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Executive Summary
The purpose of the salinity project is to improve the understanding of sources and transport mechanisms in
rangeland catchments that deliver dissolved solids (salts) to streams within the Upper Colorado River Basin
(UCRB). Changes in the land and water management that enhance vegetation density and canopy cover can be
designed to reduce dissolved-solids yields, enhance the health and sustainability of rangeland plant communities
and improve water quality in the UCRB. This study investigated upland hillslope scale rangeland erosion and
salt transport processes on the highly erosive, saline-alkaline soils of the Mancos Shale formation. Rainfall
simulations were performed at nine sites using a Walnut Gulch rainfall simulator on a variety of slope angles,
canopy cover and rainfall intensities. The Rangeland Hydrology and Erosion Model (RHEM) was calibrated to
provide unbiased estimates of discharge and sediment load in runoff at each site. New parameter-estimation
equations for soil erodibility and hydraulic conductivity were developed for RHEM to improve runoff and soil
loss prediction on saline soils. The calibrated surface erosion parameters in RHEM (Kss and Ke) were
substantially greater than any published in prior studies from non-saline environments. These new saline
equations have been implemented in the online RHEM tool and available for land managers and stakeholders to
accurately predict soil erosion and salt load on saline rangelands. The spatial distribution of vegetation canopy
cover was quantified using photogrammetric modeling and landscape pattern metrics. These high-resolution
spatial data will be instrumental in clarifying the link between vegetation spatial distribution and surface
processes on saline rangelands. Measured total dissolved solids (TDS) in runoff water were highly correlated to
measured sediment loads. Predictive equations were developed to estimate TDS in runoff water as a function of
sediment load that were highly significant and simple to implement. Salt balance was partitioned between that
on the soil exchange sites and the soluble fraction in the saturated extract of surface soils. Salts were also
quantified in the dissolved fraction in the runoff to calculate a total salt balance for the site. Canopy cover, slope
and other experimental conditions influenced the salt partitioning processes via hydrology, erosion and soil
property interactions. Results from this study will improve predicting the possible deterioration of surface water
quality as a result of rainfall on saline soils and suggest management practices of such soils in order to reduce
their negative effect on surface water quality.
Understanding the complex partitioning of solutes between surface and subsurface processes is key to
understanding the effect of rangeland management practices on salt delivery to surface waters. In this context,
soil erosion/water quality models are valuable tools to assess the role of rangeland management practices on salt
transport to surface waters. Since the dynamic interaction of management practices, precipitation, salt pickup
and transport are synthetically handled in the RHEM model, it is possible to predict the effect of a given
practice on net salt transfer from saline uplands to surface waters. This research did identify new methods to
predict salt loading in the UCRB based on soil surface properties, such as Electrical Conductivity (EC),
Exchangeable Sodium Percentage (ESP) and Sodium Absorption Ratios (SAR) that are available from the
Natural Resources Conservation Service Web Soil Survey. Regional hot spot analysis can identify areas with
highest probability of transporting salts to the Upper Colorado River Basin (UCRB). This information can then
be used to match management practices with salt source areas to predict potential reduction in salt loading from
rangelands in the UCRB. Finally, long term watershed continuous monitoring projects are needed to validate
the effectiveness of rangeland management practices at reducing salt delivery to the Colorado River and its
tributaries.
Keywords: Saline Soils; Salt Transport, Soil Erosion, Sediment Yield, Mancos Shale, Rangeland Hydrology
and Erosion Model (RHEM); and Upper Colorado River Basin.
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Quantifying Relative Contributions of Salt Mobilization
and Transport from Rangeland Ecological Sites in the
Intermountain West
1. Problem Statement and Background
The Colorado River and its tributaries provide water to about 36 million people and irrigation water to nearly 6
million acres of land in the United States and Mexico (Bureau of Reclamation 2013). Damages within the United
States from dissolved solids in the Colorado River have been estimated to be $385 million per year (Bureau of
Reclamation 2013). Salinity control efforts have largely focused on reducing anthropogenic sources of dissolved
solids, especially irrigation of agricultural lands while nearly half of the salinity concentration in the river system
comes from natural sources (saline springs, erosion of saline geologic formations and runoff) (Kenney et al.
2009). This suggests a significant potential to further reduce loading of dissolved solids to the Colorado River
through land- and water-management activities on rangelands.
The most vulnerable rangeland areas for soil movement are where annual precipitation is between 100 and 400
mm yr-1 (Figure 1) which limits the soil moisture available to sustain plant growth. With low plant density and
minimal plant and ground cover, arid and semi-arid areas are prone to both wind and water erosion. Arid and
semi-arid regions have low plant density which often results in open and connected bare interspaces where
aerodynamic roughness is low and fetch length is sufficient to allow for wind and water erosion (Okin et al.
2009). In addition, there is insufficient vegetative canopy and ground cover to prevent soil movement from
raindrop splash, sheetflow, and rill erosion in the bare connected interspaces (Puigdefabregas 2005). The
relatively low vegetation cover combined with high intensity convective rainfall events makes the Upper
Colorado River Basin one of the most erosive areas of the United States. Average sediment yield frequently
exceeds three mt ha-1 yr-1 on the Colorado Plateau (Langbein and Schumm 1958). As water erosion is
exponentially related to rainfall intensity, most of the soil erosion occurs during rare convective storm events that
have high rainfall intensities. Consequently, rilling and arroyo formation is very pronounced in the Colorado
Plateau where convective storms annually occur (West 1983). Interaction between wind erosion/deposition and
water erosion, transport, and deposition is poorly understood but linkages do exist, and total erosion may be
maximized in arid and semi-arid regions because of limited cover and the steep highly dissected slopes of poorly
weathered marine shales that are highly erosive in the Upper Colorado River Basin.
Salts in the Upper Colorado River Basin (UCRB) are mostly contained in soils of marine sedimentary origins
(Jones et al., 2017; Tuttle et al., 2014). Halophytic plants, such as Atriplex L. (saltbush), Salsola vermiculata
(Mediterranean saltwort), Halogeton glomeratus (saltlover), and Tamarix spp. (saltcedar) (Gharaibeh et al., 2011;
Rodrigues et al., 2010). can uptake salts and either retain salt within the leaf or exude the salt through specific
glands. This can result in the plant leaf canopy being a significant source of salts deposited on the soil surface
through leaf fall or salts being flushed from the surface of the leaf during rainfall events and are an additional
sources of salts contributing to surface water quality deterioration of the Colorado River. Rainfall may enter the
soil directly and react with the soil’s solid components (salts), some of which dissolve readily and others slowly.
Therefore, to assess salt mobility and transport processes the concentration of major cations and anions in rainfall,
runoff water, and the soil must be determined.
Up to fifteen percent of rangelands in Utah are classified as being in severely eroding condition (Rasely et al.,
1991). Recently USDA-NRCS NRI (2011-2015) reported that on non-Federal rangeland, moderate to extreme
rangeland condition departures from historic reference conditions were 12.3% (soil and surface stability), 16.1%
1
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Figure 1 Conceptual diagram of wind and water erosion with mean annual precipitation for naturally
vegetated arid and semi-arid range lands (Modified from Marshall (1973).
(hydrologic function), and 25.1% (biotic integrity) of Utah’s total non-Federal rangeland acres (6.67 million
acres) (USDA-NRCS. 2018). Some of these degraded lands are located on saline soils of the Mancos Shale
formation, resulting in a disproportionate contribution of sediment, salinity, and selenium to the Colorado River
(BoR, 2013; Spahr et al., 2000). Land management agencies in the U.S. are considering mitigation activities to
reduce erosion on these saline rangelands, and an initial question is how to prioritize different locations for action.
Outcrops of the Mancos Shale extend discontinuously through Wyoming, Utah, Colorado, New Mexico, and
Arizona, with most of their area draining to the Colorado River. The various geologic units of the Mancos Shale
were laid down during the Mid-Late Cretaceous in near-shore environments of the Western Interior Seaway. As
such, the bedrock and soils of the Mancos Shale are saline, and sometimes sodic depending on the depositional
environment. Iorns et al. (1965) attributed 60% to of salts entering the Upper Colorado River Basin (UCRB) to
natural sources and 40% to agriculture. Kenney et al. (2009) using the SPARROW model found a very similar
proportion and quantified the great importance of “high-yield” saline sedimentary formations from the Mesozoic
like the Mancos Shale. A variety of surface and subsurface processes move salts from the rangelands of the
Mancos Shale to the Colorado River. Prior studies estimate that as much as 55% of the salinity in the Colorado
River is from groundwater and subsurface reemergence (Kenney et al., 2009; Warner et al., 1985; ShirnianOrlando & Uchrin, 2000). Miller et al. (2017) revisited prior work by Kenney (2009) with the SPARROW model
and found salinity from rangelands in the entire UCRB to be on the order of 30 tons per square mile. It is likely
that the magnitude and significance of the contribution would be larger for rangeland soils derived from saline
geological parent material, and the outline of the Mancos Shale is quite visible as the areas of highest rangeland
salt yields in Figure 5 of that report. Nauman et al (2019) using new high-resolution soil datasets applied random
forest regression to predict salinity sources in the upper (UCRB) with a 30-meter grid resolution. One of the most
consistent predictors of salinity in that effort was an index of bare ground, particularly in mountainous terrain.
Tillman et al. (2018) assessed the degree to which different reaches in the UCRB might be candidates for
mitigating salinity by reducing or capturing soil erosion. While no simple relationship provided a uniform result
across the UCRB, stream gauge locations that were predicted to be good candidates coincided with many
drainages where the Mancos Shale is present. Since that effort focused on the stream network, hillslope scale
erosion and salt transport models would be required to identify the best locations for actual mitigation activities.
The dominant salt affected soil ions are calcium, magnesium, sodium, potassium, chloride, nitrate, sulfate, and
bicarbonate (Ca2+, Mg2+, Na+, K+, Cl-, NO3-, SO42-, and HCO3-, respectively). The amounts of each constituent
depend on the kinds and amounts of the minerals and organic matter in the soil solid phase, the kind and activity
2

of the vegetation, and the source of applied rain or simulation water.
The runoff water quantity and quality; soil erosion and deposition; solute movement within the soil as a result of
rainfall and simulation; the changes of vadose zone moisture content; and ground water recharge quality and
quantity are some parameters that need determination to describe salt mobilization and transport from rangeland
ecological sites within the basin. The parameters produced from such rangelands must be incorporated in the
existing models (built for non-saline non-alkaline rangelands) for better prediction under salt-affected rangelands.
To assess the state-of-knowledge on rainfall/runoff-driven salt pickup and transport processes, a bibliographic
search (Gagnon et al. 2014) and synthesis (Weltz et al. 2014) was first conducted as a collaborative effort between
the Bureau of Land Management (BLM) and United States Department of Agriculture - Agricultural Research
Service (USDA-ARS). Bibliographic references covering salt transport processes revealed a strong emphasis on
water erosion and subsurface hydrology processes as the main driving mechanisms of salt delivery to surface
waters. This state-of-knowledge exploration identified experimental understanding of salt pickup and transport
processes as a key knowledge gap that needs to be addressed. Work on this project has documented a significant
linear relationship between salinity and sediment in the runoff from experimental rainfall simulator plots on the
saline Mancos Shale formation (Cadaret et al., 2016ab; Nouwakpo et al., 2018),. This work demonstrates the
potential for using erosion models to predict salinity loads from these rangelands under different conditions. .

2. Project Objective
The specific objectives in this research were to: (1) experimentally understand how biotic and abiotic
characteristics in these saline rangelands control the response to erosive processes, (2) understand salt mobility
and transport processes, and (3) parameterize this experimental knowledge into a predictive framework with the
Rangeland Hydrology and Erosion Model (RHEM). This work was conducted as a collaborative effort between
BLM, BOR, USDA-ARS, University of Nevada Reno (UNR), and the Desert Research Institute (DRI).

3. Methodology

Study area
Nine sites in the Upper Colorado River Basin (UCRB) were selected to conduct the rainfall simulation
experiments and cover a large area of the basin (Figure 2). The sites have wide ranges of slope, soil intrinsic
properties, ground cover, canopy cover, vegetation, annual precipitation, geographic location and altitude where
runoff rate and water quality (sediment concentration and total dissolved solids) were measured (Figures 3, 4, 5,
and 6) to understand salt transport processes. Average cover components and slope (Table 1) show high %CV of
the average site’s parameters and allow for deriving suitable functions relating runoff and sediment quality and
quantity as dependent variables with these parameters as independent variables.

3

Figure 2. Map of the field sites relative to rivers in the Upper Colorado River Basin.

Figure 3. Photos from Moab, Utah (left) and Dry X, Utah (Right) showing variation in soil surface cover.
At Moab, Utah soil surface dominated by biological soil crust in the interspace. At Dry X, Utah soil surface
dominated by various levels of physical crusts (i.e., salt crusts) in the interspaces.
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Figure 4. Experimental sites in Utah used to quantify salt loading in surface runoff and Walnut
Gulch rainfall simulator.
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Rangley Colorado
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Figure 5. Experimental sites in Colorado and New Mexico used to quantify salt loading in surface runoff.

Figure 6. Measuring timed-sampling of concentration to steady state runoff rate (left) and runoff water.
quality (right).
6

Table 1. Cover (%) components of the 9 research sites in Upper Colorado River Basin.
Rock

Litter

Bare

Price
DryX
DryX-II
Moab
MoabII
Loma
Farmington
Rangely
Delta

Plant
Basal
0.86
3.98
0.00
18.94
0.00
0.00
3.61
0.00
0.04

0.09
0.24
0.08
31.44
64.09
9.24
0.00
0.21
0.00

2.20
3.33
3.14
17.11
1.36
77.01
8.07
43.30
3.33

89.27
74.70
85.48
50.68
32.61
2.20
88.32
56.21
43.74

Biological
Soil crust
0.00
0.00
0.00
8.41
0.00
11.55
0.00
1.39
47.00

Average
Max
Min
%CV

3.05
18.94
0.00
202.56

11.71
64.09
0.00
189.70

17.65
77.01
1.36
147.18

58.13
89.27
2.20
50.70

7.59
47.00
0.00
202.71

Site

Shrub

Forb

Bunchgrass

8.43
21.75
11.30
18.24
4.81
10.04
1.86
0.21
10.19

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.14
0.00

0.00
0.00
0.00
0.00
0.00
0.00
18.36
0.00
0.00

9.65
21.75
0.21
73.12

0.02
0.14
0.00
300.00

2.04
18.36
0.00
300.00

The ECe range from 0.19 dS/m to 37.77 dS/m covering the five salinity classes adopted by NRCS (Table 2), and
the values of soil ESP range from 0.12 to 49.63 covering the 2 classes of the National Soil Survey Handbook
NSSH Part 618 (2017). Figure 7 shows the distribution of average sites electrical conductivity (ECe) and
exchangeable sodium (ESP). The soil texture ranged from silty loam to loamy sand classes covering 3 of the 12
classes. All soils show a degree of CaCO3 effervescent level. The gypsum content is the highest at Price producing
the smallest SAR and ESP values 0.12 and 0.19 respectively associated with and ECe of 2.77 dS/m which resulted
from the solubility of gypsum. The determination coefficient for the relation between the sodium ratio (SAR) and
ESP values is high which allows estimating one from the other.
Table 2. Selected soil properties of the 9 research sites in upper Colorado River Basin.
Site
Price
DryX
DryX-II
Moab
MoabII
Loma
Farmington
Rangely
Delta
Average
Max
Min
%CV

Sand Silt Clay ECe
ESP
SAR % Gypsum CaCO3 Effervescent Soil texture
11.18 72.05 16.77 2.77 0.19 0.12
4.8
Violently
silt loam
11.52 66.68 21.8 26.13 27.67 41.74
4.36
Violently
silt loam
11.52
58.72
74.99
52.57
81.42
15.35

66.68
37.23
18.74
38.96
17.38
65.21

21.8
4.05
6.27
8.47
1.2
19.44

8.9 18.84 24.78
3.43 1.73 2.18
16.35 37.77 43.75
0.46 0.21 0.15
1.41 2.16 2.47
5.01 1.45 2.73

3.5
0.66
0.27
0.002
Trace
1.87

Violently
Strongly
Strongly
Violently
Very Slightly
Very Slightly

49.63

2.67

Violently

silt loam
sandy loam
sandy loam
sandy loam
Loamy Sand
silt loam
silt loam

9.52 11.84 18.62
26.13 37.77 49.63
0.46 0.19 0.12
99.02 118.31 114.46

2.27
4.80
0.00
82.27

Violently
Very Slightly

Loamy Sand
silt loam

7.34 77.42 15.23 21.25
36.07
81.42
7.34
84.53

51.15
77.42
17.38
45.54

12.78
21.80
1.20
61.87

16.5
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Figure 7. The ECe and ESP of the selected sites.

3.2

Experimental Site
On all experimental sites, a series of rainfall simulations were conducted on 6 m x 2 m erosion plots to
quantify sediment and salt transport processes during rainfall-driven erosion processes (Figure 8). Erosion and
hydrologic responses were assessed by measuring soil loss, runoff and solute transport under four rainfall

Figure 8. Walnut Gulch Rainfall Simulator operation at Dry X and DryX-II, Utah.
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intensities corresponding to return periods of 2 (44.1 mm/hr), 10 (80 mm/hr), 25 (114.4 mm/hr) and 50 (135.9
mm/hr) years. Intensities were calculated based on the 15-minute depth return frequencies published in the
National Oceanic and Atmospheric Administration (NOAA) Atlas 14 (Bonnin et al. 2006). On each plot, a single
rainfall event was applied to ensure the capture of the process of salt efflorescence (Bowles et al. 1982) whereby a
salt crust is left at the soil surface by evaporation. Each rainfall intensity on each site was replicated three times
leading to a total of twelve plots per site.
In the Dry X-II experiment, three hillslopes were identified at the study site to represent low (L, canopy cover <
5%, average = 2.39%), medium (M, 5% < canopy cover < 19%, Average = 9.09%) and high (H, canopy cover >
19%, average = 22.41%) vegetation cover (Figure 9). Only the 25-year return period intensity of 114.4 mm/hr was
applied to all plots. Potential hillslopes were selected by visually identifying three contrasting densities of Atriplex
corrugata on the site. Hillslopes of similar slopes and soil characteristic were picked to minimize confounding
effects of these factors on soil erosion processes. Four plots were selected on each hillslope, giving a total of
twelve plots to conduct the rainfall simulation experiments. Ground and vegetation cover on each plot were
assessed using a laser point frame (VanAmburg et al. 2005). This data was collected on a 0.5 m x 0.1 m grid (or
220 sample points) per plot and provided information on canopy cover (%) by lifeform (e.g., shrub, grass, forb),
and ground cover (%) (e.g., plant basal area, litter, rock, biological soil crust and bare ground).
A Walnut Gulch Rainfall Simulator (WGRS) (Paige et al. 2004) was used in this study (Figure 8). The WGRS is
an oscillating nozzle type simulator with four Veejet 80100 nozzles (Spraying systems, Inc., Wheaton, Ill.)
mounted in-line on a central boom. The effective spray area of this simulator was 6.1 m x 2 m which determined
the 6 m x 2 m plot size used in this study. Rainfall intensity is varied in the WGRS from 12 mm/hr to 200mm/hr
(at 55kPa nozzle pressure) by modulating oscillation pulse length and nozzle operation timing with a computercontrolled drive circuitry. As recommended by Paige et al. (2004), a nozzle height of 2.44 m was used in this
study to achieve raindrop energy within the range encountered during natural rainfall events.
At the downslope end of the plot, a runoff collection pan conveyed runoff into a supercritical flume where a
Teledyne 4230 flow meter (Isco, Inc., Lincoln, NE) measured discharge at a rate of four samples per minute. This
automated discharge measurement was validated with periodic manual timed-sampling of runoff rate. Runoff
discharge measurements from the Teledyne 4230 were displayed in real-time on a computer screen via a serial
port communication.
A rail mechanism mounted lengthwise on the frame of the simulator supported a camera which was used to take
overlapping pictures before and after each rainfall event. The images were used to reconstruct soil surface
microtopography at sub-millimeter resolution and vegetation canopy cover. A Canon EOS Rebel T3i (Canon Inc,
Tokyo, Japan) equipped with a 20 mm lens was used for acquiring the surface reconstruction pictures. The
average camera-ground distance was 2.4 m and the overlap between adjacent pictures 0.15 m. Pictures were taken
along two paths 0.76 m apart on either side of the central boom of the simulator. This image network
configuration resulted in 80 to 90 pictures to cover each plot. Translucent side curtains on the simulator served the
dual purpose of light diffusers, reducing excessive shadowing in the pictures and limiting the effect of wind on
rainfall distribution.
The surface reconstruction procedure relied on control points which were laminated paper targets marked by a
checker sign and mounted on an anchor stake. Eight to ten evenly spaced targets were arranged along the
perimeter of each plot. A Nikon NPR 352 Total Station (Nikon Corporation, Tokyo, Japan) was used to survey
control points on each plot for scaling and registering reconstructed soil surfaces.
Soil surface microtopography was reconstructed using the structure from motion software Agisoft PhotoScan 1.0
(Agisoft LLC, 2013). Average reconstruction precisions achieved in this study were 3.1 mm and 1.6 mm
9

respectively for the horizontal and vertical directions. Reconstruction precisions were largely limited by the
achieved precision in the survey of control points with the total station. For each plot, PhotoScan produced prerain and post-rain point clouds which were manually edited to remove vegetation points using the software Cloud
Compare (General Public Licence, 2014). Vegetation-free point clouds were then converted in Digital Elevation
Models (DEMs) (Figures 11 and 12) and analyzed within ArcGIS (ESRI, 2011).

3.3 Experimental protocol
Once a plot was prepared and the simulator set up, a series of pictures was taken before any rainfall to reconstruct
soil surface microtopography prior to the event. Rainfall was started immediately after the pre-rain pictures were
taken. At the onset of runoff, i.e., when runoff reached the collection pan, the time-to-runoff was recorded. At
Price, rainfall was stopped after 15 minutes of runoff had occurred while at the remaining 8 sites rainfall
continued until a trendless real-time hydrograph was observed for ten minutes, marking steady state conditions.
Pre-rainfall soil samples were collected on control plots using a standard hand shovel due to the lack of soil
adhesion. The control plots provided information on pre-simulation soil characteristics, since sampling in the
rainfall plots would affect the flow and erosion processes.
During each rainfall simulation, time-stamped runoff samples were also collected for sediment concentration and
water quality analysis (TDS) in addition to the concentration of cations and anions. Sampling was done at a
frequency of one sample / minute for the first three minutes and every three minutes there on. Sediment
concentration samples were collected in 1L bottles which were immediately weighed to get water and sediment
weights and oven-dried to get sediment mass used for concentration calculation. Water quality samples were
collected in 50 mL centrifuge tubes immediately acidified with a hydrochloric acid solution and refrigerated to
maintain the integrity of the liquid phase chemical speciation. At the end of each rainfall simulation, a delay of 30
minutes was observed before taking post- rain pictures for surface microtopography reconstruction. This delay
allowed for ponding water to infiltrate in the soil, for accurate modeling of the soil surface.
In the plots where rainfall was applied, post-rainfall soils were collected using a split soil core sampler (AMS,
Inc., American Falls, Idaho) which is 25 cm long with a 5cm inside diameter. At each plot, soils were collected at
three locations under the vegetation canopy and three interspace locations. Soil sample locations were
subjectively chosen in an area towards the middle portion of the plot to minimize the lateral flow effects that may
occur near the plot borders. Cores were then separated by depth increments into the surface crust (0-1 cm) (Figure
6), depth increment 1 (1-6 cm), and depth increment 2 (6-11 cm) (Figure 10). The number of depth increments
and the total depth of the core was determined by the depth of the wetting front from the first soil core collected at
each plot. Depth increments are included in the sampling protocol because of the possible salt changes with depth
that may be mobilized by greater rainfall intensities and vegetation. Finally, each soil sample was made into a
composite soil sample with respect to vegetation versus interspace and by depth increment, resulting in 6
composite samples per plot. The soil samples were stored in Ziploc bags and placed in a cooler without
refrigeration. At the end of our field work, we collected a total of 810 composite soil samples (90 from each site).
Soil samples were then placed in a beaker with distilled water to perform saturated water extract using the
immiscible displacement method (Mubarak and Olsen 1976). The anions Cl-, NO2-, NO3-, and SO4- were extracted
and analyzed using the Dionex Ion Chromatography (IC) System (Thermo Fisher Scientific, Inc., Waltham,
Mass.). The cations Ca2+, Mg2+, Na+, and K+ were extracted and analyzed using Atomic Absorption spectroscopy
Perkin Elmer Inc., Waltham, Mass.) and 4200 MP-AES (Agilent Technologies, Inc., Santa Clara, Cal.)
Ammonium acetate exchangeable cations (Ca2+, Mg2+, Na+, K+) also were analyzed using Atomic Absorption
Spectroscopy. Ammonium (NH4+) for Cation Exchange Capacity (CEC) and the KCl extractable solutions
(NH4+/NO3-) were analyzed using Lachat Quikchem Flow Injection Analyzer System (Hach Company, Loveland,
Col.) and Astoria micro-Segmented Flow Analysis (Astoria Pacific, Clackamas, Ore.) . The pH of 1:2 ratio of soil
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: ½ M CaCl2 solution was determined using a ph/mV/˚C meter (Oakton Instruments, Vernon Hills, IL) and the EC
was quantified using a Model 2052 Portable EC Meter (VWR International, Radnor, PA).
Runoff water was collected and analyzed from the simulation plots (12 m2). The concentrations of major cations
and anions in the simulation water and runoff water were determined by Atomic Absorption Spectroscopy and
Dionex IC.

Figure 9. Surface cap at Dry XII, Utah illustrating the cracked surface in irregular polygons with minimal
aggregate stability and no surface foliar or ground cover to protect it from erosion processes.

Figure 10. Conceptual drawing of the plot setup and sampling locations for runoff and soil.
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Figure 11. Example of 5 mm resolution DEMs representing soil microtopography reconstructed pre and
post rainfall.

3.4 Quality Assurance (QA) and Quality Control (QC)
To ensure data integrity and minimize measurement errors throughout the site selection, site characterization,
rainfall simulation process, and soil and water analysis, quality assurance and quality control measures were
applied from planning objectives to data collection, to data analysis and interpretation. The group of researchers
and technicians at USDA- ARS and UNR adopted protocols for simulation, soil and water sampling, vegetation
and soil cover determination at the field and applied them on the nine selected sites. Data are collected at the field
using computers and software to save data.
Quality assurance took place daily to clean data and correct techniques applied in the field at nearly every step of
the project: planning, calibrating the equipment and the testing the software, data collection in the field and
laboratory, data compilation, and data review. Errors detected during QA were corrected immediately or later in
the office after comparing the obtained data using different techniques such as the determination of runoff with
time using different methods. Everyone involved in the simulation processes, laboratory analysis, and data entry,
data analysis and reporting were responsible for QA. After each simulation day, researchers and technicians
reviewed data sheets for completeness and correctness, checked the soil and water collected samples numbering,
backed up the collected data, recalibrated the equipment used in the field, and recharged the equipment for the
simulation next day. QA was applied in lab work by:
1. Ensuring use of protocols to organize the samples collected from the field
2. mixing the soil subsamples taken from the same depth and the same micro-zones together according the
protocols
3. selecting the appropriate analysis methods on the available equipment
4. calibrating the analysis equipment and running known samples before to ensure proper performance
5. using Excel to file analysis results
6. reviewing data sheets for completeness and correctness
7. backing up the collected data
8. Quality control processes were performed
12

Figure 12. Example of elevation change maps used for the analysis of channel processes.
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Quality control processes were performed in the office after collecting all field and laboratory analysis. Error
corrections during QC were limited because simulation plots cannot be rerun with the exact conditions that
occurred during the simulations and data collection in the field. Concerning lab analysis, we rerun some samples
when errors were expected in the results. The researchers who know the limits and the parameters of the data
performed the QC.
Cross-Checking Chemical Analyses for Consistency and Reliability was performed according to Brown et al.
(1954) through considerable number of interrelations that exist among the values obtained for various
determinations such as:
• The EC of soil saturation extracts when expressed in millimhos per centimeter at 25 ℃ and
multiplied by 10 is approximately equal to the total soluble-cation concentration in mmolc/l.
• The total soluble anion concentration or content and the total soluble cation concentration or content,
expressed on mmolc/l basis, are nearly equal.
• As a general rule, soils with saturation extracts that have a calcium concentration of more than 20 meq./l.
should be checked for the presence of gypsum.
• The pH reading of gypsiferous soils at the saturation percentage is seldom in excess of 8.2 regardless of the
ESP.
•

In general, ESP increases with SAR. There are occasional deviations, but generally low SAR values of the
saturation extract are associated with low ESP values in the soil, and high SAR values denote high ESP values.

Some parameters were measured using more than one method to ensure data integrity and minimize measurement
errors such as soil moisture (gravimetric method and using sensors), runoff (automated discharge measurement
was validated with periodic manual timed-sampling of runoff rate). Composite soil samples were obtained by
mixing subsamples to reduce the coefficient of variation and better represent soil properties. In addition to the set
of soil analysis according the protocol, % gypsum and CaCO3 effervescence was performed on the pre-simulation
samples for better explanation of the analytical results and better description of the sites.

4.

Key Findings
4.1. Relationship between runoff TDS and sediment concentration
Regression analysis for sediment concentration (kg/L) versus Total Dissolved Solids (TDS, mg/L) in runoff was
done in order to investigate the relationship between sediment and salt loading (Figure 13) using data from Price
and Dry X. Average sediment concentration significantly predicted average TDS concentration (b = 5548, p <
0.001, R2= 0.82) and the linear model did not over-fit the data (R2 pred = 0.76). Except for one outlier (Dry X, plot
6), the residuals (Figure 14a) are well behaved. The normal probability plot (Figure 14b) does not reveal any
departure from normality as indicated by visual inspection and the Anderson-Darling normality test (AD = 0.509,
p = 0.179).
This strong linear relationship is consistent with findings from other studies on salinity transport processes (Ponce
1975; Evangelou 1981; Laronne and Shen 1982). Ponce (1975) studied soil erosion and salinity transport
processes on the Mancos Shale formation near our study area in the Price River watershed. Ponce conducted
rainfall simulations with variable rainfall intensity (25 – 75 mm/hr) over time (60 and 100 min). Ponce found
statistically significant correlations between suspended sediment and TDS in runoff for several plots located on
the undivided Mancos (R2 = 0.28 – 0.81) and the Upper Blue Gate Member (R2 = 0.00 – 0.46) of the Mancos
Shale formation. Ponce attributed the variability in the linear correlations to be representative of the variability in
dissolution rates of suspended sediment particles.
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Figure 13. Regression of plot average sediment concentration vs. plot average run off TDS.
Laronne and Shen (1982) directed a runoff study on the Mancos Shale formation which investigated several
mechanisms to explain the variability in TDS in runoff and to also verify the findings by Ponce (1975). Evangelou
(1981) conducted a chemical and mineralogical study to investigate the diffuse source of salts from the Mancos
Shale formation and concluded that CEC is the mechanism that drives a substantial increase in salinity loading on
Mancos Shale soils. This suggests the primary process related to salinity transport is a combination of (1) a
dissolution of free (not included in CEC) soil salts and (2) a release of CEC-bound salts into soil solution during
the erosion process.

4.2.

Biotic and abiotic factors controlling sediment transport at the sites studied

A series of studies were conducted using the select sites in the entire dataset to improve understanding on the land
surface characteristics that best control soil erosion, sediment transport and soil and water chemistry in these arid
ecosystems. These studies are part of published (Nouwakpo et al. 2018) and upcoming peer-reviewed papers.
Fine-scale vegetative heterogeneity of a hydrologically stable grassland facilitated run on processes. Coarseness
or increased spatial distance between shrubs in degraded rangelands amplifies runoff with increasing slope length
(Figure 15) (Abrahams et al. 1995; Parsons et al. 1996). On disturbed rangelands, increased connectedness of bare
soil patches allows the formation of concentrated flow paths, which initiates gully formation, increased runoff,
and soil loss (Wilcox et al. 2003a; 2003b; 2003c; Pierson et al. 2009; Urgeghe et al. 2010). Once the ecosystem’s
flow paths have been altered, subsequent storms reinforce gully formation, further accelerating soil loss and
decreasing water infiltration rates (Appendix II).
In arid and semiarid rangelands, where vegetation is typically sparse, a synergistic relationship has traditionally
been observed between spatial distribution of vegetation and runoff structuring. The VDSH system stems from
differential soil development and evolution processes between areas under canopies and bare ground (De Ploey
1984; Nulsen et al. 1986; Caldwell et al. 2012) resulting in feedback mechanisms perpetuating or further
accentuating the bare ground – under canopy soil dichotomy. Observations in semiarid rangelands suggest that
deposition mounds form upstream of plant clumps as a result of energy losses and changes in transport capacity
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Figure 14. Residual and Normal Probability Plots for average sediment vs. average TDS. (a) Residual plot
of regression. (b) Normal Probability plot of regression.

Figure 15. Sparse vegetation at Dry X illustrating concentrated flow and formation of gullies due to
limited vegetation and inter-connected interspaces (left) and measuring tapes for determine vegetation
gap, rill density and canopy and ground cover (right).
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that accompany overland ﬂow diversion by plant stems (Rominger and Nepf 2011; Meire et al. 2014). Entrapment
of nutrients along with sediments in these mounds creates areas of nutrient concentration where plants thrive,
spatially alternated by bare or poorly vegetated zones of water and nutrient depletion, forming the premise of the
“resource islands” or “vegetation island” concept (Li et al. 2007; Ridolfi et al. 2008). From a hydraulic standpoint,
these “vegetation islands” can further exacerbate the concentrated ﬂow process.
Examples of this negative feedback loop are seen most often in shrub-dominated landscapes in the United States,
which have formed coppice dunes such as sagebrush (Artemisia spp.), saltbush (Atriplex spp.), creasotebush
(Larrea tridentata, DC. Coville), mesquite (Prosopis glandulosa Torr.), greasewood (Sarcobatus vermiculatus,
Hook. Torr.) and in pinyon (Pinus spp.) and juniper (Juniperus spp.) woodland dominated areas in arid and semiarid rangelands (Pierson et al. 1994a; Pierson et al. 1994b; Spaeth et al. 1994; Davenport et al. 1998; Eldridge and
Rosentreter 2004; Li et al. 2013). These studies illustrate that a coarsely arranged source-sink structure, as
observed on degraded sites, potentially generates and releases more surface runoff than a finely structured sourcesink community (Schlesinger et al. 1990; Abrahams et al. 1995; Parsons et al. 1996; Wilcox et al. 1996;
Davenport et al. 1998; Bhark and Small 2003). Numerous studies have been conducted that provide comparative
examples of these relationships for fine (grassland) versus coarsely arranged (shrubland) rangeland communities
in southern Arizona (Parsons et al. 1996; Wainwright et al. 2000; Turnbull et al. 2010; Turnbull et al. 2012),
(2010). Pierson et al. (2013) and Williams et al. (2014a) present examples of similar relationships following
pinyon and juniper encroachment into Great Basin shrub steppe.
Litter and slash from fallen woody plants can result in
formation of debris dams (Figure 16). Debris dams form
when concentrated flow pushes loose unconsolidated
organic material down slope. When the material contacts
restrictions like rocks or the basal area of a plant the
material can bridge the gap forming a dam. As more litter
is pushed down slope the dam can build to several
centimeters high. This results in a temporary detention
pond being formed, downslope water velocity is retarded,
and sediment is deposited behind the dam. These dams are
not stable and can be breached if the velocity and/ or
volume of the incoming water increases (increase in rainfall
intensity). This breach can result in a sudden release of
Figure 16. Debris dam formed from loose
water and the formation of an incised rill with accelerated
pinyon and juniper slash, litter and duff .
soil erosion.
Soil fauna activity is enhanced by the microclimate, moisture regimes, and nutrient availability underneath
canopies. The associated biological activity further improves soil aggregation, macroporosity, and infiltration
(Cammeraat and Imeson 1998; Puigdefabregas et al. 1999; Dunkerley 2002; Belnap et al. 2005; Ludwig et al.
2005). Stemflow concentrates water input at plant bases, allowing rapid vertical recharge of the soil profile via
preferential flow along root channels (Thurow et al. 1987; Navar and Bryan 1990; Martinez-Meza and Whitford
1996; Devitt and Smith 2002; Bhark and Small 2003; Lebron et al. 2007). Plant growth form also influences
infiltration processes. Infiltration rates are generally higher for bunchgrasses than sod-forming grasses (Wood and
Blackburn 1981; Knight et al. 1984; Thurow et al. 1986; Thurow et al. 1988; Blackburn et al. 1992; Pierson et al.
2002). Greater vegetative biomass and organic matter accumulation on bunchgrasses than sodgrasses result in
greater rainfall and runoff interception (Knight et al. 1984; Thurow et al. 1986; Thurow et al. 1988). Additionally,
biomass and organic matter accumulations under bunch-grasses most likely favor infiltration-increasing microbial
activity (Blackburn et al. 1992). Infiltration under shrub canopies is usually greater than under grass canopies
(Wood and Blackburn 1981; Schlesinger et al. 1999), but the relationship may be reversed depending on grass
biomass (Wilcox et al. 1988). The overall greater infiltration in canopy patches on shrublands and grasslands
increases water availability beneath canopies, which in turn stimulates biological activity, plant growth, and
17

organic matter and nutrient recruitment. This creates a continuous positive feedback (Schlesinger et al. 1990;
Belnap et al. 2005; D'Odorico et al. 2007).
Interspace areas on rangelands, particularly shrublands, are often associated with surface and subsurface
characteristics that inhibit infiltration and soil water storage and promote rapid ponding and runoff initiation.
Interspaces occur with various amounts of herbaceous cover, or exist as contiguous bare patches (Blackburn et al.
1992; Pierson et al. 1994a; Pierson et al. 1994b; Wilcox and Breshears 1994; Abrahams et al. 1995; Parsons et al.
1996). Well-vegetated interspaces may exhibit similar surface characteristics as canopy areas to some degree, but
usually generate more surface runoff (Reid et al. 1999; Bhark and Small 2003; Wilcox et al. 2003b). On more
water-limited or degraded sites, interspaces have low plant biomass and organic matter and thin surface soil
horizons (Blackburn and Skau 1974; Abrahams and Parsons 1991; Parsons et al. 1996; Wilcox et al. 1996;
Pierson et al. 2010). These characteristics result in poor aggregate stability and soil structure, and high bulk
densities relative to coppices. They also facilitate low infiltration rates (Blackburn and Skau 1974; Roundy et al.
1978; Johnson and Gordon 1988; Wilcox and Wood 1988; Blackburn et al. 1992). In general, surface
characteristics of interspace areas are consistently different from coppices throughout the year, but the magnitude
of the differences and respective influences on infiltration exhibit some seasonality. The spatial differences in
vegetation cover and surface characteristics exert a greater influence than do seasonal differences on infiltration
and runoff generation from sparsely covered shrublands; whereas seasonal differences in spatially arranged plant
biomass might be of greater influence on infiltration patterns on well-vegetated grass-dominated sites (Blackburn
et al. 1992).
Rock cover on the soil surface has a complex relationship
with infiltration and soil erosion processes (Figure 17). The
effects of rock cover (> 2 mm) depend on the size, amount,
and embeddedness of the rocks (Wilcox and Wood 1988;
Poesen et al. 1990; Poesen and Ingelmo-Sanchez 1992).
Infiltration is generally positively correlated with rocks
lying on top of the soil matrix due to increased surface
roughness and greater porosity and aggregation around
rocks; surface rock extends time to ponding and runoff,
increasing time for infiltration (Poesen et al. 1994; Valentin
1994; Cerdà 2001) .

Figure 17. Accelerated upland rill erosion showing
exposed rock fragments in interspace following
intense thunderstorm.

Infiltration is negatively correlated with embedded rock
cover due to a decrease in nonabsorbing area. Numerous
authors reported negative correlations between rock cover and infiltration in interspace areas, but did not
explicitly evaluate embeddedness (Wilcox and Wood 1988; Abrahams and Parsons 1991, 1994; Pierson et al.
2010; Pierson et al. 2013). The studies by Wilcox et al. (1988) and Abrahams and Parsons (1991) indicate
interspace areas occurred in swales and were more compacted and crusted than coppice areas. These authors
suggested that the negative correlations were not exclusively associated with rock cover; instead, the relationship
was due to co-occurring low infiltration rates of the bare interspace areas and extensive rock cover. Wilcox et al.
(1988) further indicated infiltration was negatively correlated with smaller size rock cover (2 to 12 mm) and
positively correlated with rock cover of intermediate sizes (26 to 150 mm). Tromble et al. (1974) also reported a
negative relationship in infiltration and small-size rock cover (less than 10 mm). These studies suggest rock cover
can facilitate infiltration and that negative effects of rock cover on infiltration most likely occur when smaller
rocks dominate and the rock cover is embedded rather than freely lying atop the soil surface (Brakensiek and
Rawls 1994). Rock fragments may provide protection from raindrop impact but do not substantially reduce
hydraulic shear stress or rilling in semi-arid shrub dominated landscapes. For large rainfall events, the depth and
shear stress of flow in the rills exceeds the resistance offered by the rock fragments and substantial rilling does
occur between the shrub dominated coppice dunes in the desert southwest (Tiscareno-Lopez et al. 1993).
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Infiltration in interspace locations is strongly influenced
by the expanse of bare ground, rock cover, or vesicular
crusts (Blackburn and Skau 1974; Wood et al. 1978;
Johnson and Gordon 1988; Pierson et al. 1994a; Parsons
et al. 1996; Reid et al. 1999; Pierson et al. 2010).
Exposure of bare ground to raindrop impact increases
the potential for surface sealing or development of
infiltration-inhibiting surface crusts (Branson et al. 1981;
Puigdefabregas et al. 1999). Decreasing infiltration and
increasing runoff with increasing expanse of bare or
vesicular surfaces are well documented in literature
(Blackburn et al. 1992; 1994a; Schlesinger et al. 1999;
Figure 18. Biological soil crust near Moab Utah.
Schlesinger and Andrews 2000; 2002; Pierson et al.
2007a; 2010; 2014; Williams et al. 2014a; 2014b). Of
interest in rangelands are biological soil crusts (cryptogams) which have significant soil erosion resistanceconferring properties and have extreme susceptibility to disturbance (Figure 18). Biological soil crust is a term
used to define a collection of nonvascular plants: mosses, algae, lichens, liverworts, and cyanobacteria.
The impact of biological soil crusts on infiltration rates and soil erosion is poorly understood and often
contradictory. Biological soil crusts can reduce infiltration rates and increase soil erosion by blocking flow
through macropores or they may enhance porosity and infiltration rates by increasing water-stable aggregates and
surface roughness (Loope and Gifford 1972; West 1991; Eldridge 1993). Disturbance of the soil surface can
disrupt biological soil crusts and result in enhanced wind erosion and may or may not affect water erosion
processes (Belnap and Gillette 1998; Eldridge and Koen 1998; Barger et al. 2006; Li et al. 2008; Belnap et al.
2009). Li et al. (2008) evaluated the interactions between biological soil crusts and runoff on a hillslope with
patchy shrub vegetation and reported that in undisturbed areas 53% of the simulated rainfall became runoff from
the crust patches and 55% of this was redistributed and absorbed by the shrub patches. In addition, approximately
75% of the sediments, 63% soil carbon, 74% nitrogen, and 45% to 73% of the dissolved nutrients transported in
runoff from the crust patches were delivered to shrub patches. The disturbance of crust patches tended to result in
the uniform distribution of water over the whole slope with a corresponding reduction in the transport of runoff
and nutrients from the crust patches to the shrub patches.
The exact response on runoff and soil erosion is a function of site disturbance and level of development of the
biological soil crusts (Belnap et al. 2013). When studies are evaluated based on biological crust type and utilizing
naturally occurring differences among crust types, results indicate that biological crusts in hyper-arid regions
reduce infiltration and increase runoff, biological soil crusts have mixed effects in arid regions, and increase
infiltration and reduce runoff in semi-arid cool regions. Most research has shown that intact biological soil crusts
are effective at reducing soil erosion and transport of soils and associated contaminants (Belnap 2006). Additional
research is required before the role that biological soil crusts play in altering transport of salts (dissolution of salt
crusts by efflorescence) is fully understood. Also, while mechanisms of concentrated flow detachment are well
understood, prediction of sediment delivery is often complicated by the less studied deposition processes.
Numerous attempts have been made to establish cover guidelines required for site protection from soil erosion.
There are various cover types (i.e., rock, cryptogams, litter, and vegetation), each offering varying degrees of soil
protection. The amount and effectiveness of cover necessary for site protection depends upon other factors such as
slope, soil type, time of year, and rainfall intensity and duration. Wilcox (1994) found that within the bare
interspace areas of pinyon-juniper woodland, most erosion was produced by large convective summer
thunderstorms and erosion was slight during the winter, even with high runoff rates from snow melt, due to the
absence of raindrop detachment. Generally, the greater the bare soil area, the greater the erosion rate. Reported
levels of cover necessary for site protection range from 20% in Kenya (Moore et al. 1979) to 100% for some
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Australian conditions (Costin et al. 1959). Most studies indicate that cover of 50 to 75% is probably sufficient to
minimize soil erosion (Packer 1951; Orr 1970; Gifford 1984).
The percentage of event rainfall captured by vegetation and associated ground cover generally decreases as
rainfall intensity increases (Carlyle-Moses 2004; Owens et al. 2006). For low-intensity, short-duration rainfall
events, most of the precipitation is captured by plant canopies, litter, and other ground cover and is lost to
evaporation (Owens et al. 2006; Dunkerley 2008). Water input during high- intensity or prolonged rainfall events
usually exceeds interception storage capacity, resulting in delivery of water to the ground surface via throughﬂow
and stemﬂow (Martinez-Meza and Whitford 1996; Carlyle-Moses 2004; Dunkerley 2008). Interception by
individual shrubs and conifers commonly averages 50–60% of water input for low-intensity rainfall events and 5–
35% for high intensity or prolonged rainfall events (Hamilton and Row 1949; Skau 1964; Owens et al. 2006;
Taucer et al. 2008). Water arriving at the ground surface during an event either ponds at the soil surface, is stored
in the litter layer, inﬁltrates into the soil, or is transferred downslope as runoff. Organic matter contributions and
soil fauna activity are typically greater in vegetated and litter covered areas relative to bare areas and facilitate
macropore development and soil properties associated with enhanced infiltration (Blackburn 1975; Cammeraat
and Imeson 1998; Imeson et al. 1998; Puigdefabregas et al. 1999; Dunkerley 2002; Belnap et al. 2005; Ludwig et
al. 2005). Litter layers underneath vegetation also trap water input behind debris dams and thereby delay runoff
generation. Prolonged storage at the ground surface allows water to slowly inﬁltrate, even in the presence of water
repellent soils (Leighton‐Boyce et al. 2007; Pierson et al. 2013).
Experimental research at the Walnut Gulch Experimental Watershed in southern Arizona revealed that coarsening
of the spatial structure of vegetation in shrublands led to an increase in ﬂow concentration and erosion rates
(Abrahams et al. 1995; Parsons et al. 1996; Wainwright et al. 2000). VDSH inﬂuences not only runoff partitioning
into sheet and concentrated ﬂow processes but also seems to control ﬂow characteristics in hillslope rills and
channels. The same landscape with uniform disturbance may experience signiﬁcantly more runoff and soil loss
from a similar runoff event due to increased connectivity of bare soils and formation of well-organized
concentrated ﬂowpaths. These organized ﬂowpaths rapidly accelerate runoff velocity and the ability of water to
erode and transport sediment downslope (Wilcox et al. 1996; Davenport et al. 1998; Urgeghe et al. 2010).
Tongway and Ludwig (1997) found for example that on degraded tussock grasslands, overland ﬂow was
concentrated in long straight paths between the grasses. In the good condition grassland overland ﬂow was
tortuous, uniformly distributed, and produced less soil loss. Plant community physiognomy affects concentrated
ﬂow by controlling the connectivity of runoff and sediment sources and the energy of overland ﬂow where it does
occur (Williams et al. 2014a; 2015; 2016).
On well vegetated rangelands, downslope transmission of runoff and erosion generated by raindrop splash and
sheetﬂow in isolated bare or sparsely vegetated patches is limited by ground cover or roughness elements that
promote inﬁltration and deposition (Pierson et al. 1994a; 1994b; Reid et al. 1999; Wilcox et al. 2003a; 2003b;
2009). Soil detachment by concentrated ﬂow is well correlated with ﬂow velocity and discharge (Nearing et al.
1997; 1999; Govers et al. 2007; Pierson et al. 2008a; 2009; Al-Hamdan et al. 2012a; 2012b). Flow velocity is
strongly related to discharge (Nearing et al. 1997; 1999; Giménez and Govers 2001; Govers et al. 2007; AlHamdan et al. 2012a; 2012b). Grass clumps, plant bases, root mounds, and litter dams create topographic highs
that may concentrate overland ﬂow where runoff occurs, but the transport and erosive energy of concentrated ﬂow
are greatly reduced when ﬂow intersects these roughness elements (Abrahams et al. 1991; Abrahams and Parsons
1994; Al-Hamdan et al. 2012b, 2013).
Reduced ﬂow velocities and energy limit detachment and transport and allow surface runoff to disperse and
sediment to fall out of suspension. Rangeland studies from the Great Basin Region, USA, have reported two-fold
higher concentrated ﬂow velocities for experiments on bare plots (80% bare ground) relative to well-vegetated
plots 20–60% bare ground, (Pierson et al. 2007a; 2007b; 2009). In those studies, erosion from concentrated
overland ﬂow was four-fold to eight-fold greater for bare than well-vegetated plots. Sediment transported by
concentrated ﬂow where it does occur on well- vegetated sites often forms miniature alluvial fans adjacent to
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vegetative clumps (Emmett 1970; Rominger and Nepf 2011; Meire et al. 2014). These features indicate that
concentrated ﬂow does redistribute surface soil from bare areas to vegetated zones on hydrologically stable
rangelands, but hillslope soil loss from this process is minor under such conditions (Pierson et al. 2007a; 2007b;
2009). Al-Hamdan et al. (2013), infers that the existence of a channel network is dictated not by hydraulic stresses
exerted by runoff on bare soil but rather by the spatial distribution and structure of vegetation to which this
network is in equilibrium. Concentrated ﬂow becomes the dominant erosion mechanism on degraded rangelands
where ground cover is sparse (Pierson et al. 2008a; 2008b; 2009; 2011; 2013; Williams et al. 2014a; 2014b;
2015).
Using data from hundreds of rangeland experimental plots across the semi-arid Great Basin, Al-Hamdan et al.
(2012a) proposed a predictive framework characterizing concentrated flow erosion on rangeland hillslopes. Two
findings from Al-Hamdan et al. (2012a) are highly relevant to improving understanding of VDSH on flow
hydraulics: (1) flow velocity increased exponentially with percentage of bare ground on rangeland hillslopes and
this increasing effect was magnified by slope steepness; (2) flow width decreased with proportion of bare ground
with again a noticeable reducing effect of slope steepness. In other words, runoff tends to concentrate in more
narrow channels as vegetation becomes sparse. The widening of flow concentration pathways with an increase in
vegetation as suggested by Al-Hamdan et al. (2012a) seems to reflect the existence of a channel network dictated
not by hydraulic stresses exerted by runoff on bare soil but rather by the spatial distribution and structure of
vegetation to which this network is in equilibrium.
A series of rainfall simulation experiments were conducted at the Ferron experimental site in July 2015 (DryX-II)
to study the effect of changing vegetation cover on sediment transport and total dissolved soils in runoff. In this
experiment, three hillslopes of similar slope steepness (14.5 – 17.7%) were identified to fit three vegetation cover
classes (Low = L, <5% canopy cover; Medium = M, 5 – 19% canopy cover; and High = H, >19% canopy cover).
Four erosion plots were installed on each of the L, M and H hillslopes (Figure 19) and a 25-year return storm
simulated until 10 minutes of steady-state runoff discharge was attained. Runoff discharge, sediment
concentration and water quality data were collected at regular intervals during each simulated rainfall event.

Figure 19. Example of synoptic view of post-erosion plots with low (L), medium (M) and high (H)
vegetation canopy covers. Plots were classified as L if canopy cover < 5%, M if 5% < canopy cover
< 19% and H if canopy cover > 19%.
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The same decreasing trend perceived between runoff volumes and canopy cover can also be observed with the
cumulative soil loss after 20 minutes of rainfall simulation (Figure 20). Nevertheless, due to high variability in the
erosion data, this inverse relationship was not statistically significant. Runoff volumes after 20 minutes of
simulation showed a strong negative correlation with canopy cover (Figure 21). Plots on the H hillslope had
generated on average 8.2 mm less runoff than those on the M plots whereas the L plots were not statistically
different from the M plots.

Figure 20. Cumulative runoff after 20 minutes of rainfall simulation (CumQ20) as a function of canopy
cover. The grayed area represents the confidence band.

Figure 21. Cumulative soil loss after 20 minutes of rainfall simulation (CumQ20) as a function of canopy
cover. The grayed area represents the confidence band.
Analyses of the 3D and GIS data from Price and DryX provided a spatially explicit insight into sediment (and
potentially salt) transport as affected by vegetation and other biophysical factors (Figure 22). These findings can be
summarized as:
•
Erosivity which in this study is represented by runoff discharge drives detachment and transport processes
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•
•

positive response of the plot-wide and within-rills net erosion volumes TVN and CVN with discharge (as
defined in Figure 22).
Factors controlling surface roughness such as vegetation oppose transport of the detached particles.
Illustrated in a decreasing effect of canopy cover on TVN and on CVRN, the ratio of net volume change
within rills over plot-wide net volume change.
Topography (slope) controlled detachment and possibly transport efficiency leading to a positive effect on
net volume of erosion within the channel network.

We found that cumulative runoff performed better than cumulative soil loss at predicting plot-wide 3D erosion
volumes, an indication that runoff may be responsible for hydrodynamic changes to soil surface microtopography
in addition to detachment and transport of soil particles. Plot-wide deposition values were poorly correlated with
soil loss and discharge but were primarily controlled by vegetation with a mild influence of slope. Our results
suggest that erosivity drives detachment and transport processes. Factors controlling surface roughness such as
vegetation promoted deposition and these patterns were accentuated within the channel network.
Across the Price, Dry X and Dry X-II sites studied, the extent of the channel network was primarily controlled by
discharge, with vegetation structuring runoff into flow paths to maintain a channel network extent in equilibrium
with discharge. Concentrated flow erosion volumes and average depths were lower at Price than they were at Dry
X and Dry X-II, due to the lower slopes at the former site. Deposition volume in channels was also a function of
vegetation cover with average depth of deposition increased when area available for deposition was reduced by
discharge. When concentrated flow detachment energy was parsed into that acting on channel walls and that
acting on channel bottoms, the former was dependent on discharge alone while the latter was controlled by both
discharge and slope. This finding has significant implications in concentrated flow erosion modelling.

Figure 22. Summary of statistically significant relationships between discharge, vegetation, and slope and
key surface change metrics. TAE, TAD, CAE and CAD are areal extents (m2) of erosion and deposition.
TVE, TVD, CVE and CVD are volumes (m3) of erosion and deposition. TVN and CVN are the net volume
(m3) change (Erosion-Deposition); TZE, TZD CZE and CZD are average depths (m) of erosion and
deposition; TDR is the ratio of deposition over erosion volumes (TVD/TVE). CVRN is the volume-based
ratio of net volume change in channels with respect to the entire plot. The symbols (+) and (-) represent
respectively positive and negative relationships.
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This study showed that significant improvements to erosion and sediment transport models can be achieved by
augmenting traditional soil loss and runoff measurements with 3D surface change information. It is often the case
that environments where these 3D reconstruction techniques perform well are also susceptible to soil erosion and
sediment transport. Knowledge gained from this improved understanding of sediment transport processes will
help design effective management and mitigation strategies that target specific physical processes to achieve
desired outcomes. Through this work, we have found for example that the key to runoff soil and salt load
reduction likely lies in promoting deposition by creating zones of increased roughness along concentrated flow
pathways. This can be achieved by increasing vegetation density across the hillslope through restoration activity.

4.2.1. Changes in runoff water quality during rainfall simulation

Ca2+

The reactions between simulation water, soluble and slightly soluble salts, and exchangeable ions tend towards
equilibrium. In the following figures (23-25), we present one simulation run (Run 1 of DryX-II) to show detailed
results of runoff water quality analysis.
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Figure 23. The concentration of three major cations in the simulation water and runoff water of Run 1 at
Dry X-II, 2015.
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Overall, the concentration of the ions in the runoff water was higher than in the simulation water except for Mg2+
which was lower than the simulation water (Figure 23). The increase in ion concentration in the runoff water is
the result of fast reactions between the simulation water and the precipitated salts on the canopy, the soluble, and
the exchangeable ions of the soil. The concentration of Ca2+ and Mg2+ in the runoff water starts low and increases
with time, while that of Na+ starts high and decreases with time which can be explained by the fast solubility of
Na-containing salts in the soil such as NaCl and the slower solubility of Ca2+, Mg2+and SO 2- containing salts such
as gypsum (Bharmoria et al. 2012; Lebedev and Kosorukov 2017).
The Cl- has a trend like that of Na+ in the previous figure, which can be explained by the higher and faster
solubility of salts containing Cl- compared with SO42-. The high concentration of Ca2+ and SO42- in the runoff
water might be a result of the dissolution of gypsum in the soil which is limited in the water and slower than the
solubility of NaCl (Bharmoria et al. 2012; Lebedev and Kosorukov 2017). A rainfall event of less than one hour is
capable of extracting some plant nutrients such as NH4 + and NO3 - from the soil (Figure 24) which might be
higher and more important from crop producing lands.
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Figure 24. The concentration of three major anions in the simulation water and runoff water of Run 1 at
Dry X-II, 2015.
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Figure 25. The TDS and SAR of the runoff water and simulation water of Run 1 in Dry X-II, 2015.
As a result of the fast reactions between simulation water and soil, runoff water quality deteriorated and its
suitability for irrigation, municipal, and industrial use decreased as a result of increased TDS and N content in
addition to Sodium Absorption Ration (SAR). The higher SAR values at the start of the runoff are the results of
higher concentrations of Na+ compared with Ca2+ and Mg2+ because of speed and the limitation of salt solubility.

4.2.2. Effects of depth, rainfall intensity on salt transport
Changes to soil chemistry by depth as the result of the rainfall simulation experiment at Price and Dry X are
illustrated in Figures 26 - 29. Multiple linear regressions were performed on the sums of cations and anions in the
soil for each of the sites to assess the effect of various factors on solute mobility in the soil profile in Tables 3
through 6. The predictors used in these linear models were depth, rainfall intensity and microsite (vegetation vs.
interspace).
Soil cations and anions generally increased in concentration with depth at both Price and Dry X before each
rainfall event (values at 0 mm/hr intensity in Figures 26 - 29). At DryX, there was an effect of soil depth
significant at 10% confidence level (Table 5 and 6). Concentration in positive charges (cations) increased with
depth. An increasing gradient in negative charges with depth was also observed in the anion analysis at DryX but
only the coefficient of the surface layer (Depth 0) was statistically different from 0. At Price, soil depth also had
an increasing effect on concentration in ions with again a more pronounced effect on cations. Overall, this finding
suggests that at both Price and DryX, surface layers were depleted of ions perhaps through processes of

26

Dry X Interspace Area

160

Concentration (mmolc/l)

140

Average Anion
Crust Anion

120

5 cm Anion
100

10 cm Anion
Average Cation

80

Crust Cation

60

5 cm Cation
10 cm Cation

40
20
0
0

20

40

60

80

100

120

140

160

Rainfall Intensity mm/hr

Figure 26. Mean cation and anion concentrations in saturated extract without bicarbonates in the soil
interspace between shrubs at Dry X, Utah as a function of rainfall intensity and soil depth.
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Figure 27. Mean cation and anion concentration in saturated extract without bicarbonates under the
dominant shrub species at Dry X, Utah as a function of rainfall intensity and soil depth.
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Figure 28. Mean cation and anion concentration in saturated extract without bicarbonates in the soil
interspace between shrubs for the Price, Utah site as a function of rainfall intensity and soil depth.
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Figure 29. Mean cation and anion concentration in saturated extract without bicarbonates in the soil
directly under dominant shrubs species for the Price, Utah site as a function of rainfall intensity and soil
depth.
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Table 3. Analysis of Variance table of concentration in soil cations with depth at the DryX site.
Depth
Intensity
Microsite

Sum Sq
72380
48235
7917

Mean Sq
36190
48235
3958

F value
2.70
3.60
0.30

Pr(>F)
0.09 .
0.07 .
0.74

Significance codes: 0-0.001:***, 0.001-0.01:**, 0.01-0.05:*, 0.05-0.1:.

Table 4. Analysis of Variance table of concentration in soil cations with depth at the Price site.
Depth
Intensity
Microsite

Sum Sq
331.10
29.15
5.45

Mean Sq
165.55
29.15
2.73

F value
25.12
4.42
0.41

Pr(>F)
0.00 ***
0.04 *
0.66

Significance codes: 0-0.001:***, 0.001-0.01:**, 0.01-0.05:*, 0.05-0.1:.

Table 5. Analysis of Variance table of concentration in soil anions with depth at the DryX site.
Depth
Intensity
Microsite

Sum Sq
6123
1679
15186

Mean Sq
3061.6
1679.3
7592.9

F value
2.60
1.43
6.46

Pr(>F)
0.09
0.24
0.01 **

Significance codes: 0-0.001:***, 0.001-0.01:**, 0.01-0.05:*, 0.05-0.1:.

Table 6. Analysis of Variance table of concentration in soil anions with depth at the Dry X-II site.
Depth
Intensity
Microsite

Sum Sq
376.41
13.18
1.78

Mean Sq
188.21
13.18
0.89

F value
14.05
0.98
0.07

Pr(>F)
0.00 ***
0.33
0.94

Significance codes: 0-0.001:***, 0.001-0.01:**, 0.01-0.05:*, 0.05-0.1:.
infiltration and leaching. Nevertheless, evidence of salt efflorescence at the DryX site indicates that surface layers
might be enriched in certain ions through upward movement of soil water processes following rainfall events
through the process of evaporation. Overall this redistribution was inconsequential on total ion concentration.
In the interspaces at DryX (Figure 26), the concentration of anions in the upper 11 cm decreased from
95.52 to 67.14 mmolc/l with increasing the intensity of simulation to 114.3 mm/hr, and increased a little to
71.63 mmolc/l with increasing the intensity further to 139.7 mm/hr. In general, as one increased the depth of
sampling, the concentration of sum of anions increased under all simulation intensities.
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Other key findings include:
• The 1 to 6 cm layer had the same trend of the average 11 cm of the soil (decreasing with increasing the intensity
to 114.3 mm/l and increasing a little after that for the highest intensity 139.7 mm/hr, but with lower values and
ranged between 60.19 and 45.29 mmolc/l.
• The 6 to 11 cm layer had the same trend of the average 11 cm of the soil (decreasing with increasing the
intensity to 114.3 mm/l and increasing a little after that for the highest intensity 139.7 mm/hr but with higher
values ranged between 131.31 and 97.01 mmolc/l.
• At Dry X, cations were modestly predicted by the explanatory variables with only 26% of the variability
explained. Anions at this site responded better to the linear model (R2 = 0.42).
At Price, Figure 28 indicates that the upper 11 cm of the interspace soil at Price is slightly affected by salinity (the
sum of cations and anions are between 20 and 40 mmolc/l in the saturated extract.). The changes in cation and
anion concentration in the different soil layers of the interspace behave similarly. The crust has the lowest salinity,
and the salinity increases with deeper layers. The salinity of the saturated solution under vegetation was similar to
the interspace, and increasing the intensity did not change the salinity of the saturated extract in the upper 11 cm
of the soil. Soil cations and anions at Price were better predicted by the multiple regressions with 67 and 52% of
the variability explained respectively.
In both interspace and under plant canopies at Price and in the interspace at DryX, rainfall intensity had a
decreasing effect on soil salt concentration. This decrease affected both surface and deeper layers of the soil
profile, which is consistent with a vertical downward flushing of soil cations. An increase in rainfall intensity
leads to an increase in runoff depth and greater infiltration rate. In this study, increase in rainfall intensity was also
positively correlated with total rainfall amount because rainfall durations did not significantly vary between
intensities. Ions are mobilized in infiltrating water and rapidly mobilized downward in the soil profile. From field
observations, we found the wetting front to be between 8 and 10 cm of depth, suggesting that a considerable
amount of solute flux occurred under unsaturated conditions below 10 cm of depth. A decrease in soil anions with
intensity likely occurred but was masked by the higher variability measured in the anion analyses. Figures 26 - 29
show a tendency of salt content within the soil profile to homogenize with increasing rainfall intensity (i.e. rainfall
amount), illustrated by all anions and cations graphs seeming to converge towards similar ranges after the most
intense event. The increase in salt ions with intensity observed under canopy areas at DryX may be due to a
number of factors including: leaching of salts from the leaves of the mat saltbush that makes up most of the
vegetation at this site or sediment and salt deposition under shrub canopies when runoff water flowing in the
interspaces encounters the rougher vegetated patches.
It is important to note that the measured concentration of cations appears higher than anions because bicarbonate
concentration was not estimated in the soil saturated extract used to determine soil chemistry.

4.2.3. Effect of vegetation on salt transport and spatial variability
The rainfall simulations at Dry X-II were conducted to determine the changes in salinity and the amounts of ions
moved with runoff water as a function of percent canopy cover. The concentration of major cations and anions
(Ca2+, Mg2+, Na+, K+, NH4 +, Cl-, NO3 -, SO4 2-, and HCO3 –) in the simulation water, runoff water, CEC, soil
saturated extract and on the colloidal surfaces were determined. Runoff water was collected and analyzed from
the simulation plots (12 m2). The presence of gypsum, which was confirmed by acetone test (Brown et al. 1954;
Burt 2011) and the predominance of calcium and sulfates (Khechai and Daoud 2016) of the saturated soil extract
required a special selection of ion determination methods and calculation procedures (Arslan and Dutt 1993;
Arslan 1995; Khechai and Daoud 2016).
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4.2.4. Runoff water quality
At DryX-II, average discharge after ten minutes of steady state runoff was 527.38 L, corresponding to an overall
runoff ratio of 48.94%. The average eroded sediment (84.25 kg) formed 15.98% of the runoff water by weight
and contained an average of 697g of total salts removed from the upper 11 cm, while average ammonium and
nitrates in the runoff water were 4.18g and 3.93g respectively (Figure 30). The amounts of salts, ammonium and
nitrates are the net values calculated after subtracting their concentrations in the simulating water (Table 7). Small
coefficient of variation (%CV) values were obtained for runoff (4.02%) and erosion (7.13%) after grouping the
results into high (H), medium (M), and low (L) percent canopy cover compared with the %CV of salts moved
with runoff water (18.91%).
The sediment concentration in runoff water ranged between 15% and 17% without significant differences between
the three canopy covers. The concentration of salts in the runoff water is controlled by salt concentration on the
soil particles’ exchange sites and a free soluble fraction. Salt loss in runoff from plots with high density cover
(0.90 g/L) was much smaller than that from plots with medium (1.52 g/L) and low (1.60 g/L) canopy cover,
suggesting a beneficial effect of vegetation on salt delivery to runoff during erosive events.

4.2.4.1. Vegetation and soil chemistry
During each rainfall simulation, soil moisture increases to reach values close to saturation in the upper layer of the
soil and moves deeper in the soil with time, diluting soil solution and dissolving the existing salts in the studied
soil layer. After rain, the soil dries up and the concentration of ions in the soil increases and salts might precipitate
again. In our study we determined in saturated extract the concentration of Ca2+, Mg2+, Na+, K+, NH4 + as cations;
and Cl-, NO3 -, SO4 2-, and HCO3 – as anions to follow the movement up and down in the soil. The average
electrical conductivity (ECe) of the soil under shrubs before the rain (9.56 dS/m) was higher than the interspace
(8.24 dS/m), which can be attributed to the precipitated salts from the Atriplex leaves fallen under canopy. In
addition, the unsaturated movement of solute towards elevated mounds of the soil underneath shrubs (Nouwakpo
et al. 2017) is also expected to move and deposit salts under the canopy. The average SAR before rain under
canopy (27.62) was higher than that of the interspace (21.92) which is an indication of higher Na concentration to
Ca and Mg under canopy (Lesch and Suarez, 2009). The salinity of the soil under canopy after all runs remained
higher than under interspace and increased in most cases, while the salinity of the interspace decreased after
simulations.
During each rainfall simulation, soil moisture increases to reach values close to saturation in the upper
layer of the soil and moves deeper in the soil with time, diluting soil solution and dissolving the existing
salts in the studied soil layer. After rain, the soil dries up and the concentration of ions in the soil
increases and salts might precipitate again. In our study we determined in saturated extract the
concentration of Ca2+, Mg2+, Na+, K+, NH4 + as cations; and Cl-, NO -, SO4 2-, and HCO3 - as anions to
follow the movement up and down in the soil.
The average electrical conductivity (ECe) of the soil under shrubs before the rain (9.56 dS/m) was higher than the
interspace (8.24 dS/m), which can be attributed to the precipitated salts from the Atriplex leaves fallen under
canopy. In addition, the unsaturated movement of solute towards elevated mounds of the soil underneath shrubs
(Nouwakpo et al. 2017) is also expected to move and deposit salts under the canopy.
The concentration of the saturated extract salts of the upper 11 cm of the soil increased under canopy and changed
in the interspace (average high canopy cover) after rainfall which is an indication of water and salt movement
from the surface down to the 6 -11 cm depth. This is associated with movement of moisture observed after the
runs. One expects a downward movement through depletion at the surface and an enrichment below (Figure 31).
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Table 7. Cumulative amounts of runoff water and its constituents from each simulation
plot (12 m2) at Dry X-II.
+

-

Run

Q (l)

Sediment (Kg)

Salts (g)

NH4 (g)

NO3 (g)

1
2
3
4
5
6
7
8
9
10
11
12
Average
%CV
Average H
Average M
Average L

799.34
679.40
439.91
315.55
518.95
430.68
414.90
617.78
479.23
648.68
594.23
389.88
527.38
25.69
558.55
528.00
495.58

122.91
96.70
86.99
66.46
94.69
70.98
52.66
101.93
76.61
114.96
83.42
42.75
84.26
0.03
93.26
79.44
80.07

645.97
462.33
379.07
512.41
722.79
782.39
592.21
1073.95
614.79
949.35
995.83
643.33
697.87
29.73
499.94
800.82
792.84

5.61
5.46
3.64
2.59
4.13
3.52
3.28
5.19
3.90
5.25
4.68
2.97
4.18
23.58
4.32
4.20
4.03

2.96
1.62
1.88
1.16
3.54
9.76
1.93
4.23
1.96
4.70
4.21
2.76
3.39
65.30
1.90
3.41
4.86

Figure 30. Super critical flume for measuring runoff volume, flow rates runoff, sediment concentration, and water
quality (left) and collecting water quality samples to determine salt transport off site (right). Detailed photos
showing all steps in data collection are in appendix II.
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Figure 31. Average Interspace and under canopy ECe of the upper 11 cm of the soil before
simulation and after simulation for different canopy covers in Dry X-II, 2015.
We found in this study that the sum of exchangeable cations (60.67 mmolc/kg) was much higher than the
CEC determined with NH + (11.10 mmolc /kg). This finding combined with the positive gypsum test and
the high ECe are evidence of the presence of slightly soluble and soluble salts of the upper layer of the soil.
The presence of such salts in the soil requires special care in analysis and calculation of the studied cations
and anions balance, where no method is satisfactory (Page et al. 1982). Eliminating gypsum and salts from
high ECe soil before exchangeable cations and CEC determinations is one possible method (Sumner and
Miller 1996) to mitigate discrepancies between the sum exchangeable cations and CEC. Corrections for
gypsum and calcite dissolution are required from SO4 2- and HCO3- contents of the soil solution prior to
extraction and the saturating and extracting solution (Amrhein and Suarez 1990; Arslan 1995).

4.2.4.2. Vegetation and spatial variability of salinity:
No statistical difference was observed in cation and anion charges between vegetation and interspace
microsites at Price, but at DryX a significant effect of microsite was noted on soil anions (Table 5). The
concentration of cations and anions under canopy was lower than in the interspace before rainfall
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simulation. Increasing the concentration of cations and anions with increasing salinity coincides with
the deposition of sediment under canopy with higher rainfall intensity and the amount of water applied
and the 3D reconstructions which show the deposition of sediment (Nouwakpo et al. 2016; 2017). To
calculate the overall change in salinity we quantified the saturated extract, percent canopy cover and
interspace. The sum of cations under canopy increased with higher rainfall rates and peaked at 114.3
mm/hr but decreased at the 139.7 mm/hr rate where there was less accumulation of sediment and
therefore a decrease in the sum of cation and anion concentrations.
Our results (Figure 32) show higher Exchangeable Sodium Percentage (ESP) on the soil exchange sites
under canopy before simulation compared with interspace. The ESP increased after all runs under canopy.
Th increase in ESP can be attributed to 1) the movement of sediment from the interspace to under canopy
as a result of erosion from interspace and deposition under canopy which was clear from the 3D structure
from motion analysis (Nouwakpo et al. 2016; 2017, 2018). 2) the dissolution of the precipitated salts from
saltbush leaves by simulation water, and 3) the fast solubility of the Na containing salts in the soil.
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Figure 32. ECe under canopy and interspace before simulation and after runs of the H canopy
densities in Dry X-II, 2015.
Although the interspace ESP was lower than that under canopy before simulation, its values decreased after some
runs (Figure 33 and 34). Figure 32 shows clear increases of all under canopy ESP values after runs which might
be considered evidence of the movement of sediment from the interspace to under canopy as a result of erosion
and the dissolution of the precipitated salts on saltbush leaves by simulation water and the solubility of the Na
containing salts in the soil.

4.2.5. Linking runoff water quality to readily available soil properties.
Figure 35 shows that the saturated soil water extract solution for the post-rainfall soil cores is a good predictor of the runoff
water quality. The ratio of runoff TDS to saturated soil water extract varied between 3 and 35%, suggesting that 65 to 97%
of the transported salts in runoff were still protected in the solid phase associated with soil aggregates. While our study was
not designed to specifically determine factors controlling the dissolution rate and release of salts into the runoff liquid
phase, we can hypothesize the proportion of salt dissolved in runoff to be controlled primarily by mechanical action (e.g.,
disruption by raindrop impact, frictional forces during transport) and physiochemical disintegration of aggregates
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Figure 33. Interspace and under canopy ESP for different percent canopy covers in Dry X-II, 2015.
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Figure 34. Changes in ESP under canopy and interspaces as a result of simulation for
Dry X-II, 2015.
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due to the dispersing effect of some cations on clay minerals (feedback mechanism). This information will be
useful in the design of management and mitigation strategies. One possible course of action to reduce salt load in
runoff is to promote deposition along runoff pathways. A better understanding of the kinetics of salt dissolution in
runoff along the hillslope would allow for optimized placements of depositional areas along slopes of the
watershed to minimize the transfer of salts into the Colorado River system. This indicates that a significant
amount of the salts is bound to the soil aggregates and are not readily dissolved in the runoff water. However, if
these soil aggregates do reach a perennial water source, then with time ionic dispersion will occur and additional
salt will be released in the water column. The exact rate of this transformation is dependent on various factors
such as water temperature and pH. More research is needed to understand the kinetics of salt dissolution in runoff
during hillslope erosion and transport processes before we can fully predict salt loading from direct input and
from this transformation process once the soil aggregates reach the Colorado River system through its tributaries.
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Figure 35 Runoff TDS as a function of Saturated Soil Water Extract EC in surface soil layer.
Saturated Soil Water Extract TDS is often not readily available information in standard soil pedon descriptions.
Figure 36 shows that a good approximation of Saturated Soil Water Extract TDS can be made with the more
readily available soil electrical conductivity (ECe) that is available in the Natural Resources Conservation Service
soil database. Soil ECe can therefore be used as a factor to estimate the potential for salt production of a given site.
This potential will be factored in the RHEM sediment and runoff output to estimate runoff TDS as the trigger for
when to implement specific equations to estimate salt transport processes.

4.3. New parameter estimation equations to address saline conditions with the RHEM model
The data collected in the broader study at six experimental sites was used to develop new parameter estimation
equations for the Rangeland Hydrology and Erosion Model (RHEM) to predict soil erosion, runoff quantity and
quality on the saline / sodic soils of the UCRB. This work was the object of a journal publication (Nouwakpo et
al. 2018) and has received the 2019 Superior Paper Award from the American Society of Agricultural and
Biological Engineers (see appendix).
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Figure 36. Saturated Soil Water Extract as a function of soil electrical conductivity (ECe dS/m)

4.3.1. The RHEM model
RHEM is a process-based model developed by the United States Department of Agriculture – Agricultural
Research Service to predict runoff and sediment yield on rangelands. The first generation of this model – RHEM
v1.0 (Nearing et al. 2011a) was derived from the same scientific foundation as the Water Erosion Prediction
Project – WEPP (Flanagan and Nearing 1995) but with cropland-specific equations replaced with new parameterestimation functions specifically developed from rangeland data. Data from a total of 204 experimental plots at 49
rangeland sites distributed across 15 states of the western USA were used in this first iteration of RHEM (Nearing
et al. 2011b). RHEM v1.0 uses vegetation characteristics, soil properties and topography to estimate hydraulic and
hydrologic parameters which are combined with climate or hydrologic input to drive a kinematic wave model and
solve for the sediment continuity equation. As in the WEPP model, RHEM v1.0 used the excess shear-stress
concept to model concentrated flow erosion. Subsequent improvements and adjustments to the model have
resulted in the second generation of RHEM (v2.0 and currently v2.3, used in this study) which substituted the
shear-stress concept with the stream power model for concentrated flow erosion prediction (Al-Hamdan et al.
2015). Major new scientific developments incorporated in RHEM v2.0 and greater (Hernandez et al. 2017)
include: 1) new equations to capture the effect of rangeland disturbance on soil erosion and infiltration processes,
2) a dynamic solution to the continuity equation to address the often observed decrease in soil erodibility with
time after a disturbance, and 3) a framework to evaluate runoff and erosion risks and benefits associated with
disturbances such as fire, climate change, and rangeland management practices.

4.3.2. Calibration procedure
Six plots were selected from each experimental site for a total of 36 plots to calibrate RHEM for saline sites,
ensuring that each intensity simulated at the site was represented at least once in the calibration dataset. The
calibration was performed in two steps to determine best parameter sets for (1) runoff prediction and (2) soil loss
prediction. The numerical optimization was performed using a Markov Chain Monte Carlo (MCMC)
implemented in SPOTPY (Houska et al. 2015), a model optimization tool written in the Python programming
language.
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To optimize runoff prediction, the RHEM parameters adjusted for each plot were: the soil saturation ratio (SAT),
the effective hydraulic conductivity (Ke, mm/hr), the mean capillary drive (G, mm), variable (ALF) in the SmithParlange infiltration equation and the coefficient of variability of the hydraulic conductivity (CV). These
parameters were estimated in a multi-objective optimization scheme in which errors in both total runoff SR (L)
and 1-min-increment instantaneous discharges qt (mm/hr) were minimized throughout the rainfall event.
Instantaneous discharges used as observations were interpolated from observed discharges that may not
systematically occur at exactly 1 min time increments and were compared to predicted discharges at the same
time increments. This multi-objective optimization procedure allowed the estimation of parameters that
adequately predicted SR while matching as close as possible the detail hydrograph of a rainfall event.
For erosion prediction, the sheet and splash erodibility Kss was estimated using a separate multi-objective
parameter optimization in which errors in total soil loss SL (Kg) and 1-min-increment instantaneous sediment
discharge rates qst (g/s) were minimized. For both runoff and soil erosion parameter estimations, the final
selection of parameters was done for each calibration plot by choosing the set of parameters that simultaneously
minimized the error in cumulative runoff and total soil loss (SR and SL) and belonged to the 5% best performers
in matching the detail hydrograph and sedograph. A total of 36 parameter sets were produced corresponding to
the 36 calibration events.

4.3.3. Parameter estimation for saline sites
Parameter estimation equations have been developed for RHEM to translate soil biophysical characteristics into
hydrology and hydraulics parameters. Currently, equations exist to estimate Ke, Kss and the Darcy Weisbach
friction factor (F) from equations using ground and vegetation cover information as well as soil texture. For Ke
and Kss, current RHEM equations are:

Ke = a exp ( b ( basal + litter ) )

(1)

Kss = 10( c + d GroundCover + f FoliarCover + g Slope )

(2)

where coefficients a and b differ as a function of soil texture and vegetation community type (i.e. shrub, sod grass,
bunch grass and forbs and annual grass) while coefficients c, d, f and g are functions of vegetation community
type and ground cover. Basal, litter, ground cover, foliar cover are expressed as a real fraction. Basal cover
represents the proportion of the soil surface that is in contact with the bases of plants. Litter cover is the
proportion of the soil surface protected by detached vegetation residues. Ground cover is the sum of basal, litter,
rock and cryptogam cover. Foliar cover is the fraction of the land surface that is occupied by the projection of
plant leaves onto the soil surface. As cover decreases erosion will increase (Figure 37).
Parameters a, b, c, d, f and g were developed from a large dataset (more than 200 plots) of rainfall simulation
experiment across the Western United States and represent a wide range of rangeland ecosystem types and
conditions.
In this study, Ke and Kss values optimized using the MCMC routine (KeOpt and KssOpt) were compared to the
values (KeRHEM, KssRHEM) predicted by the current version of RHEM for the calibration plots. Differences
(ΔKe, ΔKss) and ratios (rKe, rKss) between optimized and RHEM-predicted values were calculated and related to
soil biophysical characteristics and salinity. Linear regressions were performed between ΔKe, ΔKss, rKe and rKss
and canopy cover, fraction of bare ground, sodium adsorption ratio (SAR), electrical conductivity (EC), silt
content and slope. With a total of 36 calibration data points for this analysis, each explained variable was
regressed against one explanatory variable at a time to prevent over-parameterization and maintain adequate
statistical power.
38

From the linear regressions linking soil and vegetation attributes to Ke and Kss differences and ratios, factors
accounting for the gap between RHEM-predicted and optimized Ke and Kss values were identified by selecting
those exhibiting statistically significant effects on ΔKe, rKe, ΔKss and rKss. Factors with statistically significant
effects were then evaluated against current terms used in RHEM parameter estimation equations (Eq. 1 and 2).
Factors with statistically significant effects that were already presents in Eq. 1 and 2 suggest a modification of
coefficients applied to these terms in these equations. Factors not previously accounted in Eq. 1 and 2 are
introduced as new terms according to the nature of their relationships with RHEM-predicted parameters. In the
case of statistical significance of a factor in the parameter differences ΔKe and ΔKss, the new parameter Kn is
calculated as:

Kn = KnRHEM + ( AX + B )

()

where X is one of the factors canopy cover, bare ground, SAR, EC, silt content and slope and A and B
are significant coefficients of the linear regression where these factors have a significant effect.
Likewise, when the ratios rKe and rKss exhibit a significant effect of a given parameter, Kn is defined
as:
Kn = KnRHEM ( AX + B )

()

When more than one factor was found to have a statistically significant effect on a parameter Kn, the final
correction equation retained was sequentially developed by first incorporating the factor with the highest R2 and
re-computing ΔKn or rKn values and relating these values to the subsequent factors to verify that any statistical
significant effect remained. For example if bare ground has a statistically significant effect on ΔKe and EC has a
significant effect on rKe with R2 bare ground > R2 EC, then Ke would be corrected for bare ground first Kebare =
KeRHEM + (A×Bare+B) then rKe will be recalculated as KeOpt / Kebare and this new variable reevaluated
against EC to see if the initial statistical significance remained.

4.3.4. Performance evaluation
The performance of the adjusted parameter estimation equations (Eq. 3 and 4) was assessed by comparing erosion
and runoff predictions with the amended parameters Kn to those obtained with Eq. 1 and 2. Model performance
metrics used for this comparison are the coefficient of determination R2, the Nash- Sutcliffe Efficiency, NSE and
the percent bias, pbias.
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where Yo,Yp, and Ylm are respectively the observed, RHEM-predicted and linear model prediction between Yo and
Yp for runoff or soil loss while Y̅ o is the average of all observations.
These performance metrics were calculated for the 36 calibration data points and the 36 validation data points.
The linear model for salt load prediction was also evaluated with these performance metrics.
Figure 38 shows a flowchart diagram of the experimental data, describes its content and graphically illustrates
how it was used to develop and test the new parameter-estimation equations. Additionally, the Welch’s t-test was
used to compare validation and calibration data to ensure equal means of input parameters between these two
populations. Statistical analyses were conducted in R (R Core Team 2017) and a probability of 0.05 used as
threshold of statistical significance.

Figure 37. Research sites near Farmington, New Mexico (left) and Moab, Utah (right) showing naturally
occurring erosive conditions due to geologic formation and parent materials, steep slopes, and minimal
vegetation that facilitate high salt load transport capacities. No known vegetation management practices
are available to reduce soil erosion and salt transport under these naturally occurring conditions. Salt loads
can be exacerbated if sites are disturbed through off road activities such as from vehicles and bikes.
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4.3.5. Results
Figures 40 and 41 show the results of the runoff and soil loss prediction on the 36 calibration data points using
equations 1 and 2 to estimate Ke and Kss. NSE and R2 for runoff were respectively 0.56 and 0.68, suggesting that
relationships between soil biophysical properties and Ke represented in Eq. 1 were roughly consistent with
observed patterns in runoff and infiltration at the experimental sites. Equation 1 under-predicted Ke, resulting in a

Figure 38. Flowchart diagram of the experimental data utilized for the development and validation of new
parameter-estimation equations on saline sites.
positive bias in predicted cumulative runoff depths (predicted runoff > observed runoff, PBIAS = 32.03%). Soil
loss was predicted with an NSE of 0.81 and a R2 of 0.85 with a negative bias (PBIAS = -6.47%). This negative
bias in soil loss prediction contrasts with the positive bias in runoff noted in Figure 39, which indicates an underprediction of soil erodibility.

41

Predicted runoff (L)

800

Original Ke Equation
NSE = 0.56
PBIAS = 32.03 %

600

y = 0.91x + 115.23
R² = 0.68

400

New Ke Equation
NSE = 0.73
PBIAS = 6.93 %

200

y = 0.93x + 38.96
R² = 0.74

0
0

100

200

300

400

500

600

700

800

Observed runoff (L)
Original Ke

New Ke

Original Ke

New Ke

Figure 39. Observed vs. predicted runoff on 36 rainfall simulation calibration plots using current RHEM
parameter estimation equations

Original Kss
NSE = 0.81
PBIAS = -6.47 %

Predicted soil loss (Kg)

120
100
80
60

y = 0.81x + 2.64
R² = 0.85
New Kss
NSE = 0.94
PBIAS = 4.25 %
y = 0.95x + 2.07
R² = 0.94

40
20
0
0

20

40

60

80

100

120

Observed soil loss (Kg)

Original Kss

New Kss

Original Kss

New Kss

Figure 40. Observed vs. predicted soil loss on 36 rainfall simulation calibration plots using current RHEM
parameter estimation equations.

The new equation for Ke developed from this dataset for saline sites was:

Ke = a exp (1.554b ( basal + litter ) )

(8)

Performance of Eq. 8 on the calibration data was overall better than that of the additive correction model for bare
ground with NSE = 0.73, PBIAS = 6.93% and R2 = 0.74.
Differences and ratios between optimized and RHEM-predicted Kss values show significant effects of only SAR.
ΔKss and SAR are related through a positive relationship (R2 = 0.26, p = 0.002) while rKss relates to SAR with
much less predictability (R2 = 0.13, p = 0.042). Correcting RHEM Kss values for SAR with both additive (Eq. 3)
and multiplicative (Eq. 4) models resulted in an improvement of NSE (0.94 and 0.89 vs 0.81) and R2 (0.94 and
0.93 vs. 0.85) of soil loss prediction compared to current the RHEM Kss estimation equation. While the bias
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achieved with the additive model (PBIAS = 4.25%) matched that achieved with Eq. 2, a greater bias was noted
when the multiplicative model was used for the Kss correction (PBIAS = 17.18%). The additive model was then
retained to adjust Kss for SAR.
Figures 41 and 42 show the result of the runoff and soil loss prediction with the new Ke and Kss equations on the
36 validation plots. Ke values estimated with Eq. 8 predicted runoff on the 36 validation plots with slightly
improved NSE (0.88) and R2 (0.89) over the original RHEM equation Eq. 1 (NSE = 0.83 and R2 = 0.85). The
runoff prediction bias was substantially improved on these validation plots dropping from PBIAS = 12.05% with
Eq. 1 to PBIAS = 5.41% when the newly developed Eq. 8 was used.

Predicted runoff (L)

The sheet and splash erodibility Kss were reasonably predicted on the validation data when SAR was added to the
Kss prediction. Compared to the original Kss equation, the use of the SAR-adjusted Kss equation improved soil
loss prediction from NSE = 0.38, R2 = 0.6 and PBIAS = -24.25 to NSE = 0.69, R2 = 0.73 and PBIAS = -3.82%.
Nevertheless, validation NSE (0.69) and R2 (0.73) declined compared to the calibration performance (NSE = 0.94
and R2 = 0.94) due to increased error propagation from runoff prediction to soil loss estimates in the validation
data. In effect, calibrated Ke values were used in the estimation of soil loss for evaluating Kss on the calibration
data while for the validation data, estimates of Ke from Eq. 8 were used. The percent bias of the additive Kss
model was maintained within the same order of magnitude across calibration and validation data (PBIAS = 4.25%
for the calibration data and -3.82% for the validation).
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Figure 41. Observed vs. predicted runoff on the 36 validation data points using the current and the newly
developed estimation equation for the hydraulic conductivity Ke
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Figure 42. Observed vs. predicted soil loss on the 36 validation data points using the current and the newly
developed estimation equation for the sheet and splash erodibility Kss
The relationship between soil loss and total dissolved solids is shown in Figure 43. The linear model was adequate
to predict runoff chemistry from its sediment concentration (R2 = 0.94). TDS was related to SL through a positive
relationship. Based on the equation of the linear model in Figure 43, a 1 Kg change in total soil loss results in a
2.36 g change in TDS (p = 0.00). In other words, the average salt to sediment mass ratio of the runoff was 2.36
10-3 g/g or 0.24%. The non-zero intercept of the linear model was not statistically significant. The equation used
for predicting TDS from soil loss was therefore:

TDS = 2.36  SL + 0.99

(9)

Total dissolved solids (g)

300
250
200
150
y = 2.36x + 0.99
R² = 0.94

100
50
0
0

20

40

60

80

100

120

Soil loss (Kg)

Figure 43. Relationship between cumulative soil loss and cumulative dissolved solids measured in runoff
Figure 43 shows that Eq. 9 performed well at predicting TDS when RHEM-predicted SL values were used on the
calibration data (Fig. 44a) and the validation data (Fig. 44b). The improvement in soil loss prediction gained with
the use of newly developed saline equations was reflected on TDS predictions as well. On the calibration data,
NSE and R2 improved from 0.75 and 0.83 with the original Ke and Kss equations to 0.90 and 0.91 with the saline
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equations developed from this work (Figure 44). PBIAS on the calibration was overall low but showed a mild
improvement from -6.34% to 4.16%. On the validation data, a more dramatic improvement was noted on the NSE
which increased from 0.43 with the original Ke and Kss equations to 0.83 with the saline equations. R2 improved
from 0.51 to 0.61 while PBIAS degraded from - 6.29% to 23.18%. Soil loss predicted with the new Ke and Kss
equations underestimated observed SL values especially in the high SL range. These findings contrast with the
overestimation of TDS observed in Fig. 44b when the new Ke and Kss equations were used on the validation data,
suggesting that this overprediction might be the result of the inherent variability in the runoff chemistry data.
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Figure 44. Observed vs. predicted total dissolved solids (TDS) on the 36 calibration (a) and 36 validation (b)
data points using the current and the newly developed estimation equations for Ke and Kss.

5.

Regional Hot Spot Analysis of Soil Erosion in the Upper Colorado River Basin

This analysis presents a method for mapping erosion potential across the Mancos Shale at a high spatial resolution
using RHEM. RHEM acts at the hillslope scale to estimate localized erosion rates, so it requires less effort than
models that compute flow and transport through the larger hydrologic network. This allows easy implementation
across the discontinuous spatial extent of Mancos Shale outcrops because it does not consider the continuity of
mass and energy balances or boundary conditions beyond the single cells of the grid of input data values. Here,
RHEM is parameterized with existing geospatial datasets, satellite imagery, and field data from the National
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Resource Inventory (NRI) dataset collected by the United States Department of Agriculture (USDA) National
Resources Conservation Service (NRCS). This approach produces maps of erosion risk that can help land
managers to define thresholds of accelerated soil loss, to assess the risk of crossing such a threshold, and to define
hot spots where soil conservation can be applied to avert land and water degradation.
The study area was the extent of Mancos Shale outcrops that were compiled from maps of surface geology for
Utah, Colorado, New Mexico, and Arizona (Figure 45). The region under consideration was limited to areas with
low levels of agricultural or urban development and slopes less than 35%. These constraints reflect practical
limitations for potential mitigation activities; also, the RHEM model is not well validated for very steep slopes.
Data for developed land uses and slope were taken from the LANDFIRE vegetation map (USGS, 2019) and the
United States Geological Survey (USGS) 1/3 arc second National Elevation Database (USGS, 2002). All map
datasets for the study were raster grids that were projected to UTM Zone 12 with the NAD83 datum at a 30-meter
spatial resolution.

Figure 45: The Mancos Shale in Utah, Colorado, Arizona, and New Mexico.
For vegetation, RHEM requires estimates of percent cover by 1) annuals and forbs, 2) bunch grasses, 3) sod
grasses, 4) shrubs, 5) litter (on ground), 6) basal area (rooted plant area), and 7) biological crusts. Given the arid
to semi-arid climate of the study area, sod grasses were not considered. Also, data on the distribution of biological
crusts throughout the region were not available and assumed to be zero. This assumption is revisited in the
Discussion section. Remaining foliar and ground cover values were estimated on a per-pixel basis using a
combination of field transect data from the NRI, satellite imagery, and the LANDFIRE vegetation map. Maps of
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percent vegetation cover were created by developing a regression relationship between available field transect
data and collocated values of the normalized difference vegetation index (NDVI; Rouse et al., 1974) from Landsat
satellites. That relationship was then applied to Landsat NDVI data (30-meter spatial resolution) for areas that
were mapped as Mancos Shale.
Plant foliar and ground cover data was obtained from the USDA-NRCS NRI non-federal rangeland on-site field
study (NRCS, 1997). NRI data is collected as two 50m transects, oriented 45 degrees from north (NE-SW; NWSE), with point-intercept samples every 0.9 m (Spaeth et al., 2003). These crossed transects are randomly located
in ecosystems around the United States. Hernandez et al. (2013) found that NRI data were adequate to run RHEM
and to effectively assess the influence of foliar cover, ground cover, plant life forms, soils, and topography on soil
erosion rates in desert environments of the southwestern United States. The NRI data used here were from 134
crossed transects that were collected from 2004 to 2014 at locations that were within 1 km of the mapped
distribution of the Mancos Shale. Total vegetation cover for each pixel was estimated by developing a regression
between total cover at NRI locations and the corresponding median of Landsat NDVI collected during the
growing season (April-September) of that year (Figure 46a). Pearson’s correlation (r) between these two variables
was 0.834. The analysis compensated for changes in Landsat bandwidths from the earlier Thematic Mapper
sensor to the current Operational Land Imager (OLI) sensor using the method of Huntington et al. (2018). A Type
II regression technique called reduced major axis (RMA) regression was used, since ordinary least squares
regression would produce a deflated slope estimate due to measurement uncertainty in the independent variable
(McGwire et al., 1993, Curran & Hay, 1986). The median of NDVI data derived from Landsat during the 2018
growing season was converted to 30-meter scale estimates of percent cover across the Mancos Shale (Figure 47a)
for RHEM using the regression in Figure 46a.
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Figure 46: Regressions for estimating vegetation variables.
The proportion of shrub cover for each pixel (Figure 46b) was taken from the 140EVC attribute in version 1.4 of
the LANDFIRE map which used an algorithm to estimate tree or shrub cover that was based on the example of
Toney et al. (2009). Tree cover classes in the 140EVC attribute were treated as shrubs in the RHEM model. The
shrub and tree cover attributes in LANDFIRE are reported at 10% intervals, so the midpoint of each interval was
used (e.g. 10-20% = 15%). In the very rare case that the LANDFIRE shrub/tree cover class exceeded the Landsat
regression estimate for total cover, the regression value was used for total cover and shrub cover since it was
developed specifically from data for the local environs. For estimating proportions of annuals and forbs versus
bunch grasses, NRI data in the vicinity of the Mancos Shale showed no predictive relationships to satellite data or
percent vegetation cover that performed better than a simple area-wide mean. The mean proportion of the two
categories was very similar in the NRI dataset, so Landsat-estimated cover that was in excess of the LANDFIRE
shrub cover was split evenly between these two classes. The NRI dataset did demonstrate a useful relationship
between litter and total plant cover (r = 0.709, Figure 46b), and this was applied using an RMA regression with
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the Landsat estimate of plant cover. For basal area, a weak relationship to total plant cover (r = 0.13) was all that
could be derived from the NRI dataset (Figure 46c). Attempts using NRI to predict basal areas based on life form
(i.e. shrub, bunch grass, etc.) were no better than the single relationship in Figure 46c. Estimated values of foliar
and ground cover were truncated if they exceeded the range of 0 – 100%.
Slope for the RHEM model (Figure 47c) was taken from the 1/3 arc second National Elevation Dataset which has
spatial resolution of approximately 10 meters. Slope calculations are sensitive to interpolation artifacts in digital
elevation models, often producing stepped changes in value. In order to minimize this effect, the 10-meter data
were smoothed using a 9x9 Gaussian low-pass filter and then resampled to the 30-meter resolution of the other
raster datasets prior to calculating slope. This smoothing would be expected to have a minimal effect on 30-meter
slope estimates while ameliorating data artifacts. The RHEM model characterizes slope using sine of the slope
angle, which at low slope values is similar to percent slope. In order to provide information on slope shape for
RHEM, the longitudinal convexity of the smoothed 30-meter DEM was calculated using the topographic
modeling function in the ENVI image processing software package (Version 5.5, Harris Geospatial). Using a
visual interpretation of the slope and elevation datasets, a longitudinal convexity less than -0.25 was labeled
convex, convexity up to 0.25 was labeled ‘uniform’, and values beyond 0.25 were concave.

Figure 47: Geospatial variables: a) plant cover, b) shrub cover, c) slope, d) rock cover, e) SAR, and f) soil
texture.
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High-resolution SSURGO digital soils data from NRCS is not available for large portions of the Mancos Shale,
and the lower resolution NRCS STATSGO soil maps are not sufficiently detailed for this scale of modeling.
However, Nauman et al. (2019) used statistical models to develop uninterrupted estimates of soil parameters for
the upper Colorado River basin at a 30-meter grid resolution. Percentages of sand, silt, and clay from Nauman et
al. were converted to the twelve USDA soil texture classes for RHEM (Figure 48f) using the soil texture package
(Moeys et al., 2018) that is available for the R statistical software package (R Core Team, 2018). Maps of
statistically estimated rock fragment size, rock cover, and sodium adsorption ratio (SAR, Figure 47e) also were
taken from Nauman et al. (2019). For RHEM, rock cover was set to 0% if the estimated fragment size was less
than 5mm, and the estimated total rock cover was applied to the remaining areas (Figure 47d).
The precipitation rates used in this study were taken from the gridded datasets of Atlas 14 of the United States
National Atmospheric and Oceanographic Administration (NOAA). The RHEM model was run using 30 and 60minute duration storms associated with 10-year and 25-year return intervals (four simulations). The study area
overlapped two different geographic regions of the Atlas 14 product, Midwest and Southwest, and there were
noticeable discrepancies along the boundaries of these two regions. This issue is considered later in the
interpretation of model outputs.
RHEM includes a term for canopy water storage that absorbs an initial quantity of rainfall. An accurate
determination of this value is difficult, since interception and storage depend on canopy geometry, leaf angle
distribution, type of foliage, and characteristics of precipitation and wind speed (Dunkerley, 2008; Owens et al.,
2006; Pierson & Williams, 2016). However, this static storage term is generally small compared to the totals of
larger rainfall events, such as those tested in this paper. The MCD15A3H product that is generated from NASA’s
MODIS sensor system on the Terra and Aqua satellites provides an estimate of leaf area index (LAI) that is based
on general vegetation type and land surface reflectance. This LAI measure is the ratio of one-sided leaf area to
ground area. The LAI product is produced at a 500 m spatial resolution and was resampled to 30 m using bilinear
interpolation. Based loosely on Breuer et al. (2003), we assumed that the canopy stored 0.4*LAI mm of
precipitation.
Per-pixel inputs and outputs of the RHEM model were managed using the IDL software package (version 8.7,
Harris Geospatial). This study used version 2.3 of the RHEM model, with the addition of the sodium adsorption
ratio parameter developed in Nouwakpo et al. (2018). The four modelled storm events were sampled with a 15
second time step, which was dynamically altered by RHEM as required for numerical stability. In order to reduce
processing time for the more than 22 million Mancos Shale pixels, floating point input parameters were binned to
discrete values, and the results for unique combinations of binned input values were stored for future use instead
of re-running the model. This discretization balanced the expected sensitivity of model parameters with the
relative precision of input data sources. Slope was binned to percent’s (e.g. 0-1% = 0.5%). Total vegetation cover
and shrub cover were binned by 5% intervals, and LAI to 0.25 intervals. Total rainfall was binned to 2.54 mm
(0.1 in.) increments. SAR was binned to unit intervals (maximum SAR pixel value = 18).
Prior studies have performed rainfall experiments with the Walnut Gulch Rainfall Simulator (WGRS) at sites on
the Mancos shale and nearby saline outcrops (Cadaret et al., 2016ab; Nouwakpo et al., 2018), and those data were
used to assess the performance of this regional RHEM modeling approach. Specific GPS coordinates for each
WGRS plot were not available, but map polygons indicating the spatial extent of each field site allowed average
GIS parameters to be calculated. The field site names, and their geographic centroids are identified in Table 1.
Multiple WGRS experiments were performed at each of these field sites, using a range of rainfall intensities from
50.8 to 139.7 mm/hr. The cumulative sediment yields after 20 minutes of WGRS rainfall were averaged for each
intensity setting at each site and correlated with the 20-minute GIS-driven RHEM estimate for these locations and
intensities.
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5.1 Discussion
The time required to run RHEM for the entire Mancos Shale study area ranged from 29.4 hours to 49.4
hours on a PC with a 3.4 GHz I7-4770 processor, with the larger range of precipitation values in the 25year 60-minute storm creating the greatest number of unique permutations of input parameters and
time. Sediment yield estimates (t/ha) from the four storm simulations were highly correlated, so only
the result for the 25-year 60-minute simulation is presented in Figure 49. The full output resolution could
not be rendered directly, so the data in that figure were averaged to a 1 ha resolution. Table 2 lists the
mean and maximum sediment yields associated with each storm simulation. There is an approximate
doubling of mean estimated yields between the 10-year and 25-year storms, but more than fifteen-fold
increase from 30-minute to 60-minute storms. This reflects the greater relative effect of canopy
interception and initial infiltration on shorter storms.
Weltz et al. (2014) characterized erosion potential on non-federal rangelands across the western United States
using field data from NRI and RHEM. However, using map data from the Protected Areas Database (USGS,
2018) and the U.S. Forest Service, Table 3 indicates that the majority of the Mancos Shale study area is managed
Table 1: WGRS site names, geological formations, and geographic centroids (UTM zone 12, NAD83)
Site Name

State
Colorado

Delta

Formation

Easting

Northing

Mancos Shale 758564

429877
7
Utah
Mancos Shale 489389
Ferron
431380
5
Utah
Mancos Shale 489441
Ferron2H
431388
8
Utah
Mancos Shale 489641
Ferron2L
431385
9
Utah
Mancos Shale 489740
Ferron2M
431438
9
New Mexico Nacimiento
Farmington
774513
405142
8
Colorado
Mancos Shale 682411
Loma
435850
1
Utah
Mancos
Shale
Moab
598146
429579
5
Utah
Mancos Shale 595796
Moab2
429525
9
Utah
Mancos Shale 533766
Price
436822
5
Colorado
Mancos
Shale
Rangely
683914
444966than 35% were
by federal agencies. Note that areas
of high urban or agricultural development
or slopes greater
4 the 25-year, 60-minute
removed from the calculations in Table 3. Based on Weltz et al. (2014), RHEM output for
storm was categorized as low risk (< 2 t/ha), medium risk (2 – 4 t/ha) or high risk (> 4 t/ha), and the area in each
category is presented in Table 3. The Bureau of Land Management manages the majority of rangelands on the
Mancos Shale, and it also has the greatest area with erosion rates in excess of 4 t/ha. Private lands cover 27% of
Table 2: RHEM sediment yields (t/ha).
10-yr 30-min 10-yr 60-min 25-yr 30-min 25-yr 60-min
Mean:

0.18

Maximum: 24.8

3.12

0.36

5.58

237.6 50

36.4

366.7

Figure 48: Sediment yield (t/ha) for 25-year, 60-minute storm (terrain reference: ESRI, HERE, Garmin,
USGS, OpenStreetMap).
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the Mancos Shale study area, but contained proportionately less area of high erosion risk, possibly reflecting the
negative economic impacts of salinity and soil erosion on decision making regarding private land ownership.
Given that developed areas were removed from this study, the actual area of private ownership on the entire
Mancos Shale is larger than that reported in Table 3, and the percentage at high risk would actually be lower.
Tribal lands cover only 8% of the total study area, but they generally have low levels of vegetation cover and the
majority of their area was classified as high risk. Conversely, Forest Service lands tend to have high vegetation
cover, and therefore have a lower percentage of land at high risk than the other public agencies with large land
holdings.
The RHEM model provides a hillslope-scale estimate of soil erosion risk, so the risk map in Figure 48 does not
account for streambank erosion, gullying, or transport and deposition at a broader scale. However, it does provide
a useful representation of which areas would be expected to be most in need of soil conservation efforts. Figure
50 indicates that the area of greatest erosion risk is on steeper slopes with silt loam soils, despite the fact that these
sites are generally well vegetated. However, these figures do not communicate the great difference in the spatial
extent of different soil textures, and that only slopes less than 35% were considered. The mapped extent of silty
loam was just 1.7% of the study area, while loam covered forty times more area. Thus, while other soils had areas
with high values for yield, precipitation, slope, and cover, their overall statistical distribution trended lower than
the small regions of silt loam in Figure 50.
In assessing the uncertainty of the model outputs, there are numerous issues of scale when attempting to relate the
GIS-driven RHEM model (900 m2 pixels) to the WGRS experiments (12 m2 plots). Site selections for the prior
Table 3: Area of the Mancos Shale study area by land management category and erosion risk (low < 2
t/ha, medium 2 – 4 t/ha, high > 4 t/ha), sorted by area at high risk.
Management

Total
(ha)
U.S. Bureau of Land Management 789463
471659
Private
145886
Tribes
229009
U. S. Forest Service
112851
State Lands
831
U.S. Bureau of Reclamation
17
U.S. Fish and Wildlife Service

Low Risk
(ha)
218025
274991
30523
117957
39795
229
8

Medium Risk
(ha)
196825
93242
26611
47216
27343
219
7

High Risk
(ha)
374613
103426
88752
63836
45713
383
2

High Risk
(%)
47.5%
21.9%
60.8%
27.9%
40.5%
46.1%
11.8%

WGRS studies were made to target localized types of slope and vegetation cover, rather than attempting to
provide an unbiased representation of the wider environment. Conversely, generalization in the creation of map
data means that plot-level heterogeneity could not be represented in RHEM. Also, each map input has some level
of measurement or attribute error. The differences between RHEM and WGRS erosion estimates at the Ferron
locations (Figure 51a) are primarily due to a map error. Cadaret et al. (2016b) report an extraordinarily high
laboratory-measured SAR value of 35.2 for the Ferron location, while the statistically modeled map estimate from
Nauman et al. (2019) predicted an average value of 1.24 for these sites. This is important, since a high SAR
creates very dispersive and erodible soil. Substituting the SAR value reported by Cadaret et al. (2016b) for Ferron
locations, Spearman’s rank-order correlation between RHEM and the WGRS simulations increased to 0.926
(Figure 51c), indicating a very strong predictive relationship for mapping relative erosion risk with RHEM when
the GIS inputs are accurate. The relative importance of the uncertainty in the SAR map may be lower if an area
has high predicted sediment yield despite low SAR inputs, or vice versa. For example, the area of highest SAR
values that is left of center in Figure 47e has relatively low sediment yield in Figure 48, due primarily to very low
slopes (Figure 47c). In that case, we might presume that the uncertainty in those high SAR values is less an issue
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than for an area of moderate or steep slopes where the predicted SAR and yield are both low. Also, one could
identify discrepancies between the RHEM SAR input or predicted yield versus prior studies of stream chemistry
like Tillman et al. (2018). Since we used datasets from Nauman et al. (2019), that source should not be considered
entirely independent.
Another issue with the accuracy of RHEM inputs was apparent with discrepancies along the boundary between
regional precipitation products from NOAA Atlas 14. Little of this boundary zone intersected the Mancos Shale,
and the output from the RHEM model does not show a very dramatic visible difference. The average difference in
precipitation across this boundary where the Mancos Shale was present was about 3 mm for the 25-year 60minute data. The largest local discontinuity is north of Shiprock, New Mexico, but the effect on predicted yields
appeared weak in a visual inspection of the RHEM output. There is potential for improving a future version of
Atlas 14 by increasing the amount of overlap between regions during the interpolation, and by deriving
interpolation parameters in a more localized manner. However, in this study the uncertainty in the SAR map
product was likely much more of an issue than the precipitation.
While this study did not include biological soil crusts due to the lack of a known map data source, they are an
important component of some ecosystems in the study area and can have important effects on soil erosion (Gao et
al., 2002; Belnap, 2006). The greatest amount of biocrust at the WGRS field sites was an average of 53% cover at
Delta. Even though the soil crust parameter was not used in RHEM, data points associated with the Delta site are
not outliers in Figures 51b and 51c. Despite this, it will be important for decisionmakers to acknowledge the
possible role of soil crusts when using this RHEM map to prioritize various sites for study or erosion control
activities.
RHEM predictions of relatively high sediment yield for some areas with high vegetation cover (Figure 5c) are
important for interpreting studies like Nauman et al. (2019) that limit expected sediment and salinity source areas
to very bare soils. Indeed, as indicated in many studies (e.g., Pierson et al., 2010, 2013; Roundy et al., 2017;
Williams et al., 2014), the encroachment of dense pinyon-juniper tree cover in the arid southwest can lead to
greatly increased soil erosion as intervening herbaceous cover is suppressed and concentrated flow paths in the
interspaces come to dominate surface flow.
Background soil color is known to affect satellite-based vegetation indices in areas with limited vegetation cover
(Huete & Tucker, 1991). Kautz et al. (2019) also used a Landsat vegetation index to predict foliar cover for the
RHEM model, obtaining a very high R2 of 0.85 for predicting cover. However, that study was for a single, small
watershed with fewer confounding effects than the broad scale of application performed here. Using 134 NRI
points spread across the region, our regression between NDVI and foliar cover had a good, but lower, R2 of 0.70.
The strong relationship between RHEM and the WGRS experiments after correcting the known SAR error
(Figure 51c) suggests that Landsat-based estimates of vegetation cover are a useful input for physically-based
models of soil erosion at this scale of application, despite the influence of soil color.
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Figure 49: Sediment yield versus a) precipitation amount, b) percent slope, c) percent vegetation cover, and
d) sodium adsorption ratio with Spearman’s rho.
An issue not dealt with in this study is temporal variation in landscape characteristics. At a fine scale, the
seasonal leafing-out of vegetation makes foliar cover and canopy storage parameters dependent on the date of a
given storm. This concern is ameliorated to some degree by the circumstance that the most intense precipitation
in the region is typically associated with late summer monsoonal events when much of the potential leaf area
would have been developed. However, herbivory could reduce leaf area through a season, counteracting this
assumption in our method. Also, making litter cover a simple function of total vegetation cover does not consider
that the generation and removal of plant litter varies through a season, and it depends greatly on the types of
vegetation and land management. Further, RHEM only predicts erosion from rainfall events, so contributions of
sediment and salinity associated with snowmelt, seeps and springs are not considered in this analysis. At a coarser
temporal scale, periodic wildfire or other dramatic disturbance events in the region would render the current
RHEM inputs obsolete at those locations.
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Figure 50: Relationship of soil texture to a) sediment yield, b) precipitation, c) percent slope, d) percent
vegetation cover, e) percent rock cover, and d) sodium adsorption ratio.
Despite the many uncertainties in map inputs and the fact that the WGRS field experiments were not designed for
the purpose of model validation, the high rank-order correlation between RHEM and WGRS simulations indicates
that the RHEM product can provide useful insights for prioritization of locations where rangeland soil erosion is
most likely to affect water quality. Given the nature of errors in various map inputs, field observations will be
important for decision making that incorporates this RHEM product.

5.2 Results
This study demonstrated the ability to apply the physically-based RHEM model of soil erosion over a large
geographic domain for the purpose of assessing relative levels of risk to water quality. In particular, the focus on
saline soils of the Mancos Shale and previously documented correlations between sediment yield and salinity on
these formations can provide insights into sources of salinity to the Colorado River. Given the uncertainties of
map accuracy and differences of scale in comparing WGRS simulations to the GIS-driven RHEM model, the
moderately strong Spearman’s correlation of 0.76 between the RHEM model and independent field studies
provides good confidence in using the results as a starting point for decision making. However, the example of
incorrect specification for SAR at the Ferron sites highlights the importance of incorporating other available
sources of information and expertise.
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Figure 51: Erosion from RHEM versus WGRS rainfall experiments (a: sediment yield, b: rank order, c:
rank order using field-measured SAR for Ferron sites).
Because they are based on physical properties of the soil and the specific growth forms of plant cover, physical
models like RHEM are more defensible than USLE-based empirical methods when exploring the implications of
alternative scenarios for rainfall regimes and changes in land cover or management. The application of RHEM at
a per-pixel level is shown to provide a useful way to characterize hillslope-scale erosion over a very large region,
identifying specific high-risk areas for mitigation methods like micro-catchments (Founds et al. 2019), or for
localized implementation of more sophisticated, time-consuming models like WEPP (Flanagan et al, 2001) or
KINEROS2 (Smith et al. 1995) that consider flow routing and deposition across a watershed. The erodible, saline
soils of the Mancos Shale contain areas of high erosion risk across federal, state, and private lands, and this highresolution map of predicted erosion can help those stakeholders to implement more effective soil conservation
efforts for improving water quality of the Colorado River.

6. Conclusions
The experimental work led at the six sites in this project add to previously collected data at 3 BOR-funded sites to
provide insight into the dynamic of soil erosion, salt transport, runoff quantity and quality as it relates to rainfall
intensity, topography and soil surface biophysical properties on saline rangelands of the UCRB. Compared to
non-saline and non-sodic rangelands, the studied sites tended to be highly vulnerable to erosion with soil loss
values orders of magnitude higher than that expected from similarly vegetated rangelands not affected by salts.
Runoff, sediment yield, and total dissolved solids in runoff were different as a function of site due to variability in
controlling factors such as slope, vegetation cover, simulation intensity, and soil properties. Total dissolved solids
were found to be significantly related to sediment concentration and new predictive equations were developed to
estimate TDS from soil loss.
In this project, high-resolution spatial data collected in addition to traditional soil erosion and runoff measurement
techniques helped provide insights into the interplay between the spatial distribution of plants and the connectivity
of hillslope runoff and erosion production areas. Landscape pattern descriptions at one site have shown that when
vegetation patches may control flow tortuosity and soil erosion in ways not adequately captured by process-based
models such as RHEM. These results reinforce prior literature indicating that the spatial distribution of vegetation
cover has an impact on infiltration and runoff, which may in turn drive soil erosion and salt transport processes
(Johnson and Miller 2006). The research team will continue to explore how to use the collected remote sensing
data to characterize patterns of vegetation and bare interspaces and inform the influence of patch dynamics on salt
transport processes. The team will also continue to develop equations to improve estimation of rill formation that
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incorporates tortuosity and sinuosity to improve estimation of sediment yield on saline and sodic rangeland
hillslopes. The results of this study will help land managers to better select the practices that enhance soil
properties and its production and reduce the deterioration of surface water reservoirs and ground water pollution.
The experimental data on runoff and soil loss was also used to test and calibrate the Rangeland Hydrology and
Erosion Model as tool for soil erosion and runoff prediction on salt-affected rangelands. Parameter estimation
equations have been developed to predict soil effective hydraulic conductivity Ke and sheet and splash erodibility
Kss on saline / sodic rangelands. Effective hydraulic conductivity on these sites were under-estimated by the
current RHEM Ke estimation which required a magnified ground cover effect in the Ke estimation equation to
accurately predict runoff on saline rangelands. NSE, R2 and PBIAS for runoff improved respectively from 0.56,
0.68 and 32.03% to 0.73, 0.74 and 6.93% on the 36 calibration data points when the current Ke estimation
equation was replaced with the updated Ke equation. The improved performance of the newly developed Ke
estimation equation over the current Ke equation was maintained on the 36 validation data points used in this
study. For these validation points, NSE and R2 were mildly improved (0.83 and 0.85 vs. 0.88 and 0.89) while
PBIAS showed a more substantial improvement from 12.05% to 5.41%. Soil loss prediction was significantly
affected by soil SAR. The current sheet and splash erodibility, Kss, estimation equation used in RHEM was
inadequate at predicting soil loss especially on sodic sites (SAR > 15). Across all calibration data (sodic and nonsodic included), the original Kss equation yielded NSE, R2 and PBIAS on soil loss prediction of 0.81, 0.85 and
-6.47% while the SAR-adjusted Kss equation developed in this study yielded values of 0.94, 0.94 and 4.25% for
these performance measures. Performance on the validation data improved from NSE = 0.38, R2 = 0.60 and
PBIAS = -24.25% to NSE = 0.69, R2 = 0.73 and PBIAS = -3.82% when the original Kss estimation equation was
replaced with the SAR-adjusted equation developed in this study. Performance improvement with the integration
of SAR in the Kss estimation was dramatic on sodic soil but marginal on non-sodic soils. Conversely, the newly
developed Ke estimation equation resulted in substantial runoff prediction improvements on non-sodic soils while
sodic soils experienced only mild improvements. Salt load was related to soil loss through a strong linear model
(R2 = 0.94) which performed well to estimate runoff salt load from RHEM-predicted soil loss (NSE = 0.90, R2 =
0.91 and PBIAS = 4.16% on the calibration data and NSE = 0.83, R2 = 0.61 and PBIAS = 23.18% on the
validation data). Sensitivity analyses on both Ke and Kss equation developed in this study revealed low sensitivity
of runoff and soil prediction to input parameter prediction contrasting with the sizable improvement in prediction
performance owed to these newly developed equations. The new Kss equation has been incorporated in the online
RHEM tool and is available for land managers and interested stakeholders to predict soil erosion and salt load
from salt-affected rangeland hillslopes. Techniques on how to use RHEM to assess regional vulnerability of salt
loading in the UCRB has been explored and an effective approach has been developed to allow land managers to
evaluate where land management practices might be effective in reducing salt loads to the Colorado river.
All the data collected has been included in a custom-designed database and is expected to be published as a data
paper after deliver to BLM.
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7. Potential Next Steps
The Automated Geospatial Watershed Assessment (AGWA) (http://www.tucson.ars.ag.gov/agwa/) tool was
developed by USDA-ARS and it is a GIS-based hydrologic modeling tool that uses commonly available GIS data
layers to fully parameterize, execute, and spatially visualize results for the RHEM, KINEROS2, KINEROSOPUS, SWAT2000, and SWAT2005 watershed runoff and erosion models. Accommodating novice to expert GIS
users, it is designed to be used by watershed, water resource, land use, and resource managers and scientists
investigating the hydrologic impacts of land-cover/land-use change in small watershed to basin-scale studies.
To facilitate the selection of where a conservation practice may achieve optimal benefit the user may select an
“Area of Interest” and AGWA will interactively locate the impacted watershed outlets and then uses the stream
network and boundary polygons to cover the area with the fewest and smallest number of watersheds necessary to
parameterize and simulate the area as one unit (i.e., pasture or grazing allotment) guided by the hot spot analysis
discussed earlier. This option allows the user to determine if soil erosion and salt transport is initiated above the
area of interest and is being routed through the area or if the soil erosion and salt transport is occurring within the
area of interest. If salt transport is being initiated within the area of interest, then the user can evaluate if and
where land management practices should be located to have optimal impact for the least cost. An example of this
would be to evaluate the effectiveness of prescribed grazing or revegetation practices and the impact these
practices would have on surface hydrologic processes and associated soil erosion and salt transport process and
ultimately TDS in the river system. The AGWA model package allows managers to rapidly identify problem
areas for further monitoring and management activities. Additional functionality can be derived from the AGWA
decision tool by using it to generate alternative future land-use/cover scenarios and display differences between
simulation outputs (potential change). This option is designed to provide decision support when combined with
planning efforts to identify benefits and consequences of proposed management actions. AGWA is designed to
provide qualitative estimates of runoff and erosion relative to landscape change as a function of either climate or
management actions in ungauged river basins. If calibration data is not available, it can provide useful
information on the relative difference between alternative management actions for estimating the potential impact
on hydrologic and soil erosion processes. This information can then be used to guide the selection of appropriate
conservation practices to deploy and where they should be deployed to optimize the cost-benefit ratios of largescale restoration projects. The AGWA model package can provide reliable quantitative estimates of runoff,
erosion, and salt transport if appropriate calibration datasets are available. To effectively reduce runoff, soil
erosion, and salt transport, the most efficient approach would be to increase vegetation density and disrupt
concentrated flow paths that directly transfer salts to the Colorado River from saline rangeland plants. A recent
review of literature and a site visit to the Badia region of Jordan suggest that a mechanized water harvesting
system can be used to successfully establish Atriplex spp. and Salsola spp. shrubs in desert environment where
average annual rainfall is between 100 and 250 mm per year reducing runoff and sediment yield.
Gammoh and Oweis (2011) used a Vallerani plow (Figure 52) to create a U shape depression in the soil,
effectively creating a small depression storage area to trap water, sediments, and salts. The Vallerani plow creates
a divot and pushes up soil to form a berm (i.e., bund) that traps water from the uphill slope. This provides
additional water to the shrubs transplanted into the depression that is necessary for their survival. Additionally, a
ripping blade is part of the system that is pulled through the soil to a depth of 60 cm. This fractures the cemented
petrocalcic subsoil and improves water storage capacity in the soil profile. If not treated, the cemented petrocalcic
horizon impedes downward percolation of water and limits the volume of stored soil moisture to the upper 50 cm
of the soil profile. This limits the ability of the soil to store the water derived from water harvesting that is critical
for plant growth/survival in these dry areas.
The entrapment of nutrients along with sediments in these depressions creates areas of nutrient concentration
where plants thrive in spaces alternated by bare or poorly vegetated zones of water and nutrient depletion, forming
the premise of the “resource islands” or “vegetation island” concept. The use of the Vallerani plow mimics this
natural process of VDSH and provides the necessary water for plant establishment and initiation of the restoration
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process if properly located to prevent overtopping and breaching of
the bunds. The Vallerani System has been successfully applied to
nearly 100,000 ha of degraded rangeland in Morocco, Niger,
Senegal, Sudan, Tunisia, Chad and Egypt (Malagnoux, 2008).
Haddad (2019) used the RHEM erosion tool to evaluate the
effectiveness of the mico-catchments created with the Vallerani
plow in the Badaia region of Jordan. She reported that RHEM
depicted runoff and sediment yield with an average R2 of 0.76
when comparing simulated with observed surface runoff. She
concluded that the RHEM can be used within large-scale models to
identify hot-spots for out-scaling of restoration taking into
consideration the integrated watershed management approach. The
model can be used by decision makers to develop ecological site
Figure 52. Vallerani plow
descriptions that include the current eco-hydrological processes. It
can be used to develop ecosystem transition status, thus to
estimate the impact of several disturbances such as changes in land management and climate. The plant cover
changes simulated by RHEM can be used as a reference to assess the livestock carrying capacities of the
hillslopes areas, which provides essential information for sustainable livestock management in the Jordanian
Badia (Figure 53).

Figure 53. Before and after images of a successful restoration effort of rangeland hillslopes in the Badia
region of Jordan. The successful revegetation of a degraded watershed was implemented by using a
Vallerani plot technique causing diversion of concentrated flow to support plant growth.
The key to success of watershed treatment in the Upper Colorado River Basin will be the establishment of
vegetation in a spatial pattern that both reduces raindrop impact but increases tortuosity in the concentrated flow
paths and thus reduction in slope length that will prevent rill formation through reduction in overland flow volume
and velocity of surface runoff. An operational strategy to implement micro-catchments from use of the Vallerani
plow at the hillslope scale should consider the statistical frequency and intensity of rainfall, slope angle, and soil
properties that affect the stability and infiltration capacity for micro-catchment (Ziadat et. al., 2014). Micro
catchments need to be sized and spaced adequately for optimal function and cost effectiveness (Akroush et al.,
2014; Oweis et al., 2016). The sizing and distance both between micro-catchments and distance in rows down
slope can be estimated with use of Guelph permeameter to determine ponded and unsaturated infiltration rates
(Founds et al. 2019). The utilization of the Guelph permeameter would allow for accurate estimation of on-site
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infiltration characteristics in areas where detailed soil maps are not available, as in much on the Upper Colorado
River Basin, when considering potential sites for restoration and associated reductions in salt transport to the
Colorado River.
The current design calls for the Vallerani plow to be pulled on the contour in the uplands with spacing of the
bunds at approximately 3 to 4 meters. In the next row the bunds are offset and placed in the gaps created in the
first row. This limits the net distance downslope water can travel before being captured in a bund. Anticipated
row spacing is approximately 8 – 10 m. This design should minimize overland flow velocities and capture
sediment and salts on the hillslope. A watershed restoration assessment of the cost-benefit of restoration efforts
would be evaluated with the RHEM-KINEROS2-AGWA decision support system which can be utilized to
optimize the design of the spacing of the bunds to address plant-water requirements but also soil erosion and salt
transport concerns within the uplands based on slope length, steepness, shape, soil texture, presence and strength
of physical soil crust, aspect, climate, and vegetation density and cover.
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11. Appendix I: List of Acronyms
AGWA
ALF
ARS
CAD
CAE
CEC
CV
CVD
CVE
CVN
CVRN
CZD
CZE
DEM
EC
ESP
GIS
IC
KINEROS
MCMC
NRCS
QA
QC
RHEM
SAR
SAT
SL
SR
SWAT
TAD
TAE
TDS
TVD
TVE
TVN
TZD
TZE
UCRB
USDA
VDSH
WGRS

Automated Geospatial Watershed Assessment
Smith-Parlange infiltration equation parameter (α)
Agricultural Research Service
Channel areal deposition
Channel areal erosion
Cation exchange capacity
coefficient of variation
Channel volume deposition
Channel volume erosion
Channel volume net change (erosion - deposition
volume-based ratio of net volume change in channels with respect to entire plot
Channel depth of deposition
Channel depth of erosion
Digital elevation model
Electrical conductivity
Exchangeable sodium percentage
Geographic information systems
Ion chromatography
Kinematic Runoff and Erosion Model
Markov chain Monte Carlo
Natural Resources Conservation Service (USDA)
Quality assurance
Quality control
Rangeland Hydrology and Erosion Model
Sodium absorption ratio
soil saturation ratio
Total soil loss
Total runoff
Soil and Water Assessment Tool
Total plot areal deposition
Total plot areal erosion
Total dissolved solids
Total plot volume deposition
Total plot volume erosion
Total plot volume net change (erosion - deposition)
Total plot depth of deposition
Total plot depth of erosion
Upper Colorado River Basin
United States Department of Agriculture
vegetation-drivel spatial heterogeneity
Walnut Gulch Rainfall Simulator
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