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Abstract 

 

Hillslopes are the primary source of sediment generated in drainage basins. 

Along slopes, sediment is stored as colluvium and when stable, soils including Bt and 

Bk horizons can form. Climate influences colluvial production and storage by changing 

weathering, pedogenic, biologic, hydrologic, and erosional processes. In this study, we 

explore the influence of climate on slopes in a ~2km2 basin near Nipton, CA. Aerial 

imagery collected with a UAV (drone) was processed with the photogrammetric 

technique of Structure from Motion (SfM) to create high resolution Digital Elevation 

Models (DEMs) and digital orthomosaics. Since even in dryland regions vegetation 

inhibits accurate modeling, we explore three techniques for removing vegetation from 

point clouds. A comparison of digital terrain models (DTMs, or bare-earth models) 

produced by the CANUPO plugin for CloudCompare, Agisoft PhotoScan, and Pix4D 

found that Pix4D is the software best suited for constructing basin-scale DTMs. To 

investigate the impact of climate on slope processes we characterized differences in 

surficial geology and vegetation on slopes of varying aspects. Analysis of DEM and 

DTM models indicate that south-facing slopes receive more insolation (4292 WH/m2 

south-facing, 2861 WH/m2 north-facing at the equinox), have higher percentages of 

exposed bedrock (44% south-facing, 17% north-facing), and are steeper (25.99 degrees 

south-facing, 25.31 degrees north-facing) relative to north-facing slopes. Reduced soil 

moisture increases erosion via less vegetative cover that reduces soil cohesion. South-

facing slopes with steeper slopes and lower infiltration rates enhance overland flow and 

erosion. Landforms including colluvial remnants and debris aprons suggest that climate 

changes throughout the Pleistocene-Holocene transition pushed hillslope processes 
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over a critical threshold, initiating colluvium loss. Climate exerts significant control on 

hillslope processes, and thus equilibrium conditions are not present in the study area.   
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Definitions and Abbreviations 

Definitions 

 

Colluvium: Unconsolidated material at the earth’s surface (aka regolith) 

 

Colluvial Remnant: A relict landform with preserved soils that is older than 

surrounding surfaces. 

 

Debris Apron: Landform comprised of colluvium accumulated at the toes of slopes  

 

Hillslope Asymmetry: Differences in hillslope morphology (including gradient and 

curvature) based on aspect. 

 

Orthorectified photo: A composite photo representing the nadir position of every 

pixel. 

 

Point cloud: Set of data points with XYZ values situated in a spatial coordinate 

system. 

 

Slope: Portion of a hillslope, rather than gradient (except in reference to ArcMap 

function). 

 

Soil: Material exhibiting distinct horizons, formed at least partially in place, and is 

capable of supporting plant growth. 

 

Topoclimate: Aspect-induced differences in temperature and soil moisture between 

neighboring hillslopes. 

 

Abbreviations 

 

DEM: Digital Elevation Model, captures entire surface of the land 

 

DTM: Digital Terrane Model (or Bare Earth Model), model of the earth surface 

excluding non-geologic surfaces (such as vegetation) 

 

SfM: Structure from Motion, digitalized photogrammetric technique for creating three-

dimensional point clouds 

 

UAV: Unmanned aerial vehicle, commonly referred to as a drone 
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Introduction 

 

Dryland hillslopes have long captured the attention of geologists seeking to 

understand the processes responsible their morphology. In 1877, G.K. Gilbert 

described two end member hillslope types: soil and bedrock dominated. Soil-

dominated slopes are characterized by continuous colluvial mantles and smooth convex 

profiles. Bedrock-dominated slopes are characterized by jagged outcrops of bedrock 

and planar-concave, uneven profiles. Gilbert hypothesized that the occurrence of these 

two endmembers was dependent on rates of sediment production and transport 

(Humphreys and Wilkinson, 2007). Soil mantled slopes are predicted to occur when 

sediment production outpaces transport, while bedrock dominated slopes occur when 

transport outpaces production. 

A key insight of Gilbert was that the production of sediment slows as sediment 

thickness increases, thus controlling how much material is available for transport. More 

recent research has shown that saprolite weathering rates are depth dependent as well 

with weathering rates declining with increasing depth (Burke et al., 2007; Heimsath et 

al., 1999). Water and oxygen, key weathering agents, are limited at depth causing the 

decrease in rates (Bazilevskaya et al., 2013). Rock composition determines the specific 

chemical weathering reactions; for example felsic granites may exhibit greater porosity 

and micro-fracturing compared with more mafic granites, due to the oxidation of 

biotite (Bazilevskaya et al., 2013). Thus, the rates and types of weathering will vary 

with rock type and environment. 
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The “Soil Production Function”, proposed by Heimsath (1997), uses the depth-

dependency of weathering to model how sediment production and transport rates are 

balanced on hillslopes. The model is most readily applied to steady-state systems when 

the rates of production and erosion have achieved an equilibrium. In such cases, rates 

of diffusive transport increase downslope as soil thickness remains constant resulting in 

convex slope profiles. Dryland hillslopes can have similar curvilinear morphology that 

is the result of other process that do not necessarily imply steady-state. Colluvium may 

trap aeolian dust, accumulating mass through time, in a process that is dependent on 

surface roughness and dust supply rather than depth-dependent bedrock weathering 

(Persico et al., 2011). Inflationary soil development is a key process in dryland soils, 

and climate exerts a control on the genesis of the slope landforms where soil has 

developed (McFadden et al., 1987). The balance of colluvium production and erosion 

is further complicated by the complex feedbacks between geomorphic, hydrologic, and 

biologic processes which play out heterogeneously across space and time. Thus it is 

uncertain how the variability of climate in the Quaternary will impact hillslopes’ ability 

to achieve steady state. The influences of climate on hillslope processes is apparent, yet 

the incorporation into numerical soil production models is elusive. 

In the Eastern Mojave Desert, Quaternary climate variability is responsible for 

changes in rates of alluvial fan aggradation. Fan aggradation occurred during warmer, 

drier periods throughout the Pleistocene and Holocene (Antinao and McDonald, 2013; 

Bull, 1991). The Bull model links increased sediment yield to a series of climate 

induced feedback loops whereby a drier climate decreases vegetation density resulting 

in more runoff, increasing sediment yield which is deposited on alluvial fans. 
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Hillslopes are an integral component of the feedback loop because they control the 

supply of sediment to channels. Thus an examination of the impacts of climate on 

hillslope processes is in order. 

Studies of hillslope asymmetry, defined as the systematic morphological 

variations between slopes of opposing aspects, provide further evidence that climate is 

a driver in hillslope processes (Poulos et al., 2012). Aspect induced variations in 

temperature and soil moisture are referred to as topoclimate. Studies examining cinder 

cones, which have a known initial morphology and date of formation, demonstrate that 

topoclimate can produce slopes with different gradients, vegetation communities, and 

rates of sediment transport (Ben-Asher et al., 2017; Pelletier and Cline, 2007; 

Rasmussen et al., 2017). Additionally, comparisons of adjacent hillslopes in canyons 

and valleys show similar gradient variability driven by topoclimate (Burnett et al., 

2008; Pelletier and Swetnam, 2017).   

This study quantifies topoclimate driven variations in hillslope gradient and 

surficial geology. We seek to determine how current hillslope sediment production and 

transport models describe hillslopes in the eastern Mojave Desert. To do so, we 

examine a NE/SW trending basin near Nipton, CA which exhibits stark geologic and 

biologic differences between the south- and north-facing hillslopes on either side of the 

main channel. Field observations indicate that south-facing slopes have a thinner 

colluvial cover, fewer grasses, and more bare ground mixed with xeric vegetation than 

the north-facing slopes. Additionally, thick reddened patches of colluvium indicate that 

an extensive soil mantle existed on the south-facing slopes and has been eroded. These 
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reddened patches are thus termed colluvial remnants, and the accumulations of 

colluvium found at the base of slopes are termed debris aprons. 

We hypothesize that climate exerts a control on the morphology of slopes in the 

Nipton Basin. South-facing slopes are predicted to have more exposed bedrock and 

higher gradients due to their warmer and drier topoclimate which limits stabilizing 

vegetative growth. We expect higher rates of insolation on south-facing hillslopes and 

higher rates of erosion. South-facing slopes are expected to have higher occurrences of 

landforms associated with sediment removal such colluvial remnants and debris 

aprons. Southwest-facing slopes compared with northeast-facing slopes are expected to 

behave similarly to south-facing slopes because west-facing slopes receive maximum 

insolation during the hottest part of the day.  

The equilibrium soil production function predicts that colluvium will maintain a 

constant thickness across the hillslope producing a smooth convex slope profile. If 

colluvium thickness is steady, but then colluvium removed, the gradient of the bedrock 

should be the same as areas that have retained the colluvium cover. We predict that 

colluvium production and transport rates are not steady-state on slopes of either aspect 

and that the gradient of bedrock will be steeper than colluvium.  

As the geologic community is rapidly adopting Structure from Motion as a 

cheap and practical tool for generating large 3D geospatial datasets, there is an 

increasing need for techniques to produce “bare-earth” digital terrain models (DTMs) 

from SfM point clouds (Brodu and Lague, 2012; Westoby et al., 2012). DTMs more 

accurately reflect geologic surfaces than Digital Elevation Models (DEMs) by 
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removing vegetation, and are thus desirable for quantifying landscape variation. We 

compare methods to remove vegetation and to produce basin-wide DTMs.  

Background 

Digital Modeling from Structure from Motion 

Digital elevation models (DEMs) are used for modeling hillslopes at a variety 

of resolutions (Poulos et al., 2012; Roering et al., 2001). The advent of cheap and 

easily accessible UAVs (drones) has made it possible to construct high resolution, 

basin-scale DEMs using Structure from Motion (SfM) (Westoby et al., 2012). SfM is a 

photogrammetric technique that uses overlapping imagery to match the same point in 

many images, enabling the construction of high resolution 3D point cloud models 

(Westoby et al., 2012). SfM is quickly becoming a common method used in a range of 

geoscience research; yet there remain some challenges before it is entirely comparable 

to LiDAR. In a review of 65 studies that utilized SfM techniques, Eltner et al. (2016) 

conclude that SfM has no major disadvantages that cannot be overcome through careful 

data collection and processing methods. Still, a few challenges remain, especially in 

vegetated landscapes (Eltner et al., 2016; Smith et al., 2016; Washburn, 2017).  

Vegetation obscures the ground and the complexity of its structure decreases 

matching ability in processing, reducing the accuracy of DEMs (Eltner et al., 2016; 

Westoby et al., 2012). Additionally, vegetation obscures the camera’s view of the 

ground which is a concern for geologists interested in studying the earth’s surface 

(Eltner et al., 2016; James and Robson, 2012; Westoby et al., 2012). With the 

expanding use of SfM in the geosciences, it is paramount to establish techniques for 
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removing vegetation from datasets so as to obtain Digital Terrain Models (DTM). In 

order for SfM to fully rival LiDAR, these techniques must be reliable, user-friendly, 

and fast. We assessed three software packages for their ability to produce DTMs of 

satisfactory quality for use in modeling hillslope asymmetry. 

The CANUPO plugin for CloudCompare classifies point clouds using 

multidimensionality parameters (Brodu and Lague, 2012). Users can either use 

established classifiers or input manually classified clouds which the software analyzes 

for their dimensionality (the 1D, 2D, or 3D distribution of points within spheres of 

specified diameters) and extrapolates to the entire dataset (Brodu and Lague, 2012). 

This software has proven successful in classifying vegetation, gravel, and water in 

small-scene point clouds produced by high resolution terrestrial laser scanning (Brodu 

and Lague, 2012). It has yet to be incorporated into academic research, but community 

forum discussions show that CANUPO is capable of classifying airborne LiDAR data. 

The developers of the software are experimenting with creating classifiers capable of 

handling point clouds constructed by SfM. 

 Pix4D is a software package designed for creating point clouds using SfM 

techniques. The streamlined workflow produces point clouds, dense meshes, 

orthorectified photos, DEMs, and now DTMs. DTMs are produced through an 

automated process that preserves ground and road surfaces to create a highly smoothed 

model with interpolated points filling gaps. The algorithms enabling this function are 

not publically available, so it is unclear what criteria Pix4D uses to classify points.  

The Agisoft PhotoScan software performs similar functions as Pix4D including 

point cloud construction, dense clouds, DEMs, and classifiers. The classification 
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function was originally designed for use on LiDAR derived point clouds. It operates by 

dividing the scene into boxes in which the lowest point is identified and used to 

construct a preliminary digital terrain surface. Subsequently all points are processed 

based on their distance and angle from the preliminary terrain surface in order to sort 

them between ground, vegetation, and other options that can be selected from a 

predefined list.  

Slope Morphology and Genesis 

Accretionary and inflationary soil profiles (AIP) form in dryland regions as 

aeolian dust accumulates under a protective layer of larger clasts. The rate of accretion 

is dependent on aeolian dust supply, surface roughness, and the size of clasts produced 

by bedrock weathering. (McFadden et al., 1987; Persico et al., 2011). Accumulation of 

aeolian fines in soil affects the hydrological characteristics of surfaces, impacting 

drainage network development and vegetative growth (McAuliffe, 2016; Wells et al., 

1985). Land use changes and reductions in vegetative cover can also increase dust 

accumulation (Borella et al., 2016). The complex relationships between colluvium 

generation, accumulation, and transport determine hillslope morphology. 

The “Soil Production Function” is a numerical model of colluvium production 

(rather than soil formation) where the production of colluvium is governed by colluvial 

thickness (Heimsath et al., 1997). The model predicts that the rate of colluvium 

production is highest under thin colluvium mantles (Heimsath et al., 1997; Heimsath et 

al., 2005; Lebedeva and Brantley, 2013). Colluvium is predicted to achieve a steady-

state thickness, because as soils thicken rates of production decrease. For colluvium in 

steady-state thickness, rates of transport are predicted to accelerate downslope in order 
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to accommodate the increasing volume of colluvium received from upslope (Figure 1) 

(Heimsath et al., 1997; Heimsath et al., 2005). With steady rates of production and a 

constant thickness, rates of transport achieve an equilibrium, producing a steady-state 

convex morphology. The exposure of bedrock is only predicted to occur when 

processes cross a critical threshold of erosion rapidly outpacing production, resulting in 

a new landscape configuration (Heimsath et al., 2012). 

Influences of Climate 

 

The Soil Production Function does not explicitly incorporate the influence of 

climate into the model, but rather is incorporated into a diffusivity term that is often 

assumed to be constant in time and space when slopes are in equilibrium. Yet rates of 

diffusion vary with topoclimate as well as over large scale climate fluctuations in the 

Quaternary (Ben-Asher et al., 2017; Madoff and Putkonen, 2016). Diffusion rates 

calculated for cinder cones show decreases associated with increasing precipitation 

(Ben-Asher et al., 2017). Additionally, diffusion rates vary with aspect, signaling the 

importance of topoclimate (Ben-Asher et al., 2017). 

Hillslope asymmetry allows us to test the impact of climate on hillslope 

processes. Hillslope asymmetry refers to the variations in morphology between slopes 

of different aspects within a single valley (Pelletier, 2017; Poulos et al., 2012). 

Asymmetrical morphology is driven by variations in insolation which result in 

topoclimate differences. In the northern hemisphere, south-facing slopes receive more 

insolation compared to north-facing slopes meaning that they are warmer and often 

drier because of higher rates of evapotranspiration (Burnett et al., 2008; Poulos et al., 

2012; Yetemen et al., 2015a; Yetemen et al., 2015b). The widespread occurrence of 
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hillslope asymmetry suggests that insolation exerts a significant control on soil 

moisture, vegetative growth, and diffuse sediment transport (Istanbulluoglu and Bras, 

2005; Poulos et al., 2012; Yetemen et al., 2015a; Yetemen et al., 2015b).  

Study Area 

The Nipton Basin is a ~2km2 catchment located in the eastern Mojave Desert 

(Figure 2). The Mojave Desert borders the Basin and Range Province, characterized by 

N-S trending mountain ranges and closed basins resulting from regional extensional 

tectonism. Mojave Desert ranges are related to both Basin and Range extension and 

strike-slip movement along the San Andreas Fault system to the west. The Nipton 

Basin is located at the southern end of the McCullough Range and trends NE-SW 

(Figure 3). The basin drains southwest into the Ivanpah Valley, where coalescing 

alluvial fans form piedmonts and alluvial fill typical of basin and range topography. 

The bedrock is a complex of Proterozoic locally-foliated granites, granodiorites, 

diorites, and metasediments which are dated at 1660-1695 Ma (Hewett, 1956; Wooden 

and Miller, 1990). Bedrock geology throughout basin has not been mapped in detail, 

but contacts between units trend perpendicular to the drainage implying that rock type 

is not the primary control on hillslope form. Likewise, there is no evidence, such as 

offset terraces and alluvial fans, of active tectonism within the basin. 

Situated at ~1360 m in elevation, Nipton Basin is part of the eastern Mojave 

physiographic province. The study is situated between the Searchlight, NV and 

Mountain Pass, CA weather stations. The Searchlight station is 23 km directly to the 

east of the study area at 1079 m in elevation and the Mountain Pass is 32 km due west 

of the study area at 1503 m. The mean annual temperature is ~ 22⁰C (WRCC, 2016-
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2018).  Mountain Pass is consistently cooler than Searchlight, due to its elevation, 

meaning that the study area likely falls somewhere between the two values (Figure 4). 

The mean annual precipitation is 195-213 mm (Figure 5).  The area receives 40% of its 

annual precipitation as warm-season North American monsoonal rains and tropical 

storms, and the rest is associated with winter Pacific frontal storms (Figure 6) 

(McAuliffe, 2016). 

Nipton Basin supports plant communities characterized as Mojave Joshua Tree 

Savanna. Four sample transects reveal that plant communities vary between slopes: 

south-facing slopes are more sparsely vegetated with 51.2% no perennial vegetative 

cover or litter compared to north-facing slopes which had only 29.8% (McAuliffe, 

2016). North-facing slopes support more extensive grass communities including 36.0% 

grass over plant litter compared with south-facing slopes which had only 11.5% grass 

cover over plant litter. South-facing slopes are dominated by more xeric species such as 

cacti while north-facing slopes support Joshua trees (McAuliffe, 2016).   

Human impacts on the basin are limited; though there are relicts of small-

footprint exploratory mining including mine pits, structures, and abandoned debris. 

These impacts occur in concentrated areas and are assumed to have little impact on 

hillslope processes. The region was grazed from the 1890’s through the end of the 

1990’s and livestock preferentially consumed certain grass species, shifting vegetative 

communities (McAuliffe, 2016). Now that cattle no longer graze the area, grasses are 

rebounding, suggesting a partial return to pre-grazing conditions (McAuliffe, 2016). In 

addition to impacting vegetation, cattle may have induced erosion and created micro-

terracing, but any signs of cattle trails or impacts are no longer evident.  
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Methods 

Structure from Motion 

We used an UAV (drone) to collect aerial images along preprogrammed flight 

grids, collecting photos at 60 m above the ground’s surface. Each image had 80% 

overlap with its neighbors. In total, 27 rectangular grids were flown with approximate 

dimensions of 800 x 450 m. We used Pix4D to process the photos with Structure from 

Motion (SfM) techniques which produce a 3D point cloud. Tie-points, known 

corresponding points, were selected across multiple photos to aid modeling. Images 

were georeferenced with over 50 ground control points (GCPs) which were mats and 

natural features whose locations were recorded with a d-GPS.  

The resulting point cloud containing ~540,000,000 points was divided into 68 

parts to reduce the large file size. Each cloud, saved as a .LAS file, was imported into 

CloudCompare where it was manually cleaned using the segment tool. Clusters of 

points well above or below the ground surface were manually removed. An attempt to 

remove noise with the SRF noise filtering tool resulted in a significant reduction in 

overall cloud density, so this tool was not applied. Some sections of the cloud were 

offset as a unit from surrounding surfaces (and in parts, with two apparent surfaces in 

one area); in these areas, the offset points were segmented into a new cloud then 

realigned using the alignment tool. Once all of the point clouds were cleaned, they 

were merged back together to create a basin-wide cloud. DEM rasters were extracted 

from this cloud at 3 sampling scales (0.25m, 0.5m, and 1.0m) using the lowest point as 

the elevation for each cell in an attempt to minimize the influence of vegetation in the 

model.  
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Digital Terrain Models 

CANUPO 

 

Initially, the CANUPO extension for CloudCompare was used to train 

vegetation classifiers in an attempt to construct a Digital Terrain Model of the entire 

basin. A small portion of a point cloud, with a representative range of vegetation types 

(large Joshua trees, large rounded bushes, and small rounded bushes), was manually 

segmented into vegetation and ground classes (Figure 7). These two classes were then 

used to train CANUPO’s dimensionality classifier. The scales used in CANUPO’s 

analysis were manually set, and the divisions between classes manipulated with a 

visualizer. Over 25 classifiers were created using a range of scales (combinations of 

0.15, 0.25, 0.5, 0.75, 1.0, 1.25, 1.50, 1.75, 2.0, 2.5, and 3.0 m) and visual 

manipulations. Each classifier was run on one of the basin point clouds and assessed 

for accuracy by visually comparing the RBG and scalar classification fields to see if 

vegetation and ground points were correctly classified. Additionally, some classifiers 

incorporated confidence thresholds, which created a third class of points whose 

confidence in identification fell below the set threshold. 

A second denser point cloud was constructed with imagery collected over an 

alluvial fan area of the Nipton Basin by UAV flying at 30 m rather than 60 m. The 

alluvial fan imagery was processed following the same methods as the larger cloud 

using with Pix4D. Using CANUPO, a section was manually segmented into vegetation 

and ground classes, but the vegetation class only included large vegetation, such as 

Joshua trees and bushes over 0.5 m tall, excluding the low lying bushes (Figure 7). 
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Classifiers were trained and tested in the same manner as described above (Figure 10, 

Figure 11, Figure 12).  

Pix4D 

 The standard Pix4D workflow was used to generate point clouds of the entire 

basin from aerial imagery collected by UAV. After manual cleaning, the cloud was 

reimported and steps 2 and 3 were run again to create a DEM and DTM. Additionally, 

the alluvial fan imagery was processed in Pix4D to create a point cloud, DEM, and 

DTM. The DEM and DTM were used to construct hillshades in ArcMap which were 

compared for accuracy in removing vegetation. 

Agisoft PhotoScan 

 

Agisoft cannot import point clouds constructed in other programs such as 

Pix4D, so we created a new point cloud using the alluvial fan images that were also 

processed by Pix4D. Following the workflow outlined in (Shervais and Dietrich, 2016) 

the highest resolution and density options were routinely selected. We also ran the 

classification feature, which distinguishes between ground and non-ground points 

through a triangulation technique that locates the lowest point in an area, then measures 

the angle between that point and surrounding ones. If a point has an angle above the 

user-specified limit for a given cell size, it is classified as vegetation. Due to the low 

angle of the fan surface, we used 15 degrees as the maximum angle that points were 

allowed to vary above the initial surface in a 0.5 m cell. The resulting classified point 

cloud was examined visually for accuracy.  
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Mapping Surficial Geology 

Pix4D also generated orthorectified photos which are compilations of aerial 

imagery corrected for topography and camera angle (Figure 13). These orthomosaics 

were imported into ArcMap and used to manually map the surficial geology of a 

representative central portion of the basin. Ten categories of features were determined 

based on field observations and mapped based on distinguishing characteristics (Table 

1). Hillshades (Figure 14), gradient maps (Figure 15), and elevation line profiles also 

aided in identifying features. The resulting shapefile has an approximately 30 ft. level 

of accuracy and each feature was assigned a level of confidence ranging from 1-3 

(high-low) (Figure 16).  

Typical morphologic expressions for these features are as follows: Colluvium 

has a smooth convex profile, grassy cover, and continuous gradients (Figure 17, Figure 

18). Colluvial remnants appear pinched and raised, and have a reddened color (Figure 

19, Figure 20). Alluvial fans, found at the mouths of large sub-drainages, have a 

consistent shallow gradient and support large vegetation including Joshua trees (Figure 

21). Boulder stripes are areas of primarily varnished boulder size clasts found in 

circular to linear patches ranging in size from 1 m to 6 m in length (Figure 22, Figure 

23). Bedrock is exposed as tors which appear rough in the hillshade and have steep 

gradients (Figure 24). Bedrock is also characterized by the lack of vegetation and 

lighter colored colluvium near outcrops (Figure 25). Debris aprons are thick 

accumulations of sediment at the base of slopes which can be distinguished by their 

concave-planar profile, truncated toes, reddened color, and grassy vegetation (Figure 

26, Figure 27). 
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Zonal Statistics 

 

The zonal statistics toolkit in ArcMap was used to analyze differences in slope 

characteristics between aspects (Figure 28). Zonal statistics uses two layers: a zone 

layer that defines the shape and location for the statistical calculations, and a value 

layer that contains the data values used in calculations. The combinations we analyzed 

were aspect and insolation, aspect and gradient, aspect and surface geology, and 

surface geology and gradient. Each statistic was calculated using the 0.25 m, 0.5 m, 1.0 

m DEMs, and the Pix4D DTM. To calculate results for south- and east-facing (SE) and 

north- and west-facing (NW) aspects, the average values within each aspect were 

normalized for their total area and added to reflect the combined value. Unpaired two-

tailed t-tests were used to determine statistical significance of each comparison. 

Appendix C provides detailed workflows for all methods employed. 

Results 

Digital Terrain Models 

CANUPO 

 

Visual assessments determined that the classifiers created with CANUPO did 

not succeed in consistently differentiating vegetation from ground for the basin-wide 

model. Classifiers either missed large portions of vegetation, or misclassified too much 

ground resulting in large patches of no data. The 3.0, 2.0, 1.0, 0.75, 0.5, and 0.25 scales 

achieved the highest level of accuracy, while use of the visual manipulator did not 

significantly improve quality. Additionally, use of the confidence threshold did not 
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improve data quality as most misidentified points were classified with high levels of 

confidence.  

The classifiers created with the higher resolution alluvial fan point cloud were 

more accurate (Figure 9 and Figure 10). In wide, flat areas the classifier successfully 

identified significant portions of the vegetation (Figure 11 and Figure 12). While large 

vegetation was correctly identified, the crowns of some of the rounded bushes were 

misidentified as ground. Similar errors persisted across classifiers created at several 

scale combinations and run on different portions of the point cloud. Additionally, 

drainages with steep, converging slopes were frequently mistaken for vegetation. Areas 

of low point cloud density also tended to have higher degrees of error. 

Agisoft PhotoScan 

 

Agisoft’s automated classification scheme was more user-friendly and much 

faster than CANUPO, but it allowed no opportunity for user-manipulation. The 

classifier was consistently successful at removing vegetation of a certain height above 

the ground surface, but appeared unable to remove low-lying parts of vegetation 

(Figure 9). Thus, it was able to produce a DTM that reduced the overall vegetation 

roughness due to height, but still contained most vegetative cover. 

Pix4D 

The DTM generated by Pix4D was the most consistently smooth, lacking any 

bumps associated with vegetation (Figure 9). Rock outcrops also appear smoothed with 

topographic roughness removed. Despite these drawbacks, this model was selected for 

comparison with the DEMs because of its lack of holes, idealized hillslope form, and 

ease of use. 
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Surficial Geology 

Basin morphology varied consistently based on the scale of the DEM and DTM 

model. The scale of the model influences the gradient of the model (Figure 29). 

Bedrock slopes are consistently steeper than colluvium slopes. At each scale, the 

standard deviation of the gradient is similar between bedrock and colluvium. The mean 

gradient of both bedrock and colluvium increases as the model scale increases. 

Additionally, the variability of the data, expressed by the standard deviation, increases 

as model scale decreases, meaning that gradient is more variable at finer scales. The 

DTM shows the lowest mean gradients and standard deviation. In contrast, the 0.25 m 

DEM represents the highest degree of variability with the steepest gradients. The trends 

in the variability of gradient with different model scales is visually apparent as larger 

scale models appear smoother (Figure 15). 

Insolation calculations during key times of the year show that south-facing 

slopes always receive more insolation than north-facing slopes, and SW-facing slopes 

always receive more than NE-facing slopes (Table 2, Figure 30). During the summer 

solstice all slopes receive the most insolation, and the difference between aspects is 

less pronounced as south-facing slopes receive an average of 5735 WH/m^2 and north-

facing slopes receive 5467 WH/m^2. At the equinoxes, south-facing slopes receive 

4191 WH/m^2 and north-facing slopes receive 2861 WH/m^2. Total insolation is least 

during the winter equinox and this is when the differences between aspects are most 

pronounced: south-facing slopes receive 1686 WH/m^2 and north-facing slopes receive 

672 WH/m^2. These same trends are present between NE- and SW-facing slopes. SW-

facing slopes receive 5697 WH/m^2 at the summer solstice, 3927 WH/m^2 at the 
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equinoxes, and 1478 WH/m^2 at the winter solstice. NE-facing slopes receive 5516 

WH/m^2 at the summer solstice, 3113 WH/m^2 at the equinoxes, and 864 WH/m^2 at 

the winter solstice 

The three scales of DEM models and the DTM model show that south-facing 

slopes have a higher mean gradient than north-facing slopes, while SW-facing slopes 

are shallower on average than NE-facing slopes (Table 4). The gradient of south-facing 

slopes ranged depending on the model from 20.66 to 25.99 degrees compared to north-

facing slopes which ranged from 19.21 to 25.31 degrees. SW-facing slopes ranged 

from 19.83 to 25.31 degrees while NE-facing slopes ranged from 19.50 to 25.93 

degrees. Though the differences in gradient between aspects at each scale are less than 

one-degree, two-tailed t-tests indicate that they are extremely statistically significant (P 

<0.0001).  

North-facing and south-facing slopes both comprise 34% of the total area of the 

Nipton Basin DEM (east is 14% and west is 19%) (Table 3, Table 4). Both the DEM 

and DTM models indicate that south-facing slopes are nearly equal parts colluvium 

(DEM 56%, DTM 54%) and bedrock (DEM 44%, DTM 46%) while north-facing 

slopes are dominated by colluvium (DEM and DTM 83%) and have much less bedrock 

exposure (DEM and DTM 17%). This same trend is present between NE- and SW-

facing slopes: SW-facing slopes are 63-62% colluvium and 37-38% bedrock, and NE-

facing slopes are 74-75% colluvium and 26-25% bedrock. 

Additionally, each model indicates that bedrock is steeper than colluvium by 

multiple degrees (Table 5). The mean gradient of bedrock ranges from 21.01 to 27.15 
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degrees in contrast to colluvium which ranges from 18.70 to 24.87 degrees. Two-tailed 

t-tests indicate that these differences are extremely statistically significant (P <0.0001).  

Colluvial remnants are found primarily on south-facing slopes, perched 

between branching zero-order channels (Figure 16). The few colluvial remnants that 

are found to the south of the main channel were located on the south-facing slopes 

associated with sub-basins. Debris aprons were also primarily associated with south-

facing slopes. They are typically located at the base of the slope, and several have been 

truncated by the active channel. Multiple lobes of apron are present where gullies have 

incised the apron, and material has subsequently been deposited (Figure 26). Alluvial 

fans are only found to the south of the main channel where large drainages have 

developed in association with north-facing slopes (Figure 16). Interestingly, the 

catchment development in these locations has resulted in secondary south-facing slope 

formation. 

Discussion 

Structure from Motion and Digital Terrain Modeling 

Our results indicate that SfM can be used to construct high resolution (0.25-

1.0m) DEMs at a basin scale. These models, in combination with orthorectified images 

with pixel sizes of 0.04 m, can inform detailed remote mapping of surficial geology 

(Figure 13, Figure 16). Familiarity with the field conditions and geology is still 

necessary, but this technique yields a level of detail that would be hard to achieve 

without extensive field-time. Remotely generated maps can then inform subsequent 

field visits. Additionally, SfM shows promise for rapidly mapping large areas, 
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especially in inaccessible terrain. The speed of data collection also opens doors for 

long-term monitoring. Brief regular field visits can yield vast datasets which can 

document how landscapes change over time.  

 Changing light conditions present a challenge for ensuring high quality data 

collection across multiple flights. Imagery collected in the late afternoon when the sun 

was low on the horizon contained extensive shadows. Valleys in particular presented a 

challenge for mapping because dark shadows obscured the colors used to characterize 

certain features. Vegetation also cast shadows which likely increased the level of error 

in mapping these areas. Therefore, collecting imagery during the mid-day is optimal for 

reducing shadows and increasing data accuracy. Distortions along the boundaries of 

orthomosaics compiled from different flights might also result in error. These likely 

result from difficulties reconciling imagery taken in different light conditions. This 

might be combated by placing more ground control points near the edges of the flight 

map. We compensated for distorted edges in our data by georeferencing the 

orthomosaics to a central image containing several ground control points. The 

georeferencing link tables were saved and applied to the DEMs used in mapping so as 

to correct for any alignment issues between imagery and DEM.  

 Another source of error in the SfM point clouds created by Pix4D is 

erroneously placed points. These fell into two broad categories: misaligned surfaces 

and point clusters. The misaligned surfaces looked like there were two layers of ground 

and vegetation vertically offset by 0.25-3 meters. These areas tended to be located at 

hillcrests which may be due to insufficient UAV height above the ground surface, or 

perhaps shifting light conditions. The misaligned surfaces were distinct and extensive 
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enough that they could be realigned with the CloudCompare alignment tool. In 

contrast, the point clusters appeared as random, but still dense groups of points offset 

from the main surface. They could result from blurred imagery or erroneous matching. 

In some cases CloudCompare’s SOR (statistical outlier removal) noise filtering tool 

was able to remove these points, but the filter also significantly reduced the density of 

other point cloud locations, lowering the data quality. Since maintaining high density 

clouds is essential for the functionality of CANUPO, we manually removed these 

points. This was a time intensive process that is not practical for larger areas.  

Even though SfM is a passive sensing technique only capable of capturing 

surfaces, constructing DTMs still appears to be feasible. The results of the CANUPO 

classifiers suggest that the software is capable, to a limited degree, of differentiating 

vegetation and ground (Figure 10, Figure 11, Figure 12). The higher resolution alluvial 

fan cloud performed better, suggesting either that denser point clouds yield better 

results or that focusing only on larger vegetation improves success. The density of the 

point cloud is important for CANUPO’s multidimensionality analysis because some 

surfaces only are texturally distinguishable at small scales. Classifiers repeatedly 

missed portions of the crowns of large rounded bushes likely because they were 

dimensionally similar to flat ground. Thus, high resolution SfM models may be 

necessary to fully classify vegetated scenes. Focusing classifiers on large vegetation 

which can be differentiated at larger scales may still be necessary if the ground is 

uneven and texturally similar to small vegetation. The optimal parameters for creating 

a CANUPO classifier will vary depending on the landscape, data resolution, and 

desired outcome (such as how selective the classifier should be for each class). The 
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high level of user control does come with the drawbacks of CANUPO’s large 

computational power requirements and long run times, which currently limit its ease of 

adoption into the geosciences. 

Agisoft PhotoScan also produced an acceptable DTM that removed vegetation 

above a certain height. The streamlined workflow sped the process, though the file type 

requirements limited the transferability with other programs. Further experimentation 

is necessary to find the optimal angle and cell size parameters for classifying 

vegetation. These will depend on the specific field area as higher angles will be 

necessary for steeper slopes but will allow more vegetation to remain in the scene. For 

example, reducing the angle might capture more of the vegetation, but could also 

increase misidentification of steep bedrock exposures. 

Pix4D created the model that removed the most vegetation, generating a very 

smooth DTM with no holes. The DTM generation tool has no user defined parameter 

options and the formula is not publicly available which makes it difficult to determine 

the model’s accuracy and quality. Clearly it is interpolating data to fill in areas of 

vegetation, but the extent of interpolation is uncertain. Pix4D’s DTM produces more 

consistent, shallower slope gradients than the DEM models (Figure 15, Figure 29).  

Smoothing risks over generalizing the data by removing localized nuances such steep 

bedrock tors or concave rills. Pix4D generates DTMs in a user-friendly manner, and 

successfully removes vegetation. These models should be used with caution, however, 

especially if localized nuance is important to analysis.   

The DEM models extracted at three scales and the DTM produced by Pix4D 

showed similar results when comparing slope characteristics, but the numerical values 
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varied between models (Table 4, Table 5, Table 4: Aspect and Mean Gradient, Figure 

29). The trend of gradient values decreasing by a few degrees with increases in model 

scale demonstrates the influence vegetation has on model results. The 0.25 m DEM had 

the highest mean gradients, likely due to vegetation adding roughness to the model. 

The larger scale DEMs were more likely to include ground points within each cell, 

meaning the lowest point sampled accurately reflected the ground’s surface, decreasing 

the bumpiness and lowering the overall gradient. The Pix4D DTM had the lowest 

gradient values of all, indicating that it was the most uniform. Sampling at larger scales 

appears to be the most effective way to obtain accurate gradient values for ground 

surfaces, without constructing DTMs.  

Influence of Climate on Hillslope Processes 

Topoclimate 
 

The results of modeling demonstrate that slope characteristics including 

surficial geology and gradient correlate with aspect and insolation (Table 2, Table 3, 

Table 4). In the Nipton Basin, other variables that alter slope morphology (e.g. 

lithology, tectonic forcing, and precipitation) are constant, thus topoclimate induced 

moisture differences are isolated as a driving factor in hillslope form. South-facing 

slopes receive more insolation and have steeper gradients and more exposed bedrock. 

Contrastingly, the north-facing slopes are less steep and are predominately covered in 

colluvium. The correlations between aspect, insolation, surficial geology, and slope 

gradient indicate that topoclimate initiates feedbacks in hillslope processes.  

Our results are similar to the findings of Burnett et al. (2008) which linked 

microclimate differences resulting from aspect to soil moisture, evapotranspiration, and 
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temperature (Burnett et al., 2008). They identified clay expansion as the primary 

mechanism for colluvium diffusion in their study area, however, the pervasiveness of 

hillslope asymmetry across the United States indicates that a multitude of processes are 

influenced by climate feedbacks (Burnett et al., 2008; Poulos et al., 2012). Clay 

expansion is likely not an important mechanism in the Nipton Basin because the 

bedrock is granitic rather than clay-rich sedimentary rocks. Water is essential for most 

weathering (e.g. hydrolysis, frost-wedging, redox) meaning that variations in soil 

moisture due to evapotranspiration can have an amplified effect on weathering. 

Fracturing induced by thermal stress fields is potentially a significant process for 

initiating the weathering of bedrock in dryland regions (Eppes et al., 2016; McFadden 

et al., 2005). Additionally, rates of cracking are likely dependent on topoclimate 

because humidity increases rates of subcritical crack propagation (Eppes and Keanini, 

2017). Thus development across may be sufficient to alter rates of sediment production 

(e.g. Pelletier and Swetnam, 2017).  

SW- and NE-facing slopes did not respond as expected to increases in 

insolation, suggesting that topoclimate is not the sole control on hillslope morphology. 

We predicted that combining results calculated for north- and east-facing slopes, and 

south- and west-facing slopes would yield similar results to the comparison of south- 

and north-facing slopes. We found that SW-facing slopes received more insolation than 

the NE-facing slopes, with slightly more bedrock exposure (Table 2, Table 3). Yet SW-

facing slopes were slightly less steep than NE-slopes (Table 4). A study of hillslope 

asymmetry in canyons found that NE- and SW-facing hillslopes had the greatest 

difference in form, reflecting daily temperature patterns which meant that slopes angled 
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to the west received maximum insolation during the warmest part of the day, boosting 

evapotranspiration rates (Pelletier and Swetnam, 2017). One possible explanation for 

the unexpected difference in steepness in our study area lies in the NE/SW trend of the 

basin. The slopes to the north of the main channel tend to be south- and east-facing 

while those to the south of the main channel tend to be north- and west-facing. Though 

southwest-facing slopes are the warmest and driest due to topoclimate, west-facing 

slopes are more likely to be found adjacent to north-facing slopes. West-facing slopes 

may be influenced by the greater infiltration capacity of colluvium-mantled north-

facing slopes which generate less runoff. Therefore, topoclimate controls on gradient 

may be overridden by other factors such as the spatial continuity of slopes on each side 

of the main channel.  

Hillslope Morphology and Genesis 
 

The morphology of hillslopes in the Nipton Basin indicates that they are not in 

steady-state equilibrium. Boulder stripes, found primarily on north-facing slopes, are 

linear assortments of heavily varnished cobble-boulder sized clasts with no fine grained 

matrix or vegetative growth in between (Figure 22, Figure 23). They resemble 

landforms found at Yucca Mountain, which date to the Pleistocene (Whitney and 

Harrington, 1993). At Yucca Mountain, the stable areas of large boulders were 

deposited when processes like freeze-thaw and debris flows were at work (Whitney and 

Harrington, 1993). Freeze-thaw is an unlikely mechanism to operate in the Nipton Hills 

even during the Pleistocene. Climate reconstructions using paleobotany indicate that 

temperatures in the Mojave Desert were only about 5.5⁰C cooler than present, meaning 

that the mean annual temperature in the Nipton Hills was approximately 17⁰C, which is 
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not low enough to induce freeze-thaw as a widespread process (Thompson et al., 

1999). The Mojave Desert was nearly twice as wet during the Pleistocene potentially 

supporting alternative weathering mechanisms (Thompson et al., 1999). Subcritical 

cracking, capable of producing boulder sized clasts, is reliant on humidity (Eppes and 

Keanini, 2017; Eppes et al., 2016; McFadden et al., 1987; Persico et al., 2011). These 

patches of boulders likely have been preserved because the very large clast size 

prevents the retention of sufficient fine grained material that would support plant 

growth. Their presence suggests that though the north-facing slopes resemble diffusion 

dominated slopes due to their convex profiles and colluvium mantles, at least portions 

of the colluvial cover were not deposited by diffusive processes and have remained 

stable over long periods of time. 

Colluvial remnants are located nearly exclusively on south-facing slopes 

(Figure 16). The colluvial remnants, described by McAuliffe (2016), are interpreted as 

relict deposits that persist after the rest of the soil mantle has been eroded away (Figure 

20). These remnants indicate that at one point in time, south-facing slopes were 

mantled in a more extensive thick colluvial cover. They have been dissected by zero-

order channels on either side, but their raised profile and high infiltration rates protect 

them from erosion (Figure 19). Preliminary dating of illuvial clays in the B-horizons of 

these patches shows that they were accumulating aeolian dust primarily during the late 

Pleistocene and early Holocene. The colluvial remnants show that south-facing slopes 

experienced periods of sediment production and soil formation but these processes are 

now outpaced by erosion. 
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The equilibrium soil production function predicts that convex colluvial surfaces 

are stable landforms shaped by a continuous balance between production and diffusion 

(Heimsath et al., 1997). When applied to dryland hillslopes such as those found in the 

Mojave, models based on the soil production function can predict colluvial thickness at 

scales of tens of meters, though smaller variations in thickness and the development of 

soils are not accounted for (Crouvi et al., 2013). The prevalence of colluvium on north-

facing slopes could be interpreted as evidence for the landform’s long term stability, 

while the bedrock exposures and colluvial remnants on the south-facing slopes indicate 

that those slopes have crossed a critical threshold. Erosion rates outpacing production 

rates necessitate that these slopes are not in a steady-state equilibrium. 

The extensive bedrock exposures on south-facing slopes increase runoff due to 

their steepness and near-zero infiltration capacity (Figure 25). Slopes impacted by 

tectonic forcing in the San Gabriel Mountains show that chemical weathering 

intensities and rates decrease on steeper slopes as erosion increases and soils thin 

(Dixon et al., 2012). Thus, increasing the steepness of a slope through the exposure of 

bedrock can play into a feedback that may potentially exhume more bedrock (Table 5). 

Bedrock also limits vegetation growth, decreasing dust accumulation and soil 

formation. In low moisture environments, bedrock is highly stable, as demonstrated by 

thick varnishes. Subaerial bedrock can persist as tors in part due to the lack of colluvial 

cover, which limits moisture and slows chemical and physical weathering processes. 

Therefore, while bedrock outcrops may be highly stable landforms, they may produce 

runoff which drives erosion. The higher percentages of exposed bedrock on the south-
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facing slopes suggest that runoff is greater on these slopes, increasing erosive power 

which produces debris aprons, rills, and zero-order channels (Table 3). 

Debris aprons are associated more often with the bases of south-facing slopes, 

further suggesting that these slopes have experienced a massive loss of colluvium 

(Figure 16). Their thickness and concave profile indicate high transport rates that 

outpaced the transport capacity of the channel in the valley (Figure 26). The debris 

aprons are stable features as indicated by the oxide-rich B horizons which are 

developed enough to indicate a Late Pleistocene age (Figure 27, McAuliffe, 2016). 

These horizons include illuvial clays, highlighting the importance of aeolian additions 

as well as bedrock weathering in the formation of dryland soils (McFadden et al., 

1987). The debris aprons document the downward movement of sediment on 

hillslopes, but their stability indicates that this is not a constant process through time.  

Rills and zero-order channels are also found in greater densities on south-facing 

slopes, signaling the importance of overland flow for transporting materials downslope 

(Figure 31, Figure 16). Poorly infiltrating surfaces, such as bedrock, produce overland 

flow which can carve rills. The concentrated flow can transform rills into zero-order 

channels with increased stream power, enabling the transport of larger sediments. The 

density of zero-order channels on south-facing slopes indicates that infiltration is 

reduced on these slopes, and that they are actively eroding.  

In contrast, alluvial fans extend from the more extensively developed sub-

valleys on the south side of the main channel (Figure 16). These demonstrate that 

north-facing slopes have developed more extensive drainage basins, with a lower 

drainage density than south-facing slopes. Experimentally derived models predict that 
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drainage density increases with increased hillslope transport efficiency (Clubb et al., 

2016; Sweeney et al., 2015). This is further indication that south-facing slopes, which 

have denser drainage basins, are being eroded more rapidly than north-facing slopes. 

Terraces perched 0.5-1.0 m above the main channel document a period of 

increased incision. The lack of strong soil development along with preliminary dates 

obtained by optically stimulated luminescence (OSL) suggest that they are mid-

Holocene surfaces. This date indicates that terraces formed during the early Holocene 

as warmer climates increased sediment yield, then as hillslope sediment transport rates 

tapered off in the mid-Holocene, the terraces were incised.  

Climate Induced Feedbacks 
 

The results of the hillslope aspect, slope, and surface morphology comparisons 

indicate that south-facing slopes have less colluvium cover due to warmer and drier 

conditions. Water limits plant growth in dryland regions, so decreases in soil moisture 

can result in reduced vegetative density, as well as shifts in vegetative composition. 

Since roots increase colluvial cohesion and plants increase surface roughness, 

reductions in density leads to increased runoff and more erosion. Rill development and 

bedrock exposure on south-facing slopes is evidence of this feedback at work (Figure 

31). This interpretation builds on the model proposed by Bull (1991) which linked 

periods of alluvial fan aggradation in the Eastern Mojave with warmer, drier climate 

periods throughout the Pleistocene-Holocene. Adding to this model, we find evidence 

that hillslopes produced more sediment during wetter, cooler periods. The boulder 

stripes, colluvial remnants, and debris aprons are all relicts of this increased sediment 

production.  
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The Bull model proposes vegetation density decreases in response to warming 

climates. Reduced vegetative cover leads to increased rates of overland flow, sediment 

concentration, and sediment yield, producing thinner soils and greater areas of bedrock 

exposures. Infiltration is zero on bedrock further increasing runoff. Similar feedback 

loops involving vegetation feature prominently in landscape evolution models (Ben-

Asher et al., 2017; Dohrenwend et al., 1986; Istanbulluoglu and Bras, 2005, 2006; 

Istanbulluoglu et al., 2008; Pelletier and Cline, 2007; Rasmussen et al., 2017).  

Antinao (2013) challenged the model using refined paleobotanical time scales 

from lake sediments which recorded that vegetative shifts, as a whole, occurred after 

the onset of aggradation. They instead advocate for the importance of precipitation 

pattern shifts, including more monsoonal flow in the early Holocene (Antinao and 

McDonald, 2013; McDonald et al., 2003). Heightened differences between summer 

and winter insolation during the early Holocene increased the frequency of winter 

storms, tropical cyclones, and regional convective storms, while also increasing the 

magnitude and spatial extent of the North American monsoon (Kirby et al., 2007). 

Aggradation events have also been linked to rapid changes in climate patterns 

associated with the intensification of the El Nino-Southern Oscillation (ENSO) (Bacon 

et al., 2010). Shifting regional precipitation patterns during the early Holocene likely 

contributed to increased erosion on hillslopes in the Nipton Basin. 

The asymmetry observed within a single basin cannot, however, be ascribed to 

differences in precipitation between two aspects since they experience identical 

weather. The stark contrasts between vegetation communities on opposing slopes 

highlights the need to incorporate vegetation into models of slope evolution 



40 

 

(McAuliffe, 2016). Insolation controls soil moisture which in turn limits plant growth 

and dictates which species will thrive. Grasses, which stabilize slopes via their root 

structure and surface roughness, rely on shallow water in colluvium accessible to their 

diffuse root systems. Thus they are found primarily on north-facing slopes and debris 

aprons where water is more readily available in thicker sediments. Not only does 

vegetation respond to geomorphic constraints, its surface roughness contributes to 

trapping dust. Thus, while region-wide vegetation composition may not change quickly 

enough to account for fan aggradation during warmer climate periods, vegetation shifts 

across hillslopes may be sufficient to trigger the increased erosion of slopes and 

sedimentation on alluvial fans. 

Further research examining the feedback between climate, surface stability, soil 

development, plant communities, and geomorphic processes is necessary for 

understanding the processes responsible for forming dryland hillslopes. Complex 

feedbacks between these processes are heterogeneous through both space and time, 

complicating equilibrium models of soil production. Colluvium cover on hillslopes is 

non-uniform and patchy, indicating that transport and production occur in discrete 

intervals, with a climatic influence. Vegetation is likely a key component in stabilizing 

surfaces, but is susceptible to climate changes. Steepness and surface cover vary across 

hillslopes meaning that infiltration and transport potential is varied as well. Rates of 

weathering are also likely linked to climate, with higher colluvium production during 

cooler, wetter periods, and more fines accumulation during periods with aeolian dust 

mobilization and increased regional sedimentation.   
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Conclusion 

 

Structure from Motion and UAV-based photogrammetry are viable techniques 

for modelling hillslope form and geologic mapping. While constructing “bare-earth” 

Digital Terrain Models still remains a challenge, the Pix4D software produced a DTM 

of sufficient quality to be used for analyzing hillslope morphology, and the Agisoft 

PhotoScan and CANUPO software both were adequate as well. Aspect controls the 

hillslope morphology of the Nipton Basin of the Eastern Mojave Desert. South-facing 

slopes receive more insolation, are steeper, and have more bedrock exposure than their 

north-facing counterparts indicating climate influences on hillslope processes. These 

differences demonstrate that topoclimate influences hillslope form. Additionally, the 

colluvial remnants, debris aprons, and boulder stripes indicate that sediment production 

and transport have not remained constant in the Late Pleistocene or Holocene. Instead, 

warmer and drier climates appear to initiate colluvium loss, related to vegetation shifts, 

which has significant implications for how drylands will respond to future climate 

changes. Furthermore, our results indicated that soil thickness and erosion are not 

constant through time or space, suggesting that the equilibrium models of hillslope 

colluvium production do not accurately describe dryland hillslopes. 
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Appendix A: Tables 

Classification 

Code 

Surface Morphology Distinguishing Characteristics 

1 Colluvial Remnant Red-orange color, elliptical raised mound 

dissected by rills on either side. B-horizon 

development with illuvial clays 

2 Alluvial Fan Shallowly sloping fan at mouth of side 

channel 

3 Zero-order Channel Narrow channels and rills on hillslopes 

and side valleys 

4 Main Channel Broad, branching channel with distinct, 

vegetation-free bed 

5 Bedrock Visible rock, pale white soil with gravelly 

texture, knobby and steep texture. 

6 Terrace Flat raised surface adjacent to channel 

7 Colluvium Smooth sloping convex surface with 

vegetation and soil cover 

8 Debris Apron Break convexity of slopes to become 

planar-concave; large truncated toes; 

reddening indicating soil development; 

grassy vegetation 

9 Anthropogenic 

Alteration 

Roads, mine pits, and trails 

10 Boulder Stripe Dark talus piles with visible groups of 

varnished boulders 

Table 1: Key to surface geology classification. Classification code refers to the number 

assigned to polygons of each category when mapped in ArcMap. The surface geology 

is the landscape feature identified to a 30m scale of accuracy using the distinguishing 

characteristics outlined in the third column. 
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Table 2: Insolation at key times of the year.  
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  Aspect 

Aspect Percent 

of Total Area 

Percent 

Bedrock 

Percent 

Colluvium 

DEM 

North 34 17 83 

South 34 44 56 

East 14 48 52 

West 19 24 76 

NE 48 26 74 

SW 52 37 63 

DTM 

North 34 17 83 

South 33 46 54 

East 12 47 53 

West 20 25 75 

NE 47 25 75 

SW 53 38 62 

Table 3: Differences in surface geology by aspect. 
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Model Aspect 

Mean 

Gradient 

(degrees) 

Gradient 

Standard 

Deviation 

0.25 m 

DEM 

North* 25.31 11.56 

South 25.99 12.19 

East 27.41 13.29 

West 24.09 11.49 

NE* 25.93 12.07 

SW 25.31 11.94 

0.5 m  

DEM 

North* 23.05 8.62 

South 23.51 8.69 

East 24.16 8.97 

West 21.89 8.68 

NE* 23.38 8.73 

SW 22.94 8.69 

1 m 

DEM  

North* 22.14 6.98 

South 22.75 7.05 

East 23.06 6.80 

West 20.97 7.09 

NE* 22.41 6.92 

SW 22.12 7.07 

DTM 

North* 19.21 6.22 

South 20.66 5.77 

East 20.33 6.24 

West 17.23 6.64 

NE* 19.50 6.22 

SW 19.38 6.10 

* two tailed t-tests of North/South, NE/SW 

yielded P values of <0.0001, extremely 

statistically significant 

Table 4: Aspect and Mean Gradient 
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Model 

Surface 

Geology 

Mean 

Gradient 

(degrees) 

Gradient Standard 

Deviation 

0.25 m 

DEM 

bedrock* 27.15 12.52 

colluvium 24.87 11.77 

0.5 m 

DEM 

bedrock* 24.69 8.71 

colluvium 22.41 8.66 

1 m 

DEM 

bedrock* 23.93 6.79 

colluvium 21.46 7.03 

DTM 

bedrock* 21.01 5.89 

colluvium 18.70 6.34 

* two tailed t-tests of bedrock/colluvium yielded P values of 

<0.0001, extremely statistically significant 

Table 5: Surface Geology and Gradient
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Appendix B: Figures 

 

 

Figure 1: The “Soil Production Function” proposed by Heimsath (1997) defines depth 

dependent rates of bedrock weathering linked to downslope transport. Modified from 

(Montgomery, 2007). 
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Figure 2: The study area is located in the eastern Mojave Desert along the California-

Nevada border, to the south of Las Vegas. Satellite imagery modified from Google 

Earth 
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. 

 

Figure 3: The shaded relief map shows the relative elevations in the region of the 

Nipton Hills Study Area. The NE/SW trending hills are located at the southern end of 

the McCullough Range, near the northern end of the New York Mountains. The hills 

drain east into the Ivanpah Valley which is bordered to the west by the Clark Range.  
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Figure 4: Mean monthly temperature at the Searchlight and Mountain Pass weather 

monitoring stations. Mountain Pass, which is 400 m above Searchlight, is consistently 

a couple of degrees cooler.  
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Figure 5: Mean annual precipitation. The Nipton Hills study area receives 

approximately 200 mm of precipitation a year. The eastern Mojave Desert receives 

precipitation during the winter months from winter frontal storms that come from the 

west. It also experiences a second period of precipitation in the summer associated 

with the western-most edge of the North American Monsoons.  

Mean Annual 

Precipitation 
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Figure 6: Mean monthly precipitation values from the Searchlight and Mountain Pass 

weather monitoring stations which are located ~50 km apart. Most precipitation 

occurs during winter months (due to winter frontal storms) and late summer months 

(due to monsoons). Mountain Pass receives ~ 2 mm more precipitation that 

Searchlight, but both adhere to the same patterns. Data modified from the Western 

Regional Climate Center. 
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A) 

A)  

B) 

CC)) 
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C)

 

Figure 7: Creating CANUPO classifier. Oblique view of point cloud, scale bars show 

6.5 m.  A) Original unsegmented point cloud section. B) Segmented vegetation cloud 

used to define vegetation for the classifier trainer. C) Segmented ground (including 

low-lying vegetation) used to define ground for the classifier trainer.  
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Figure 8: Hillshade of alluvial fan constructed from 0.25 m DEM. The fan’s location 

within in the Nipton Basin is shown in the inset map. 
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Figure 9: Digital Terrain Model Comparison of Alluvial Fan. Hillshades demonstrate 

that of the classifiers CANUPO removed the most of vegetation, Pix4D removed much 

of it, and the Agisoft classifier removed the least amount, The Pix4D DTM 

automatically removed the great majority of the vegetation and interpolated the gaps, 

creating a very smooth model that still retains small features like zero-order channels. 
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A)

 

B) 

 

Figure 10: CANUPO classification of alluvial fan vegetation. A) An oblique angle of 

the point cloud in RBG shows vegetation, including bushes and Joshua trees, as well as 

hillslope and valley floor ground surfaces. Scale bar shows 25 m. B) CANUPO 

classified cloud where blue is vegetation and red is ground.  
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A)

 
B) 

 

Figure 11: CANUPO Classification of alluvial fan point cloud. A) RBG birds-eye view 

of hillslope and channel. Scale bar shows 15m. B) CANUPO classified cloud where 

blue is vegetation and red is ground. 
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A)

 
B) 

 
Figure 12: CANUPO Classification of alluvial fan point cloud. A) RBG birds-eye view 

of hillslope and channel. Scale bar shows 15m. B) CANUPO classified cloud where 

blue is vegetation and red is ground. 
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Figure 13: Nipton Basin Orthomosaic. In full resolution each pixel is 4 cm, yielding a 

much higher resolution image than is available from satellite imagery. Vegetation and 

ground can clearly be distinguished at this scale. The red polygon denotes the study 

area focus where surficial geologic mapping and analysis were conducted. 
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Figure 14: Hillshade constructed for the Nipton Basin focus study area using the 3 m 

DEM. This basin-wide hillshade was used to inform geologic mapping, while the 

smaller scale DEMs were used for slope analyses. Even at this scale, vegetation is 

preserved, which is especially apparent in the main channel. 
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Figure 15: Basin gradient map for the 0.25 m, 0.5 m, 1.0 m, and DTM model. Note the 

increasing spatial consistency of gradient with increasing model scale. The DTM 

shows hillslopes with the most uniform gradients while the 0.25 DEM shows very 

heterogeneous gradients. 
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Figure 16: Surficial geology of the Nipton Basin focused study area. Extensive bedrock 

outcrops are mapped to the north of the main channel while predominately colluvium 

mantled slopes are mapped to the south. Debris aprons are found most commonly at 

the base of south-facing slopes below bedrock outcrops. Colluvial remnants are also 

found on south-facing slopes. Alluvial fans are located at the mouths of the larger sub-

basins which only occur on the south side of the main channel.  

  

Surficial Geology 
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Figure 17: Characteristics of colluvium include smoothly rounded hillcrests and 

uniform slopes. The convexity of the slope is especially apparent in the hillshade, and 

the gradient map shows that gradient increases consistently downslope. 

Gradient 



65 

 

 
Figure 18: Colluvium covered north-facing slope. The slope is convex-planar in profile 

and dominated by continuous grasses with a scattering of Joshua trees, yucca, and tree 

cholla. 
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Figure 19: Colluvial remnants are characterized by a reddened color visible in the 

orthomosaic which is indicative of iron oxide accumulation in the b horizon. Also note 

their pinched appearance in the hillshade and gradient maps due to dissection by rills, 

signaling that they have been isolated after achieving their thickness.  

Gradient 
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a)

 
b) 

 
Figure 20: Colluvial remnant. a) Colluvial remnants in south-facing sub-basin 

demonstrate extensive reddening, raised and pinched shape. Adjacent areas are debris 

aprons that are not as deeply red in color and support thicker grasses. b) The cross 

section of a colluvial remnant indicates soil development and accumulation of fine 

grained dust during the Late Pleistocene.  
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Figure 21: Alluvial Fan Characteristics. The triangular alluvial fan surface is 

generally smooth and gently sloping, as seen in the hillshade and gradient maps. The 

orthomosaic shows that it hosts a high density of larger vegetation such as Joshua 

trees.  

Gradient 
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Figure 22: Boulder Stripe Characteristics. Darkened lines of boulders are apparent in 

the orthomosaic and create roughness in the hillshade that translates to steeper 

average gradients. 

Gradient 
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Figure 23: Boulder Stripes on north-facing slopes. 
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Figure 24: Bedrock Characteristics. White colored bedrock outcrops in rough tors and 

creates a zone of freshly weathered large clasts that retain the same color as the parent 

material. Outcrops show up as a rapid increase in gradient on the hillshade and 

gradient maps.  

Gradient 
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Figure 25: Bedrock exposure on south-facing slope. An area of darkly varnished 

bedrock is exposed at the rounded crest, lacking any vegetation cover.  
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Figure 26: Debris Apron Characteristics. Debris aprons are distinguished by the 

concave break in slope and truncated toes visible in the hillshade. The surface of the 

apron slopes less steeply than the surrounding hillslope, but the toe exhibits a steep 

scarp where is truncated by the channel. Vegetative differences are visible in the 

orthomosaic: the debris apron hosts a denser community of low, rounded, dark khaki 

bushes than the surrounding slope.  

Gradient 
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a)
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b) 

 
Figure 27: Debris Aprons. a) The truncated toe of debris apron shows the reddened 

matrix and poorly sorted clasts comprising the deposit. b) A series of debris aprons 

abut the valley floor showing a reddened color, concave form, and vegetative 

community that is predominately fine grasses contrasting slopes above. The aprons are 

dissected by small gullies which attest to the depth of colluvium accumulation in these 

areas. 
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Figure 28: Hillslope aspect within the Nipton Basin focus study area. Aspects were 

generated from the 0.5 m DEM and reclassified into categories based on their cardinal 

direction. Note that while north-facing slopes are nearly all found to the south of the 

main channel, there are several sub-basins with continuous south-facing slopes. 

Aspects were generalized using focal statistics for use in analyses to remove some of 

the impacts of localized bumpiness.  
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Figure 29: Standard Deviation vs Gradient of DEMs. Bedrock is steeper than 

colluvium in all models. The level of variability, measured by the standard deviation, is 

nearly equal for bedrock and colluvium within each model. The mean gradient of both 

bedrock and colluvium increases as model scale decreases. Additionally, the 

variability of the gradient increases as the model scale decreases. 
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Figure 30: Insolation at key dates. Mean hourly insolation values were calculated from 

daily values at the solstices and equinox, and are displayed in 1 m cells. Insolation 

rates are highest at the summer solstice and lowest at the winter solstice. South-facing 

slopes receive more insolation during all times of the year. 

 



79 

 

 
Figure 31: Rill development on south-facing slope. Stick is approximately 1 m for 

scale.  
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Appendix C: Workflows 

Surface Geology Mapping:

 

Workflow 1: Mapping surface geology in ArcMap. 

New map > Add Data: 
Orthomosaics 

(generated by Pix4D)

Coordinate System: 
WAD 1983 Zone 11

Georeferencing: 

Section 12 chosen as 
reference due to central 

location and most 
ground control points

Links manually selected 
and georeferencing 

updated to correct for 
image distortion and 

overlap

Mapping Extent 
Shapefile added to 

delimit area of focus 
within basin

ArcCatalog > File > New 
Shapefile: Surface 

Mapping

ArcGIS > Open Attribute 
Table > Add Field: 

Classification, 
Confidence

Create Polygons of 
Surface Geology

Editor Toolbar  > Start 
Editting > Create 

Feature > Polygon

Open Attribute Table > 
Enter Classification 

Code in Classification 
Field, Enter Confidence 

Level in Confidence 
Field (1 high, 3 low)

Add 3 m basin-wide 
DEM

Use hillshade and 
gradient layers to help 

ID uncertain areas

Spacial Analyst > 
Surface Tools > 

Hillshade and Slope

Save editted shapefile, 
save layer as Surface 

Geology Raster
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Workflow 2: Extracting bedrock and colluvium hillslopes as a raster. 

 

 

 

 

 

 

 

Workflow 3: Calculating gradient from a DEM in ArcMap. The process was repeated 

for the 0.25m DEM, 0.5m DEM, 1.0m DEM, and DTM.  

Selection > Select by attribute

Select from Surface Geology 
Shapefile where 

"Classification Code" = 5 
(bedrock) or 7 (colluvium)

Export selection as Hillslope 
Geology

Data Management > Dissolve 
Boundaries > Areas with the 

same field value

Save new layer as Hillslope 
shapefile and as Hillslope 

raster

Add DEM

Spacial Analyst > 
Surface Toolset > Slope

Output Measurment: 
Degrees

Gradient Raster
Clip to Mapping Extent 

Shapefile
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DEM Raster
Spacial analyst > 
Surface  toolset > 

Aspect 
Aspect raster

Convert aspect values 
to integers

Spacial analyst > 
Math > Int.

Aspect Integer Raster

Generalize aspect 
zones

Spacial Analyst > 
Neighborhod Toolset 
> Focal Statistics, 10 

m circle, majority

Generalized Aspect 
Raster

Fill gaps in raster

Image Analysis 
Toolbar > Select 

Generalized Aspect 
Raster > Functions > 
Elevation Void Fill,  

Range 0

Filled Aspect Raster

Reclassify Aspect Raster 
into cardinal direction 

zones

Spacial Analyst > Reclass 

Customize, 5 Manual 
Breaks

0- 45 -> 1

45 - 135 -> 2

135 - 225 -> 3

225  - 315 -> 4

315 - 360 -> 5

Reclassified Aspect 
Raster

Extract Hillslope 
Aspects

Spacial Analyst > 
Extraction Toolset> 

Extract by Mask 

Input: Reclassified 
Aspect Raster

Mask: Hillslope 
shapefile

Hillslope Aspect 
Raster
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Workflow 4: Generating hillslope aspect raster from a DEM in ArcMap. The 0.5m 

DEM was the only input used since the focal statistics tool generalizes the aspect to a 

10m circle making it unnecessary to repeat for each scale DEM. 
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Workflow 5: Zonal Statistics for Aspect and Insolation. Repeated for the summer 

solstice, equinox, and winter solstice (each a single band). 

Spacial Analyst > Solar Radiation Toolset > 
Area Solar Radiation

Input Raster: 0.5m DEM

In value raster: Solar Radiation Raster 

Time configuration: special days

Hour interval: 0.5 (default)

Data Management>Layers and 
Table Views>Make Raster

select single band (1: summer, 2: 
equinox, 3: winter)

Convert insolation values 
to integers

Spacial analyst > Math > 
Int.

Build attribute table

Data Management> Raster toolset> Raster 
Properties toolset> Build Attribute Table

Spacial Analyst > Zonal Toolset 
> Zonal Statistics as Table 

Feature Raster: Aspect

In value raster: Insolation

Zonal 
Statistics 

Data Table

Export as 
text file 

(.txt)

Import 
to Excel

Combine NE and NW aspects (class 1 
and 5) 

Calculate statistics for NE and SW 
aspects
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Workflow 6: Calculating Surface Geology and Gradient Zonal Statistic. Repeated with 

the 0.25m, 0.5m, 1.0m, and DTM gradient rasters. 

 

 

 

 

 

Workflow 7: Calculating zonal statistics for aspect and gradient.  Repeated with the 

0.25 m, 0.5 m, 1.0 m and DTM gradient rasters. 

Spacial Analyst > Zonal Toolset > 
Zonal Statistics as Table 

Feature Raster: Surface Geology 
Raster

Zone Field: Classification

In value raster: Hillslope Gradient 
Raster

Data Table

Export as text file (.txt) Import to Excel

Spacial Analyst > Zonal Toolset 
> Zonal Statistics as Table 

Feature Raster: Hillslope 
Aspect Raster

In value raster: Hillslope 
Gradient Raster

Zonal 
Statistics 

Data 
Table

Export 
as text 

file (.txt)

Import 
to Excel

Combine NE and NW aspects (class 
1 and 5)

Calculate statistics for NE and SW 
aspects
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Workflow 8: Training and running CANUPO classifiers. In specifying scales, the more 

listed, the slower the processing time, especially when the larger scales are included so 

finding a balance between precision in speed is necessary. *Core point options 

include: use selected cloud (most precise but takes longest), subsample cloud (uses 

core points no closer than specified distance to classify cloud), and use other cloud 

(such as a previously saved subsampling). The classifiers tested in this study used both 

the selected cloud and subsampled clouds as core points – no major difference was 

visually apparent when the same classifier was run with each type of core point. 

 

Cloud Compare point 
cloud imported as 
.LAS from Pix4D

Manually segmented 
out all vegetation 
from subcloud to 

create vegetation and 
ground files

CANUPO plugin > 
train classifier > class 
1: vegetation, class 2: 

ground

Specify scales (m): 3, 
2, 1.5, 1, 0.75, 0.5, 

0.25, 0.15 
recommended

Save classifier as 
.prm

Select point cloud to 
classify in Cloud 
Compare menu

CANUPO plugin > file: 
select classifier .prm

select core points 
type*

Run (can take over 
30 minutes)

Edit > Scalar Fields > 
Filter by value 

Min: 1.0 Max: 1.0 

Split

Visually compare 
resulting ground and 
vegetation clouds to 
determine success
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