»E«M 

3.3E*11 
2.2E«10 

t.4E*l2 

S.2E*12 
1.4ET12 

4.6E*n 
S.1C«10 
9.&CtlO 
3.SE*U 
2.9E«U 

2E*10 

l.3Etl2 

2.6EMO 
3.3E*0» 
S.4E*09 

2E«10 
1.6EM0 
l.U*09 

1.2E*10 

Grand Total o( Lntrie*: 
Sum o( Duawrtal Entries; 

Observe! Correct: 0.60932 EKpecced Chancet 
observed eKpectedt 0.54699 
one - expecced; 0.73967 

Kappa* 0.740& 



MTIIPISSt S-C14SS Ceomarphic Surface Mjp 

1 ass t(led Background Volcani .* Kemnent Volcanic Granitic Playas.' Row 

Data Hill Surfaces Slopes Slopes vaporite Total 

background 760700 4647 0 0 63029 0 

Volcanic Hii1 131 790M 4ir79 3231 637 0 6di94 
Pemnent Surfac*! 219 25172 51542 42267 2189 K 121414 
Volcanic Sl:>p«s 2636 11152 116664 536044 35606 307t 707379 
Granitic Slopes 5073 27e 3411 42060 449999 2651 503492 
Playa«/Evaptr>t«* 0 0 787 5910 1552 25797 34046 

mn Tccal; 766959 120461 179363 629552 5532 14 3152e 1»0j09d 

Overall Accuracy: 63.361 Kappa: 77.261 

background 
Voicanlc HiU 
Remnent Surfaces 
Volcanic Slopes 
Granitic Slopes 
Playas/tvaporites 

1.0 
34.4 
71.2 
14.8 
1 6 . e  
16 

0.631 
7.621 
36.951 
27.221 
».67t 

26.161 

96.93 
65.S9 
26.73 
65.15 
61.34 
61.62 

Overal1i 16.641 16.64% 63.361 

6. 4C* It l i *  11 1.5EM1 5. 2E«11 4.6E1II 2.6E*10 
i . i l *  10 t. ie< ' 10 1.6e*iO 5. 6E* 10 4.9e*IO 2.6E*0» 
9. 3f 10 1.5E1 ' 10 2.2E*10 7. 6E*10 6.7E*10 3.6C*09 
l.4E» 11 e.5E< 10 1. 3EO 1 4. 5£*n 3.9E*11 2.2E*10 
3 . 9t* 11 «. IE< ' IC 9E«10 3. 2E« U 2.eE«ll 1.6EM0 
2 . 6E* 10 4. ICi >09 « . 1£«09 2. IE* 10 1.9E*10 1.1E«09 

t.dE* 12 2.aE< '11 4. IE*1 1 1. 4E*12 1.3£*12 7.2£»10 

Grand Total o( Entries; 5. 2e*i2 
Sum o( ' Diagonal Entries; 1. 4E*12 

Observed Correct i 0. 63356 Expected Chance; 
observed - eKpectedi 
one • expected} 

0.56603 
0.73247 

0.26753 

KJppa-

U> 
to 



NCLHPlSSt 5-Cl«jj Gconorphlc Surface Hap 

laisiCied Background Volcanic Renvnenc Volcanic Granitic flayas/ pew 

Data Hill Surfaces Slopes Slopes vaporit« Total 

6a .'K^icund 760700 4847 0 0 63029 0 ;:et 76 

Volcanic Hi 11 4S 77516 62^0 4228 825 c 90^04 
P.emnenc Surfaces 67 20311 45151 47143 1702 15 1 14)89 
V&lcanic Slopes 3042 17464 125017 543689 57)36 J747 150095 
Granitic Slopes 3737 1»8 513 25681 422091 1608 454028 

Playas/Evapcrites 1366 129 2412 6811 8431 25956 47109 

mn Tdcal: 768959 120465 P»383 629552 553214 31526 I c 7 i l 0 5  

Overall Accuracy: 62.13% Kappas 75.61% 

Background 1.071 6.631 $0,931 
Volcanic Hill 3S.65I 9.4S« 64.361 
Rcmncni Surfaces 74.63% 36.60% 25.17% 
Volcanic Slopes 13.64% 32.7»% 66.36% 
Granitic Slopes 23.70% S.77% 76.30% 
Playas/Cvaporltes 17.67% 67.09% 62.33% 

Overal1t 17.67% 17.87% 82.13% 

6.4E*ll U*ll 1.51*11 5.2E*11 4.6E*11 2. CEM: 
6.6C«10 1. IE« 10 1.«£«1C 5.6E*10 4.9E*10 2. 6E*09 
6.eE«10 1.4E*I0 2.lEtlO 7.2E*lO 6.3E«lO 3. 6E*09 
5.6e«ll 9C« 10 1.3£«n 4.7E«U 4.lE*n 2. 4£*10 
3.5E«11 5.5E*IO 8. ie*io 2.9E*ll 2.5E*U 1. 4E«10 
3.6EMO 5.7£t09 8.5E*09 3E*10 2.6E*10 1. 5Et09 

l.e£»12 2.6E*11 4. 1E*11 1.4E*12 l.3E«12 7. 2E*10 

Grand Tot al of Entriesi 5.2E«12 

Sum of 01 agonal Entriesi 1.4£*12 

Observed Correct 1 0.8213 CNpecced Chance; 
observed * CKpected 0.55401 
one ' eKpected: 0.73271 

Kappa* 0.7S611 



NllAT10fl5< $-Ci«9s Geomorphic Surface Hap 

lassided Back^tsund Volcanic nemnent Volcanic cranicic Playa*/ How 

Data Hill Surface* Slope* Slope* vaporice Total 

back9round 7t0700 4647 0 0 ej029 0 626576 

Volcanic Hill 113 57S63 3»&6 4993 1774 16 66419 
Aemnenc Surfaces 4666 14S7 S9B 40199 342760 565 390485 
Volcanic Slopes 401 40136 S79S9 S3349 3220 37 15S184 
Granitic Slopes 266& 16303 111270 466617 67003 esoo 694556 
Playas/Cvaforices 114 157 5S98 42194 75406 22406 145679 

mft T&tal: 766»&9 1204CS 179363 629SS2 553214 31526 961621 

Ovcral1 Accuracy t 42.12t Kappai 24.771 

Error* o( Error* of Percent 

background 1.071 6.631 96.931 
Volcanic Hill 52.221 9.011 47.76t 
Pemnent Surfaces 99.671 217.351 0.331 
Volcanic Slopes 91.53% 16.161 6.471 
Granitic Slopes 67.691 113.441 12. IH 
Playas/Evaporltes 26.931 391.621 71.071 

Ovetal1: 57.661 57.661 42. 12t 

«.4£*11 1E*1) 1.5E*11 5. .2E*11 4.6E*11 2, .6E«10 
5.3E«10 e.2£»09 1.2E«10 « .  ,3E*10 3,BE*10 2. ,2E*09 

3E«11 4.7E*10 7E»10 2, ,SC»11 2.2EU1 1. .2E*10 
l.2Etll 1.9E*10 2.8£«10 9. .6E«10 6.6E*10 4. .9C*09 
5.3E*11 6.4E«10 1.2E*U 4, .4C«11 3.6E«11 2. ,2E*10 
1.1E*11 1.8E*10 2.6E«10 9. 

o
 

It
l 

6.1E*10 4. ,6E*09 

1.6E*12 2.6E«U 4.1E*11 1, .4E*12 1.3E*12 7, .2E*10 

Grand Tot al of Entrle*! 5, .2E»12 

Sun of Di agonal Entries} I. .2E«12 

Observed Correctt 0, ,42119 Expected Chance; 
observed - expeetedi 0.1906 
one - expeccedj 0.76941 

0.24772 



NX9fl&&< S'CUsi Ovenorphic Sur(«c« n«p 

CUaaifttd 
Dat« 

Background Volcanic ^aanant Volcanic Oraniuc Maya*/ Htw 
Hill Sur(«c«» Slopta Slopt* tvaporttt Total 

Background 1!439l 2409 0 C SC166 0 107666 
Volcanic H I  11 1371 4&I1 '..'20 2217 WOS 2 14703 
Mantnt Surfacta 274 16227 4946*. 22610 1122 30 90491 
Volcanic Slepaa 461S 97S4 110S14 4U$9& 73741 1&99 61M1I 
Granitic Slopaa 3315 600 11314 iiDie 314916 IISO SI9$li 
r 1 aya a/tvapor 111 a 0 20 269S 24SI) 20602 21047 75941 
• A  Totali 16404) 33i91 119)01 &I246I &3)2U Hi2< 16)70S& 
Overall Accuracyi 77.07» Kappas 61.C T  

Background 
Volcanic Kill 
Ktanant Surfacts Volcanic Slopaa Oranitic Slopaa riayat/Cvapontta 
Ovtralli 

Crrora of Oniaaion 
) . 2 6 t  

•6.361 
72.411 
2I.6SI 27.101 U.04t 
22.9)t 

error* oi COMtaaior. 
6.971 

30.1)t 22.111 
34.311 
2S.23I 1&I.93I 
22.93( 

rarctnl 
Corract 

91. 7U 
13.6U 
27.i9« 1I.3SI 72.20% 
«i. 
77-C71 

Sippla Claaaificatlon Kaaulta 
XSI&Si S*Clata Oaoaorphic Sur(«c« Hap 

Background Vole«nlc MMtant Volc«nte Granitic PUy«a/ KM Data Hill Sur(«cta Slopta Slopta Evaporit« Total 

Background 7b4)9) 2409 0 0 &0I66 0 101666 Volcanic Ht11 267 47411 62)6 2&&9 126& 3 &1I1I M*n*nt Suifacaa 470 ISS36 S4a3l 2724& 1113 24 99916 Volcanic Slopta U77 1911 109416 4SI0S6 113610 20S6 6973&2 Granitic Slopta 3731 43S 6121 61161 342311 1216 421I3& Playaa/Cvaporitaa 0 16 2690 26134 23211 2I1&9 10116 
•n Toialt 764043 74I&1 119)01 612461 S33212 )IS2I |6I»)|3 
Overall Accuracy! 77.1)1 Kappai 69.su 

Backgrour.d 1.261 6.911 9l.l4t Volcanic Hill 36.S6I 19.101 63.441 
UtanvAt Surfacaa 69.421 2S.I4I 30.ill Volcanic 91opfl» 21.361 41.011 71.641 Cranulc Slopta 3S.79I 14.90t 64.211 fl«/aa/CvapotU«» 10.691 161.021 19.311 

Ovaralli 22.171 22.171 77.131 

Kappa Hatrim SfOT XS * 
6.i7e* II 2.7)e< 'IC l.^iC* n 4.ie«ii 4.31C«11 2.SSE*10 l.UE* IC 4.94e< • 01 :.64E< '09 •.&«E*09 7.141*09 l.64E»OI 6.91t* 10 3.04e< >09 1.62E« 10 &.27EOO 4.I3E«10 2. I»409 4.711. 11 2.01EI >10 l.IE« 11 ).S9e«ii 3.2IE*11 1.94e*lO 3.97e* 11 i.ise< >10 9.32E< >10 3.03e*)l 2.77e*n 1.64e«IO S.IE* 10 2.&SC1 >09 I.36E1 10 4.42E«10 4.ose*io 2.39E»09 
i.62e« w 7.14t. • 10 ).UE< 11 1.24e*12 l.l)E*12 6.7e«10 

Grand Total of Cniritai 4.&U02 
S U B  el Dlagonal Cntritii 1.27e«12 

Obaarvad Corrtcti 0.77069 Cxptctad Chancti 
Abatrvtd • fii|.acXtdi 0.411794 on# • aKfjacitdi 0.71l|0i 

6.l7e«n 6.0Se*10 I.4SE* 11 4.7e«ii 4.)ietii 2.&&EtlO 4.42Et 10 4.3)Ei09 l.04e« 10 3.31CM0 3.011*10 1.I2E«09 7.6)e* 10 7.4IC*09 l.79t* 10 s.i2e«io S.39e*10 >.uet09 S.33E* 11 S.22E*10 1.2&E* 11 4. 0 6 e « n  3.12B*11 2.22*10 ).22e« 11 3.16E*10 7.StCi|0 2.46e»n 2 . 2 $ e * n  1.33E*10 6.17Ef 10 6.0iE*09 1.4Ui 10 4 . i i e * i o  4.3U*10 2.SSe*09 
1.6SC« 12 l.62e*ll 3.HE* 11 l.26e*12 1.1SE*U 6.l3e*)0 
Grand Total e( Cntriaai 4.69E*I2 Sun ol Diagonal Cnttitai 1.21EM2 

Obatrvti Corivci 1  0.171291 Eiipactad Chanctt obaatvtd • aiiptettdi 0.&06I04 ont • tRptctadt 0.12IS14 
K«ppa* 0.(9i669 



wniP-t: •(-Claaa Ceomorphic Surface H«p--The Whale 

ij*iICied 
Data 

VolcaMC Hemnenc Volcanic Gtanitic Playaa/ Bow 
H4II Surface* Slopes Slopes vaportte Total 

Volcanic Hill 
Fetnnenc Surfaces 
Volcanic Slopes 
Granicic Slopes 

70914 
47791 
22120 
27369 

5555 
3219 
6502 

13742 

12311 16t56 
6100 7194 
20336 71435 
24146 662066 

6699 
4757 
4643 
2177 

1:2196 
65061 
12S236 
925502 

ntf« To t a 1: 

Overall Accuracy: 

0 176255 

77.421 

62697 959351 

Kappa: 44.29% 

Volcanic Hill 
Aemneni Surfaces 
Volcanic Slopes 
Granitic Slopes 

55.191 
66.91% 
67.66% 
10.14% 

24.52% 
226.90% 
166.78% 

7.03% 

44.81% 
11.09% 
32.341 
69.66% 

1.2EM0 
2 . 2 C « 1 0  
1.6E*11 

3.5E*09 
2E*09 

3.6E*09 
2.7EMO 

7.7E*09 
4.3C*09 
7.9E*09 
5.6E*10 

1.2EM1 
6.6E*10 
1.2E«ll 
8.9C*11 

2.3E*09 
1.3C*09 
2.3E«09 
1.7EOO 

2.2E«11 3.6E*10 7.6E*10 1.2EM2 2.3Etl0 

Grand Tctal oC Entries: 1.6E*12 
Sum of Diagonal Entries: 9.2E«11 

Observed Correct: 0.77416 
observed - eMpectedt 
one - eKpectedi 

Enpected 
0.17955 
0.40539 

Kappa* 0.4429 



APPENDIX B 

T-Statistics for Soil Strength Analysis 
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APPENDIX C 

Vegetation Data 
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Plant communities of Fort Irwin NTC based partly on analyses by TWINSPAN 
and DECORANA for 113 transects and on our field observations for sites 
that have not been quantitatively sampled, noting dominant (D) perennial 
species and common shrubs (C) on those transects. 

Galleta Grass Sand Fields 
D: Pleuraphis rigida 
C: Ambrosia dumosa, Croton califomicus var. mofavensis, Ephedra 

califomica 
S: Larrea tridentata. Senna armata, Krameria erecta. Lvcium andersonii, 

Lvcium pallidum var. oligospermum, Mirabilis bigelovii. Senecio 
flaccidus var. monoensis, Hvmenoclea saisola, Achnatherum 
hvmenoides, Encelia frutescens. Lepidium fremontii, Opuntia 
echinocarpa, Brickellia incana. Petalonvx thurberi, Hesperocallis 
undulata. Tiquilia plicata 

Substrate: sand 
Elevation: below 900 m 
Habitat stable sand fields 

Saltbush Scmb 
D: Atriplex confertifolia and/or A. spinifera 
C; Atriplex polvcarpa, A. canescens, Krascheninnikovia lanata, 

Artemisia spinescens, Lvcium andersonii, Hvmenoclea saisola. 
Ambrosia dumosa 

S: Acamptopappus sphaerocephalus. Yucca brevifolia, Sphaeralcea 
ambigua, Suaeda moguinii, Atriplex parrvi. Gravia spinosa. 
Lepidium fremontii. Xvlorhiza tortifolia. Ephedra nevadensis. 
Larrea tridentata 

Substrate: loam, clay loam, usually moderately alkaline 
Elevation: 500-1000 m 
Habitat dry lake margins 

Allscale Scrub 
D: Atriplex polvcarpa 
C: Suaeda moQuinii. Atriplex confertifolia 
S: Larrea tridenata. Ambrosia dumosa, Atriplex hvmenelvtra 
Substrate: loam, sandy loam, not as alkaline as substrates of saltbush 

scrub 
Elevation: 400-950 m 
Habitat valley floor, (slope) 



Shadscale-Creosote Bosh Scrub 
D: Atriplex confertifolia, Larrea tridentata 
C; Eriogonum fasciculatum ssp. polifolium, Achnathenim speciosum, 

Lvcium andersonii. Ephedra nevadensis, Krascheninnikovia lanata. 
Ambrosia dumosa 

S: Opuntia basilaris, Krameria erecta, Xvlorhiza tortifolia, Gravia 
spinosa, Echinocactus polvcephalus, Chrvsothamnus teretifolius 

Substrate: rocky volcanic sandy loam 
Elevation: 1000-1500 m 
Habitat: mesas 

Blackbush Scrub 
D; c^gieggyn? ramggiggima 
C: Ephedra nevadensls, E. viridis, Hvmenoclea salsola, Eriogonum 

fasciculatum ssp. polifolium, Encelia actonii, Lvcium andersonii, 
Gravia spinosa, Xvlorhiza tortifolia 

S: Ericameria linearifolia, Opuntia echinocarpa, O. basilaris, Brickellia 
arguta, Chrvsothamnus teretifolius, Thamnosma montana, 
Echinocactus polvcephalus, Echinocereus engelmannii, Krameria 
erecta, Salazaria mexicana 

Substrate: rocky or gravelly sandy loam, loamy sand, decomposed 
granite 

Elevation: 1200-1700 m 
Habitat: slopes 

Blackbush-Creosote Bush Scrub 
D: Coleogvne ramosissima, Larrea tridentata. Ambrosia dumosa 
C: Salazaria mexicana, Eriogonum fasciculatum ssp. polifolium. Yucca 

brevifolia, Encelia actonii, Ericameria cooperi, Lvcium andersonii. 
Ephedra nevadensis, Hvmenoclea salsola, Krameria erecta 

Substrate: decomposed granite, sandy loam, loamy sand 
Elevation: 1100-1300 m 
Habitat: upper alluvial fans 

Creosote Bush Scrub 
D: Larrea tridentata. Ambrosia dumosa 
C: Hvmenoclea salsola, Krameria erecta, Mirabilis bigelovii. Ephedra 

nevadensis. Thamnosma montana, Achnatherum speciosum. 
Psorothamnus arborescens, P. polvdenius, Lvcium andersonii. 
Krascheninnikovia lanata, Gravia spinosa, Encelia farinosa, 
Stephanomeria pauciflora, Tetradvmia stenolepis, Xvlorhiza 
tortifolia, Acamptopappus sphaerocephalus 

Substrate: sand, loamy sand, often gravelly to rocky 
Elevation: below 1100 m 



Habitat flats ailuviai fans, slopes 

Cheesebush-Senna Scrub 
D: Hvmenoclea salsola. Senna armata, Larrea tridentata 
C: Ambrosia dumosa 
Substrate: sand, gravelly sand 
Elevation: below 1100 m 
Habitat: washes and arroyos 

Juniper Woodland. 
D: Tuniperus osteosperma, Coleogvne ramosissima. Ephedra viridis, 

Erioeonum fasciculatum, Achnaterum speciosum 
C; Kraescheninnikovia lanata, Gravia spinosa, Gutierrezia microcephala, 

Ephedra nevadensis, Chrvsothamnus teretifolius, Galium 
stellatum. Salvia pachvphvlla, Elvmus elvmoides, Achnatherum 
hvmenoides, Erioeonum heermannii 

Substrate: rocky sandy loam 
Elevations: above 1700 m 
Habitat: slopes and ridges 

Alkali Sink (only one site known, W of Bitter Spring) 
D: Allenrolfea occidentalis, Suaeda moquinii 
C Atriplex hvmenelvtra 
Substrate: clayey loam, loamy clay, alkaline 
Elevations: 420 m 
Habitat saline playa margins 

Mixed Desert Scrub 
D: generally lacks a conspicuous dominant 
C: Erioeonum fasdculatum, Larrea tridentata, Coleogvne ramosissima, 

Galium stellatum, Achnatherum speciosum. Elvmus elvmoides. 
Gutierreaa microcephala, Brickellia areuta, Ericameria cooperi, 
Xvlorhiza tortifolia 

Substrate: decomposed granite, sandy loam 
Elevations; 1100-1300 m 
Habitat rocky, bouldery slopes 

Joshua Tree Woodland, (good stands may not occur on NTQ 
D: Yucca brevifolia, Larrea tridentata. Ambrosia dumosa. Erioeonum 

fasciculatum 
C: Coleoevne ramosissima 
Substrate: no data 
Elevations: above 1300 m 
Habitat upper alluvial slopes, plains, and slopes 



Acronyms and piant names, scientinc and common, used in report 
Arranged alphabetically by acronym. 

Acronym Scientific Name Common Name 
acsp Acamc)toDapDus sphaeroceohalus 
adco Adenophvllum cooperi 
amdu Ambrosia dumosa burro bush 
arsp Artemisia spinescens bud sagebrush 
atca Atriplex canescens fourwing saltbush 
atco Atriplex confertifolia shadscale 
athv Atriplex hvmeneivtra desert-hoUv 
atpo Atriplex polvcarpa allscale 
brar Brickeilia arguta 
chpi Chamaesvce polvcarpa 
chsp Chenopodium sp. 
chte Chrvsothamnus teretifolius needle-leaf rabbitbrush 
cora Coleoevne ramosissima blackbush 
crca Croton califomicus 
dico Dicoria canescens 
ecpo Echinocactus polvcephalus cottontop 
enac Encelia actonii 
enfa Encelia farinosa brittlebush 
enfr Encelia frutescens 
envi Encelia virginensis Virgin River brittlebush 
epca Ephedra califomica desert-tea 
epne Ephedra nevadensis nevada-tea 
epvi Ephedra viridis green ephedra 
erco Ericameria cooperi goldenbush 
ercu Ericameria cuneata 
erfa Erioeonum fasciculum Calif, buckwheat 
grsp Gravia spinosa hog-sage 
gumi Gutierrezia microcephala match-stick bush 
hysa Hvmenoclea salsola cheesebush 
krer Krameria erecta Pima rhatanv 
krla Krasheninnikovia lanata winter fat 
latr Larrea tridentata creosote bush 
left- Lepidium fremontii pepper-grass 
lepu Leptodactvlon pungens 
lyan Lvcium andersonii box thorn 
lypa Lvcium pallidum olieosperma 
mibi Mirablis bigelovii wishbone herb 
opba Opuntia basilaris beavertail cactus 
paar Palafoxia arida arida Spanish needles 
plri Pleuraphis rieida galleta grass 



Acronvm Scientific Name Common Name 
poa Poa sp. 
psar Psorothamnus arborescens Mojave indigo bush 
pspo Psorothamnus polvdeiuus spotted dalea 
same Salazaria mexicana bladder sage 
samo Salvia mohavensis 
sear Senna armata armed senna 
stpa Stephanomeria pauciflora wire lettuce 
stsp Achnatherum soeciosum needlegrass 
sumo Suaeda moquinii seep weed 
test tetradvmia stenolepis Mojave cotton-thom 
thmo Thamnosma montana turpentine broom 
xvto Xvlorhiza tortifolia desert aster 
yubr Yucca brevifolia Joshua tree 



Plant community designations for the plant associations present in study sites 

StUfiy Site Dnminant- cpp Cnmmon spp. also ppspnfr 

1,2,3,4 Creosote Bush Scrub latr, amdu acsp, thmo lyan, yubr 

5, Creosote Bush Scrub latr, amdu same, hysa 

6,7 High Diversity CBS latr, amdu erco, lyan, stsp yubr 

8 Creosote Bush Scrub latr, amdu 

9,10 CBS-Saltbush Scrub latr,amdu atco 

11,12 Allscale Scrub atpo. latr, thmo amdu 

13, Creosote Bush Scrub latr, amdu achy,sear 

14 Creosote Bush Scrub amdu 

15,16 Creosote Bush Scrub latr 

17 Galleta Grass Scrub dico crca 

18 CBS-Galleta Grass iatr, amdu atco, epne, acsp, lypa 
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Site Species Condition Height (m) Dist. 

1 amdu 1 0.1 t 

2 thmo 1 0.3 nt 

2 amdu 1 0.2 nt 

2 amdu 1 0.3 nt 

2 thmo 1 0.2 nt 

2 amdu 1 0.2 t 

2 amdu 1 0.2 nt 

2 amdu 1 0.3 nt 

2 amdu 1 0.3 nt 

2 thmo 1 0.3 nt 

2 amdu 1 0.3 nt 

3 latr X t 

3 amdu X t 

3 latr X t 

3 latr X t 

3 amdu X t 

3 amdu X t 

3 amdu 1 0.3 t 

3 amdu X t 

4 acsp 1 0.3 nt 

4 amdu 1 0.3 nt 

4 acsp X nt 

4 acsp X nt 
4 amdu 1 0.2 nt 

4 amdu 1 0.3 nt 

4 amdu 1 0.3 nt 

amdu 1 0.2 nt 

amdu 1 0.1 nt 

4 amdu 1 0.3 nt 

4 amdu X nt 

4 amdu X nt 

4 amdu X nt 

4 amdu 1 0.3 nt 

4 amdu 1 0.3 nt 

4 amdu 1 0.2 nt 

4 amdu 1 0.2 nt 

latr X t 

no species present 
7 stsp 1 0.3 nt 
7 stsp 1 0.4 nt 

7 stsp 1 0.2 nt 

7 stsp 1 0.3 nt 

7 amdu 1 0.3 nt 

7 amdu 1 0.1 nt 
7 amdu 1 0.2 nt 

7 amdu 1 0.3 nt 
7 amdu 1 0.3 nt 

7 amdu 1 0.2 nt 

7 amdu 1 0.3 nt 
7 amdu 1 0.1 nt 

7 amdu 1 0.2 nt 

147 
Site Species Condition Height (m) Dist 

5 latr i 0.7 nt 

8 amdu 1 0.2 nt 

8 amdu 1 0.3 nt 

9 amdu 1 0.2 nt 

9 amdu 1 0.2 ot 

9 atco ot 

9 atco 1 0.2 nt 

9 amdu 1 0.2 nt 

9 amdu 1 0.2 nt 

9 amdu 1 0.5 nt 

9 amdu 1 0.2 nt 

9 atco I 0.2 ot 

9 amdu 1 0.2 nt 

9 amdu 1 0.2 ot 

9 amdu 1 0.2 nt 

9 amdu 1 0.2 nt 

9 amdu 1 0.2 nt 

9 amdu 1 0.1 ot 

9 unk nt 

9 amdu 1 0.2 nt 

9 atco 1 0.1 nt 

10 amdu 1 0.2 t 

10 atco 1 0.2 t 

10 atco 1 0.1 nt 

11 no species present 

12 no species present 

13 amdu 1 0.1 t 

13 amdu 1 0.2 t 

13 amdu 1 0.1 t 

13 amdu 1 0.1 t 

14 latr 1 0.7 nt 

14 latr 1 0.2 nt 

14 amdu 1 0.3 nt 

14 latr 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.3 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.3 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.3 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.3 nt 

14 amdu 1 0.3 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 

14 amdu 1 0.2 nt 



Perennial vegelalion density (live and dead individuals) per species per study site. 

Sile 

Species 1 2 3 4 5 6 7 8 g 10 11 12 13 14 15 16 17 18 
acsp 0 0 0 3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
amdu 1 7 5 14 0 0 22 30 13 1 0 0 4 30 0 0 0 4 
atco 0 0 0 0 0 0 0 0 4 2 0 0 0 0 0 0 0 0 
erco 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 
lair 0 0 3 0 1 0 0 1 0 0 0 0 0 3 0 8 0 1 
lyan 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
lypa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
stsp 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 
thmo 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
link 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Total 1 10 8 17 1 0 36 31 18 3 0 0 4 33 0 8 0 6 

Absolute undamaged, damaged and % damaged denisty values per species per sile. 

Site 
Species 1 2 3 4 5 6 7 8 9* 10 11 12 13 14 15 16 17 18* Site Species Status 

acsp 0 0 0 3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 9 amdu ot 
amdu 0 6 0 14 0 0 22 30 13 0 0 0 0 30 0 0 0 2 9 atco ot 
aico 0 0 0 0 0 0 0 0 4 1 0 0 0 0 0 0 0 0 9 atco ot 
erco 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 9 amdu ot 
latr 0 0 0 0 0 0 0 1 0 0 0 0 0 3 0 8 0 1 9 amdu ot 
lyan 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 18 amdu ot 
stsp 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 
thmo 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
unk 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
Total 0 9 0 17 0 0 36 31 18 1 0 0 0 33 0 8 0 3 
Total dam 1 1 8 0 1 0 0 0 0 2 0 0 4 0 0 0 0 3 
%damage 100 10 100 0 100 0 0 0 0 67 0 0 100 0 0 0 0 50 

00 



Perennial vegetation absolute cover (m^) per species per study site. 

Site 

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

acsp 0 0 0 0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

amdu 0.03 1.04 0.2 1.15 0 0 4.05 2.36 2.16 0.13 0 0 0.04 3.12 0 0 0 1.08 

atco 0 0 0 0 0 0 0 0 0.09 0.28 0 0 0 0 0 0 0 0 

erco 0 0 0 0 0 0 1.07 0 0 0 0 0 0 0 0 0 0 0 

latr 0 0 0 0 0 0 0 0.28 0 0 0 0 0 0.61 0 4.78 0 0.07 

lypa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.79 

stsp 0 0 0 0 0 0 0.46 0 0 0 0 0 0 0 0 0 0 0 

thmo 0 0.56 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 0.03 1.6 0.2 1.2 0 0 5.59 2.65 2.25 0.41 0 0 0.04 3.72 0 4.78 0 1.94 

Perennial vegelation percent cover per species per study site. 

Site 
Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

acsp 0 0 0 0.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
amdu 0.13 4.17 0.79 4.6 0 0 16.2 9.46 8.65 0.5 0 0 0.16 12.5 0 0 0 4.34 
atco 0 0 0 0 0 0 0 0 0.35 1.14 0 0 0 0 0 0 0 0 

erco 0 0 0 0 0 0 4.29 0 0 0 0 0 0 0 0 0 0 0 

latr 0 0 0 0 0 0 0 1.13 0 0 0 0 0 2.43 0 19.1 0 0.28 
lypa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.14 
stsp 0 0 0 0 0 0 1.85 0 0 0 0 0 0 0 0 0 0 0 

thmo 0 2.24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total 0.13 6.41 0.79 4.8 0 0 22.3 10.6 9 1.64 0 0 0.16 14.9 0 19.1 0 7.76 
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