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Assessment and Characterization of Ephemeral Stream
Channel Stability and Mechanisms Affecting Erosion in
Grand Valley, Western Colorado, 2018-21

By Joel W. Homan

Abstract

The Grand Valley in western Colorado is in the semiarid
Southwest United States. The north side of the Grand Valley
has many ungaged ephemeral streams, which are of particular
interest because (1) the underlying bedrock geology, Late
Cretaceous Mancos Shale, is a sedimentary rock deposit
identified as a major salinity contributor to the Colorado River
and (2) despite infrequent streamflows of short duration,
monsoon-derived floods in these ephemeral streams can
carry substantial amounts of sediment downstream, affecting
upstream and downstream banks and channel cross sections.
The study area is of interest, because salinity, or the total
dissolved solids concentration, in the Colorado River causes
an estimated $300 million to $400 million per year in
economic damages in the United States, and it is estimated
62 percent of the Upper Colorado River Basin’s total dissolved
solid loads originate from geologic sources. In an effort to
minimize salt contributions to the Colorado River from public
lands administered by the Bureau of Land Management, a
comprehensive salinity control approach is typically used to
reduce nonpoint sources of salinity through land management
techniques and practices.

In 2018, the U.S. Geological Survey, in cooperation
with the Bureau of Land Management, began an assessment
of ephemeral streams located on the north side of the Grand
Valley, western Colorado, to characterize stream channel
stability and identify mechanisms affecting erosion. The U.S.
Geological Survey developed a method for automatically
extracting channel cross-section geometry from existing
remotely sensed terrain models. Based on estimated flood
stage and surrogate streamflows, hydraulic characteristics were
calculated. Furthermore, the channel geometries and hydraulic
characteristics were used to estimate channel stability using a
statistical model.

Cross-section stabilities were determined from a stream
channel stability assessment for a subset of 1,406 visited
(field observed) locations out of 13,415 cross sections, which
were delineated from remotely sensed terrain models. The
application of Manning’s resistance equation in combination
with multiple logistic regression models demonstrated

channel stability can be estimated with a 0.845 goodness
of fit for a validation dataset when using a combination of
drainage area, width-to-depth ratio, sinuosity, and shear stress
as the explanatory variables. Stream channel stability was
extrapolated for 13,415 unvisited (not field observed) cross
sections using the multiple logistic regression model and
defined explanatory variables. Mapping of the ephemeral
streams and their associated stabilities may be used by

the Bureau of Land Management to prioritize areas for
remediation or changes in management strategies to reduce
sediment and salinity loading to the Colorado River.

The study found channel stability within the ephemeral
streams to be spatially variable, longitudinally discontinuous,
and dictated by changes in channel bed slope. The stable
ephemeral streams were relatively wide and shallow and often
had smaller drainage areas with less potential for producing
shear stresses capable of overcoming channel adhesion. A
change in channel bed slope can provide the means necessary
to generate shear stresses appropriate to initiate erosion and a
subsequent stability transition to incising channels. Channel
widening happens when either or both banks of an incising
channel reach a critical height for mass wasting, or when
channel curvature causes higher sidewall stress. Regardless,
widening channels can promote increases in sinuosity and
subsequently reduce steep channel bed slopes. Consequently,
stable and widening channels can have comparable bed slopes,
making channel bed slope a poor explanatory variable to
predict channel stability overall, despite its function to initiate
channel instability.

The results were based on a surrogate 0.10 annual
exceedance probability (AEP; return period equal to the
10-year flood) interval streamflow, although it was recognized
fluctuations in streamflow would also affect channel stability.
Past and current changes within the study area affect
streamflow; therefore, mechanisms affecting erosion include
land use disturbances, soil compaction, loss of vegetation
cover, drought, less frequent and more extreme precipitation,
and fires—which all intensify the potential runoff and erosion
within the study area.
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Introduction

There are two types of nonperennial streams, which
are categorized by their flow: intermittent streams flow
seasonally and ephemeral streams flow only briefly after
rain or snowmelt. Nonperennial streams are present across
all continents, ecoregions, and climate types (Messager and
others, 2021). Although nonperennial streams constitute
more than half the global stream network length (Messager
and others, 2021), they make up approximately 59 percent
of all streams in the United States (excluding Alaska) and
more than 81 percent of streams in the arid and semiarid
Southwest (Arizona, New Mexico, Nevada, Utah, Colorado,
and California; Levick and others, 2008). Hydrological
and ecological research has predominantly focused on
perennial waters, in part because streamgage networks tend
to be located on larger rivers (Zimmer and others, 2020).
However, nonperennial streams have garnered increasing
consideration in recent years (Leigh and others, 2016; Allen
and others, 2020; Shanafield and others, 2020, 2021). This
attention will likely continue, because of the predicted
increase of nonperennial streams in systems that experience
dry conditions due to climate change and land use alterations.
(Palmer and others, 2008; Larned and others, 2010; Jaeger
and others, 2014; Datry and others, 2018; Ward and Walsh,
2020). Using U.S. Geological Survey (USGS) streamgage data
(USGS, 2021), Zipper and others (2021) showed this trend is
already in effect in the arid and semiarid Southwest United
States, where the degree of intermittency in most streams has
been increasing during the past 30 years. Additionally, the
Zipper and others (2021) study highlighted the critical need
for adequate nonperennial stream assessments as streamgages
are typically installed on perennial streams to support
human-oriented water needs, including allocation of water
resources, flood hazard mitigation, and riverine navigation
(Ruhi and others, 2018).

The Grand Valley in western Colorado is in the semiarid
Southwest United States. The north side of the Grand Valley
has many ungaged ephemeral streams, which are of particular
interest because (1) the underlying bedrock geology, Mancos
Shale, is a sedimentary rock formation deposited in a shallow
marine environment during the Late Cretaceous and has
been identified as a major contributor of dissolved mineral
salts to the Colorado River (Whittig and others, 1982; Weltz
and others, 2014) and (2) despite infrequent flows of short
duration, monsoon-derived floods in ephemeral streams
can transport substantial amounts of sediment downstream
(Hassan, 1990). These points of interest are significant
because salinity, or total dissolved solids concentration, in
the Colorado River causes an estimated $300 million to $400
million per year in economic damages in the United States
(Bureau of Reclamation, 2017). Dissolved solids in water
occur naturally because of weathering and dissolution of
minerals in soils and rocks; however, various human activities
can increase total dissolved solid loading greater than natural
levels (Anning and others, 2007). Geology, land cover, land

use practices, and climate are factors known to affect total
dissolved solids loading to streams (Kenney and others, 2009).
To address these challenges, the Colorado River Basin Salinity
Control Forum was established in 1973 (Colorado River Basin
Salinity Control Forum, 2014) to enhance and protect the
Colorado River water quality for use in the United States and
Mexico, in accordance with the 1972 Clean Water Act and

the Colorado River Basin Salinity Control Act of 1974 (Ward,
1999; Bureau of Reclamation, 2017).

Within the Colorado River Basin, the Bureau of Land
Management (BLM) administers approximately 53 million
acres of public lands, and approximately 7.2 million of those
acres contain saline soils (BLM, 1987; Boyd and Green,
2018). Within these lands, nonpoint salt sources include
surface runoff, eroded soils, stream sediment, and groundwater
discharge to streams. The greatest salt concentrations
were from land with marine shales and mudstones such as
the Mancos Shale (Bentley and others, 1978). Within the
Colorado River Basin, highly saline soils generally occur in
rangeland areas that receive low annual precipitation (less
than 20 centimeters [cm]). Although salt concentration can
be very high in runoff water from these lands, the runoff
frequency and volume is very low due to the ephemeral
nature of the stream system. Regardless, runoff from highly
to moderately saline soils in the Upper Colorado River Basin
contributes approximately half of the annual salt load from
BLM-administered public lands (Bentley and others, 1978;
BLM, 1987, 2004), and it is estimated 62 percent of Upper
Colorado River Basin total dissolved-solid loads originate
from geologic sources (Miller and others, 2017).

In an effort to minimize salt contributions to the
Colorado River from public lands administered by the BLM,
a comprehensive three-pronged salinity control approach
is used, which incorporates (1) controlling point sources
of salinity, such as streamflow from abandoned wells and
mines; (2) controlling nonpoint sources of salinity, such as
reducing sediment transport from past activities through
land management programs and watershed restoration
activities; and (3) preventing nonpoint sources of salinity
from ongoing, authorized activities through land use planning,
permit stipulations, best management practices, and related
conservation actions (Boyd and Green, 2018). Ephemeral
streams are one salt transport mechanism in arid rangelands,
where salt may be transported either in solution or attached
to eroded soil particles and sediments. Salt loading in these
environments is closely associated with sediment loading
(Jackson and others, 1985; Schumm and Gregory, 1986; BLM,
1987, Gellis and others, 1991; Bureau of Reclamation, 2001).
Any practices that reduce erosion or store sediments outside
the active channel in highly saline arid landscapes, especially
in headwater areas, may affect the retention of salt from these
associated sediments.

In 2018, the USGS, in cooperation with BLM, began an
ephemeral streams assessment located on the north side of
the Grand Valley in western Colorado (fig. 1) to characterize
stream channel stability and identify mechanisms affecting
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Figure 1. Study area, in Grand Valley, western Colorado.

erosion. The ephemeral streams within the study area lacked
sediment and hydrological data, so rather than implementing
a sediment transport model or hydraulically driven analysis
to assess their stability, channel geometries and surrogate
streamflows were used. Channel cross-section geometries
were acquired from existing remotely sensed terrain models,
and calculated hydraulic characteristics were based on
surrogate StreamStats streamflows (Kircher and others,
1985; Capesius and Stephens, 2009; Kohn and others, 2017;
USGS, 2019b). Instead of relying on available software,
such as HEC-RAS (Hydrologic Engineering Center, 2021),
to manually extract channel cross sections and generate
associated channel geometries and hydraulic characteristics
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for more than 10,000 stream channel locations, an automated
process was developed by the USGS. All data associated

with this report, including channel cross sections, geometry
characteristics and hydraulics are available in a USGS

data release (Homan, 2024). Using a statistical model, the
channel geometries and hydraulic characteristics were used as
predictor variables to estimate the channel stability probability
for the ephemeral streams. The channel stability probability
in this arid rangeland was estimated and mapped, and areas
with low channel stability probability may be used by the
BLM to evaluate and prioritize areas to target for remediation
or changes in management strategies to reduce sediment and
salinity loading to the Colorado River.
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Purpose and Scope

The purpose of this report is to provide information
regarding the ephemeral stream channel stability on the north
side of the Grand Valley, western Colorado, which is underlain
by Mancos Shale, a major contributor of dissolved mineral
salts to the Colorado River. To understand the connection
between channel stability and geometry, geomorphic erosion
processes and characteristics are outlined. The methods used
to develop a technique to predict and map ephemeral stream
channel stability are presented. Additionally, this report
identifies mechanisms and processes affecting erosion and
identifies areas in the Grand Valley of greatest instability
probability. Using a combination of existing remotely
sensed terrain models, surrogate streamflows, the Manning’s
resistance equation, and multiple logistic regression
models, ephemeral stream channel stabilities are estimated
and mapped.

Description of the Study Area

The study area is within the Upper Colorado River
Basin and is specifically bound to the north by the Book Cliff
escarpment and the Mesa—Garfield County line. The study
area extends from the eastern edge of the Grand Valley, near
Palisade, Colorado, to the Colorado—Utah State line to the west
(fig. 1). The section of Book Cliffs within the study area forms
a sinuous southwest-facing escarpment and is continuously
bordered to the south by the Grand Valley lowland. The terrain
transitions from the lowlands to the highlands, including the
cliff fronts and stops atop the ridgeline.

The region is arid, with an average rainfall between 10
and 25 cm, which results in few perennial streams, sparse
flora and fauna, and large barren areas of well-exposed strata
(Fisher and others, 1960). The terrain is intricately dissected
by ephemeral streams draining into the Colorado River. The
underlying geology is characterized predominantly as Late
Cretaceous Mancos Shale, which is a massive marine deposit
composed of shale with interbedded sandstone (Hettinger and
Kirschbaum, 2002; Tuttle, 2009; Tuttle and others, 2014). The
Mancos Shale is a known nonpoint source for a substantial
portion of the salinity loads in the Colorado River (Tuttle and
others, 2014). The overlying soils are poorly developed with
salt-desert shrub-type vegetation (consisting of Sarcobatus
vermiculatus [black greasewood)], Atriplex corrugata
[mat saltbrush], Artemisia tridentata [big sagebrush], and
Ericameria nauseosus [rubber rabbitbrush]) that is native and
drought tolerant in the arid environment of western Colorado
(Lusby and others, 1963; Kiichler, 1964; Lusby and others,
1971; Branson and others, 1976). Extensive biological soil
crusts can develop on stable soils from all substrates regardless
of slope angle, but especially on shallow, fine-textured, and
calcareous soils (Belnap and others, 2001).

The entire study area, which is approximately
50 kilometers (km) long and 10 km wide (500 square
kilometers [km?]), is managed by BLM for motorized and
nonmotorized use. Historically, this area was primarily used
for seasonal livestock grazing for herds migrating between
winter and summer ranges, beginning in the 1880s (Lusby,
1979). Early grazing rates by sheep and cattle were heavy,
although they later diminished and after 1988 only cattle were
allowed to graze on the allotment (Fick and others, 2020).

Geomorphic Erosion Processes and
Characteristics

Streams, whether perennial or ephemeral, are dynamic,
open systems—dynamic because they are constantly changing,
and open because they can be affected or changed by a variety
of external forces and factors (Trent and Brown, 1984). Stream
morphology describes the stream channel shape and how they
change through time. The stream channel morphology is a
function of several processes and environmental conditions,
including the composition and erodibility of the streambed
and streambanks (for example, bedrock, sand, clay), where
erosion comes from the force of the flow. Additional factors
such as sediment size, composition and availability, vegetation
type and amount, and human interaction also affect the stream
morphology (Trent and Brown, 1984). Proper interpretation
of stream instabilities requires an understanding of stream
morphology and the physical processes involved. The
environmental conditions and factors affecting the geometric
stability and characteristics of ephemeral streams are
discussed in the “Geomorphic Erosion Processes, Relations,
and Responses” section of this report.

Geomorphic Erosion Processes, Relations, and
Responses

The stream system channel geometry (for example, its
depth, width, and plan-view form [sinuosity or other channel
forms])) is a function of the erosion processes (channel
hydraulics and external constraints) applied to the system,
which include streamflow, sediment discharge, valley slope,
and controls imposed by the region (Trent and Brown, 1984).
The valley slope and geologic constraints are generally
assumed to be constant; however, the streamflow and sediment
discharge will vary with every flow occurrence. Because the
channel hydraulic geometry is a function of these dynamic
elements, a stream system will attempt to adjust its geometry
in response to changing conditions to maintain or create a
dynamic equilibrium condition with respect to water, sediment
load, and channel morphology (Trent and Brown, 1984).

Results of numerous studies show geomorphic
proportionalities that describe functional relations between
the water and sediment load of a channel and the resulting



channel size, shape, and sinuosity (Lane, 1954; Leopold and
others, 1964; Schumm, 1977; Simons and Sentiirk, 1977).
These geomorphic studies revealed channel width, depth, and
plan view are constantly adjusting, and channel stability is an
evolutionary process not constant through time (Schumm and
others, 1984). Evolutionary phases of channel stability range
from total disequilibrium to a new state of quasi equilibrium. A
quasi-equilibrium phase implies the system is not static through
time but during a period of years the average condition is of
stability (Watson and others, 2002). If the observational period
of a channel is limited, a method of assessing channel evolution
is to assume distance downstream is equivalent to the passage
of time. This is the process of location-for-time substitution,
and the “technique assumes that by observing channel form as
one moves downstream along a channel, the effect of physical
processes at one location through time can be observed”
(Schumm and others, 1984; Watson and others, 2002).

Stream channels not in equilibrium conditions experience
sediment distribution with channel erosion or deposition
occurring up and down the length of the stream. Three
geomorphic responses or processes result from changes
in dominant streamflow and sediment conditions: channel
widening (bank erosion), channel deepening, and a change in
plan-view form (Trent and Brown, 1984). All three responses
will, however, cause some level of streambank erosion.

Channel widening is evidenced through an increase in
channel width, with or without an increase in channel depth.
Bank failures in fluvial systems caused by channel widening
generally occur in one of three ways: (1) hydraulic forces
remove erodible bed or bank material, (2) channel geometry
instabilities result in mass wasting, or (3) a combination of
channel geometry and hydraulic forces cause bank collapse
(Fischenich and others, 1989). Hydraulic-caused bank
collapse occurs when flowing water exerts a tractive force (the
force needed to overcome the resistance caused by friction)
exceeding the critical shear stress for a particular streambank
material. Geometry-caused bank collapse unrelated to
hydraulic forces is usually a result of bank moisture, where
moisture can affect the ability of a bank material to withstand
stresses. The most common bank collapses are due to a
combination of channel hydraulics and geometry. The most
widely known and generally accepted cause of bank erosion
is shear stress on streambanks caused by fast-moving water
during peak streamflow (Leopold and others, 1964).

Channel incision (in other words, bed erosion,
degradation, or lowering) occurs because of four main
processes: (1) decreases in sediment supply (sediment
transport capacity of the bed material exceeds the sediment
supply delivered to the channel), (2) increases in channel bed
slope (channel straightening), (3) increases in streamflow, and
(4) increases in velocity (as a result of increased streamflow
and not associated with an increase in channel bed slope)
(Simon and Darby, 1997; Bledsoe, 1999). Under such
conditions, channel bed and bank stabilities are affected, and
stream morphology is ultimately altered. Bed channel erosion
is generally initially dominant more than channel widening,
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but as the bank heights of an incising channel increase due
to degradation, banks may reach a critical height for mass
wasting, and widening may prevail (Harvey and Watson,
1986; Watson and others, 2002).

Plan-view form includes changes in channel shape
and position as viewed from above. Changes in plan-view
form are most often demonstrated through the downstream
migration of meandering bends and changes in the sinuosity
of meander bends. Generally, these changes result from
alterations of channel bed slope. Channel bed slope reduction
often results in a reduction of sediment discharge and bed
channel aggradation (Lane, 1954). Consequently, a reduction
in channel bed slope can lead to a tendency toward increased
bank erosion and increased channel sinuosity.

Geomorphic Characteristics for Ephemeral
Streams

The spatial and temporal relations of fluvial processes
for dryland ephemeral streams and those in humid regions
were confirmed to differ greatly (Graf and Lecce, 1988; Reid
and Laronne, 1995; Tooth, 2000; Bull and Kirkby, 2002; Reid
and Frostick, 2011). In arid regions, the annual exceedance
probability for bankfull streamflow ranges from about 1 to
32 years; in contrast, temperate zone streams have an annual
exceedance probability of approximately 1.5 years (Graf and
Lecce, 1988; Bull and Kirkby, 2002). The highly variable
annual exceedance probability in arid regions stems from
infrequent and spatially sporadic precipitation large enough to
produce infiltration excess and generate runoff. These isolated
storms typically cover only a part of a basin and downstream
flow losses by high rates of infiltration into dry, unconsolidated
alluvial beds result in ephemeral streams exhibiting large
downstream decreases in unit streamflow (Babcock and
Cushing, 1942; Cornish, 1961; Keppel and Renard, 1962; Lane
and others, 1971; Walters and others, 1988; Hughes and Sami,
1992; Constantz and others, 1994; Goodrich and others, 1997;
Tooth, 2000; Bull and Kirkby, 2002). In a positive feedback
cycle, the downstream decrease in streamflow results in a
reduction of the sediment transport capacity and an increase in
aggradation, causing an increase in the extent and thickness of
alluvium, and associated increases in infiltration capacity and
streamflow losses (Graf and Lecce, 1988, Merritt and Wohl,
2003; Reid and Frostick, 2011).

Short-lived and infrequent streamflow in arid-region
ephemeral streams results in progressive episodes of channel
incision and filling (Schumm, 1977; Patton and Schumm,
1981) accompanied by channel widening (Hooke, 1967,

Bull and Kirkby, 2002; Powell and others, 2005). Despite
relatively long periods of no streamflow and stable streamflow
characteristics in ephemeral streams, channel characteristics
commonly exhibit spatial variability and longitudinal
discontinuity in arid regions. Changes in lithology and valley
characteristics generally dictate the longitudinal alterations
within ephemeral streams (Leopold and others, 1964; Graf and
Lecce, 1988; Bull and Kirkby, 2002).
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Methods for Ephemeral Stream
Channel Assessment

This section provides details on the techniques and
procedures used to acquire the needed information and how
it is used to predict areas with the greatest probability of
instability. Specifically, this section covers the stream channel
delineation within the study area using existing remotely
sensed data and the extraction of cross sections along those
channels. Ground truthing of the extracted remotely sensed
cross sections, techniques for obtaining channel geometry
characteristics from the cross sections, and using them in
a hydraulic analysis are discussed. Lastly, the process for
estimating channel stability using the channel geometry and
hydraulic analysis parameters, referred to as explanatory or
predictor variables, is outlined. All data associated with this
report, including cross-section profiles, survey data, Manning
roughness coefficients, channel geometry characteristics and
hydraulics, and channel stabilities are available in a USGS
data release (Homan, 2024).

Stream Channel Delineation, Cross-Section
Profiles, and Surveys

Along the north side of the Grand Valley, stream
channels were delineated from a 1-meter (m) bare-earth digital
elevation model (DEM) derived from light detection and
ranging (lidar) elevation data acquired from the 3D Elevation
Program (3DEP) managed by the USGS National Geospatial
Program (USGS, 2019a). The 1-m DEM has a 1-m by 1-m
cell size with a 19.6-cm vertical accuracy at the 95-percent
confidence level, which is equivalent to the 10-cm root mean
square error in the z-dimension and referenced to the North
American Datum of 1983 (NAD 83). Concentered streamflow
accumulation was used to delineate stream channels using
the 3DEP downloaded 1-m DEM and ArcGIS (a geographic
information system) software version 10.8.1 (Esri, 2020).

To assess stream channel geometry characteristics,
channel cross-section profiles along the extracted stream
reaches were obtained. The original concept was to
physically survey cross sections at a minimum of 40
locations per stream reach. Instead, the high-resolution 1-m
DEM was used to extract cross-section profile elevations,
which provided almost 10 times as many cross sections
as originally planned for this study while simultaneously
reducing the amount of required fieldwork. The cross-section
profiles were extracted from the stream channels using a
combination of R code and RStudio statistical software
version 4.2.2 (RStudio Team, 2022), and ArcGIS. Each
cross-section profile is perpendicular to the stream channel
and longitudinally spaced at a 25-m interval distance,
starting at the upstream end. The cross sections are each
100 m long and have elevation information every 1 m.

To confirm the stream channels had not been altered since
the lidar acquisition, three streams, each consisting of 40 cross
sections, were surveyed using a setup comprised of real-time
kinematic (RTK) and Global Navigation Satellite System
(GNSS) methods. The surveyed elevation data were collected
with a Trimble R8 GNSS base unit receiver and R8 GNSS rover
receiver with TSC3 data collector following the techniques and
methods in Rydlund and Densmore (2012) and Trimble (2003).
The horizontal coordinate data are referenced to Universal
Transverse Mercator zone 12 north projection, NAD 83, and
the vertical coordinate information is referenced to the North
American Vertical Datum of 1988 (NAVD 88). The RTK—
GNSS position precision, as rated by the manufacturer, is 1 cm
horizontally and 2 cm vertically (Trimble, 2003).

Cross-Section Hydraulic Analysis

Cross-section data to construct relations between
streamflow, channel geometry, and various hydraulic
characteristics are useful for reconstructing the conditions
associated with a particular channel and streamflow. The
Manning’s resistance equation was used to reconstruct the
hydraulic conditions (average velocity, streamflow area,
hydraulic radius) for each cross section associated with a
predefined streamflow rate. The Manning’s resistance equation
is an empirical equation applying to uniform streamflow in
open channels and is a function of the channel streamflow
area, average velocity, channel bed slope, and a roughness
coefficient expressed in equation 1 (Chow, 1959):

O=VA= (lj ARng[Metric] , (1
n

where
(0] is the streamflow, in m3/s;

V' is the average velocity of streamflow, in m/s;
A is the streamflow area, in m?;

n is Manning roughness coefficient;

R is the hydraulic radius, in m;

S is the dimensionless energy slope
approximated by the channel bed
slope; and

1 is the conversion factor, 1 for International
System of Units and 1.49 for U.S.
customary units.

The Manning’s resistance equation is balanced using
the Manning roughness coefficient (), which represents
the roughness or friction applied to the streamflow from the
channel bed and banks. For this study, the channel cross-section
Manning roughness coefficients were estimated following the
methods described in Cowan (1956). The channel bed material,



surface irregularities, variations in shape and size of the channel,
obstructions, vegetation, and meandering of the channel were
determined during field observation at a subset of cross sections
in the study area. Cross sections were visited (field observed)
on an alternating pattern of 100-m and 300-m spacing (4th and
12th cross sections, respectively). Roughness coefficients for
unvisited (not field observed) cross sections from the original
25-m interval were set as the average value from the closest
upstream and downstream field-based estimations. Verification
of roughness coefficients was done based on the reference
coefficients of Phillips and Ingersoll (1998). The roughness
coefficients were used within the Manning’s resistance equation
for the cross-section hydraulic analysis.

Because the streams within the study area are ephemeral,
the surrogate streamflows used in the Manning’s resistance
equation were not measured but obtained from USGS
StreamStats streamflow data for the 0.10 annual exceedance
probability (Q,,) peak streamflow (Homan, 2024). These
data were acquired for each stream channel and at each cross
section using StreamStats version 5.04 Batch Processing
Tool, which uses regression equations to extrapolate
peak-streamflow statistics (USGS, 2019b). As stated in
the “Geomorphic Characteristics for Ephemeral Streams”
section of this report, the annual exceedance probability for
bankfull streamflow in arid regions can range from about 1
to 32 years. A Q,, was selected as the hydrologic condition
of interest because it simulated a stream stage that filled most
cross sections without inundating the floodplain. In addition
to streamflow estimates, upstream drainage areas were
delineated for each cross section using the StreamStats Batch
Processing Tool.

Along with a Manning roughness coefficient and
streamflow, the Manning’s resistance equation requires
the water surface slope. Under the assumption of uniform
streamflow conditions, the channel bed slope approximates
the energy grade line and the water surface slopes. The
channel bed slope at a given cross section was determined
by measuring the change in DEM thalweg (lowest elevation
within the channel) elevation between the upstream and
downstream cross sections and dividing the vertical difference
by the horizontal distance between thalweg locations.

There are no computational difficulties in solving
the Manning’s resistance equation when the channel bed
slope or channel streamflow are unknown. However,
when the streamflow cross-section area is the unknown,
the solution generally cannot be found explicitly. The
known DEM-extracted stream cross-section profiles are for
100-m-long cross-section lines, not cross sections specifically
for the streamflow areas inundated by a specified 0.10 annual
exceedance probability streamflow (Q,).

To find the streamflow area within the channel
cross-section profile, a six-step computationally iterative process
was used: (1) use a cross-section profile and an arbitrarily low
depth of water, for example 1 cm (y,), to calculate the inundated
streamflow area (4), the cross-sectional area for a streamflow
measured normal to the direction of flow; (2) calculate the
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wetted perimeter (Wp), the length of the wetted surface
measured normal to the direction of flow, of the streamflow
area; (3) use the streamflow area (4) and wetted perimeter

(Wp) to calculate the hydraulic radius (R), the ratio of the area
to wetted perimeter (4/Wp); (4) use the Manning’s resistance
equation (eq. 1) to calculate the streamflow for the prescribed
depth of water; (5) compare the calculated streamflow (Q,) to
the surrogate 0.10 annual exceedance probability streamflow
(0,0); and (6) if O, < O, then incrementally adjust the depth of
water by a small amount, for example 0.01 cm (y; + 0.01 cm),
and repeat steps one through five until the calculated streamflow
rate is within 0.10 cm of the 0.10 annual exceedance probability
streamflow (Q, ).

RStudio software was used to perform the calculations
(RStudio Team, 2022). Upon the convergence of the
streamflows (Q, ~ Q,,), cross-sectional streamflow areas (4,,),
average velocities (V, O, /4,,), wetted perimeters (Wp,,),
and hydraulic radiuses (R,,) for the 0.10 annual exceedance
probability streamflow (Q,,) are known and can be used as
predictor variables to predict ephemeral channel stability
within the north side of the Grand Valley, described in the
“Stream Channel Stability” section of this report. Additionally,
knowing the Manning’s resistance equation parameters allows
supplementary channel geometry and hydraulic characteristics
associated with a surrogate 0.10 annual exceedance probability
flood to be calculated.

Channel geometry refers to the three spatial dimensions
of width, depth, and plan view for a stream. The channel
width for a specified streamflow is the horizontal distance
between streambanks at the water surface elevation and is
known as the top width (B). The average channel depth (D)
for a specified streamflow is the cross-sectional streamflow
area divided by the top width, whereas the maximum depth
of water (Y) is the water surface elevation subtracted by the
cross-section minimum elevation (thalweg). The channel
cross-section plan view is numerically expressed by the stream
channel sinuosity. Sinuosity is the stream length ratio (distance
traveled if you floated downstream) divided by valley length
(as a crow flies distance; the most direct route). The greater the
sinuosity, the more tortuous (strongly meandering) the stream
path (Schumm and others, 1984). For this study, sinuosity
is calculated using stream and valley lengths between 20
upstream and downstream cross sections representing an
approximate distance of 1 km of channel length. For example,
the sinuosity for the 100th downstream cross section would
be calculated using stream and valley lengths measured
between cross sections 80 and 120. Sinuosity for the first
and last 20 cross sections were, however, calculated with
limited information. Like the Manning’s resistance equation
parameters, the calculated channel geometries (width, depth,
and plan view) were based on the 0.10 annual exceedance
probability streamflow (Q,,) and were used to predict
ephemeral channel stability, described in the “Stream Channel
Stability” section of this report.
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To predict ephemeral channel stability, the cross-section
hydraulic analysis also included a channel hydraulic
characteristics evaluation, which can help assess the ability of
a stream to erode material from the channel bed and banks or
to aggrade (deposit) material. An analysis of physical samples
of suspended sediment and bedload would be instructive, but
in most arid or semiarid regions ephemeral channels, such data
are not available (Graf, 1983). Instead, stream characterization
related to channel stability can be done using a tractive and
resisting forces comparison through a potential energy and
stresses evaluation (Graf, 1983). For this study, the evaluated
channel hydraulic characteristics included total stream power,
unit (specific) stream power, shear stress, Froude number, and
width-to-depth ratio.

Total stream power is related to sediment transport and
computed from channel dimensions and streamflow information
(Bagnold, 1966, 1977; Graf, 1984). Because total stream power
is a function of channel dimensions and streamflow, it is more
valuable in a process analysis than are the individual channel
dimensions when considered separately. Total stream power
(Q) is the power exerted by flowing water over a unit length
of channel (Bagnold, 1966, 1977) and is defined as unit stream
power times the channel width in equation 2:

Q = wB = pgRSVB, ©)

where
Q is total stream power, in newtons per second
[N/s], or watts per meter [W/m];

®  isunit (specific) stream power, in watts per
square meter [W/m?];

p is density of the fluid, in kilograms per cubic
meter [kg/m3];

g  isacceleration due to gravity, in meters per
second squared [m/s?];

R is the hydraulic radius, in m;

S is the dimensionless energy slope
approximated by the channel bed slope;

V- is the average velocity of streamflow,
in m/s; and

B is top width, in meters.

Equation 2 assumes a steady uniform streamflow,
and pg = 9,807 newtons per cubic meter (N/m?; Carson,
1971). Stream power along its length is directly related to
potential sediment transport (Graf, 1984), is an indication
of the potential for deposition and (or) erosion, and is a
channel stability indicator. Bizzi and Lerner (2015) showed
total stream power for values around 2,000 W/m to provide
a transition zone between unstable (erosion) and stable
(deposition) channels.

Instead of potential energy per unit stream length,
(specific) stream power (®) is stream power per unit top width
(Bagnold, 1977). Normalizing the stream power by the stream
width allows for a better comparison of streams of various
widths. By transformation, specific stream power may be as
expressed in equation 3 (Petit and others, 2005):

=1V, 3)

where
V' is the average velocity of streamflow, in
meters per second; and

T is the total shear stress averaged for the width
of the stream, in newtons per square meter.

Like total stream power, specific stream power between 30
and 40 W/m? was shown to provide a transition zone between
unstable (erosion) and stable (deposition) channels (Bizzi and
Lerner, 2015). Additionally, the lower the system energy, the
more stable the system will be, so decreases in specific and
total stream power lead to stream channel stabilization and
deposition dominance.

Shear stress as shown in equation 3 is based on the
conservation of momentum principle, another erosion
potential predictor, and is the force of water trying to drag
the channel bed surface downstream with it (Meyer-Peter
and Miiller, 1948; Fernandez Luque and Beek, 1976; Petit
and others, 2005). Critical shear stress is when the drag force
of flowing water against a channel particle is greater than
the gravitational force holding it in place, the particle begins
to move. Channel stability is closely related to bed material
movement; the greater the quantity of bed material in motion,
the lower the channel stability, even if on average the sediment
motion is balanced by input material from upstream (Jia,
1990). When shear stress is equal to or less than critical shear
stress, the channel will likely be stable. Where shear stress
is greater than critical shear stress, channel degradation will
likely result, and the channel will be unstable (Wohl, 2000).

An alternative way of evaluating the distribution of
available energy within a channel is the Froude number as
shown in equation 4 (Froude, 1861):

Fr= - @)

\ed

Fr  is the Froude number (dimensionless);

where

V' is the average velocity of streamflow, in
meters per second;

g  isacceleration due to gravity, in meters per
second squared [m/s?]; and

d  isthe average depth of water, in meters.

The Froude number provides a way to assess the
streamflow energy state based on the relation between
streamflow velocity and depth (inertial and gravitation forces).



Small Froude numbers relate to low-energy states indicative of
deep, slow streamflow. Increasing Froude numbers represent
shallower, faster streamflow and a sharp increase in potential
sediment transport rates (Simon and Darby, 1997). Channels
will tend to have the lowest bed material movement and
highest stability for the minimum streamflow energy state, and
therefore, a smaller Froude number (Jia, 1990).

Hydraulic geometry relations have also been useful in
describing width, depth, cross-sectional area, and velocity
as power functions of streamflow (Osterkamp and others,
1983; Rosgen, 1998). Geomorphic dimensions (for example,
bankfull width, depth) were combined into dimensional ratios
(for example, width-to-depth ratio) as surrogates for the
channel sediment characteristics and shear stress distributions
(Osterkamp and others, 1983). High width-to-depth ratios
(shallow and wide channels) place stress within the near bank
region, and as the width-to-depth ratio value increases (as the
channel grows wider and shallower), the hydraulic stress at
the banks also increases. Bank erosion may be accelerated
because of increased hydraulic stress (Osterkamp and others,
1983; Kleinhans and Berg, 2011). Because the width-to-depth
ratio is a proxy for shear stress distributions, channels with the
minimum values tend to have the highest stability.

The evaluated channel hydraulic characteristics, including
total stream power, unit (specific) stream power, shear stress,
Froude number, and width-to-depth ratio were calculated for
each cross section and are available in Homan (2024). The
calculated parameters are used as predictor variables within
the multiple logistic regression models described in the report,
“Stability Extrapolation” section of this report.

Stream Channel Stability

The hydraulic analysis results provide mathematical solu-
tions for channel cross-section streamflow areas and associated
parameters for defined streamflows and accompanying potential
energies and stresses but do not empirically specify the channel
beds or banks stability. During the field work to collect rough-
ness coefficient information, five digital images were collected
at each field-visited cross section. The images included snap-
shots of the channel bed, left and right stream banks, and the
channel profiles looking upstream and downstream from the
cross-section observation locations. A post-field work review
of the images was completed, and channel stability classifica-
tions were assigned to each cross section. The review identified
indicators of channel disturbances (where present) including
channel head cuts and bank erosion presence, such as soil fall-
ing off the side slopes (sloughing), scouring, mass wasting, and
undercutting. If neither channel bed nor banks presented active
erosion evidence, the cross sections were classified as “stable.”
If evidence of erosion was identified on either channel bed or
banks, the cross sections were classified as “active.” To break
down the channel stability assessment one step further, bed or
bank erosion indicators were noted in actively eroding chan-
nels. Actively eroding cross sections with only bed erosion signs
were classified as incising channels; cross sections with only
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indications of bank erosion were classified as widening chan-
nels. The digital images used in the interpretation and stability
classifications for the channel beds and banks are available in
Homan (2024). The stability classifications are used as field-
based channel stability observations and split into calibration
and validation datasets used in the “Stability Extrapolation”
section of this report.

Stability Extrapolation

Stream channel stability was classified using field-based
images at a subset of cross sections. A logistic regression
model was used to predict whether nonvisited cross sections
are stable or actively eroding. Logistic regression models
use parameter classifications to determine the probability
of binary outcomes, in this case active or stable stream
channel cross sections (Berkson, 1944, 1951). The statistical
model uses a logistic sigmoid (S-shaped) function (fig. 2),
to fit observations. Unlike linear regressions, which model
continuous dependent variables, logistic regression models are
limited to either O or 1 on the y-axis.

Multiple logistic regression analysis applies when there
is a single binary outcome and more than one independent
explanatory variable, such as if a channel is stable or actively
eroding given its streamflow, slope, and specific power (Cox
and Lewis, 1966; Theil, 1969). The outcome in logistic
regression analysis is coded as 0 or 1, where 1 indicates
that the outcome of interest is present (for example, active
erosion), and 0 indicates the outcome of interest is absent
(for example, stable or no erosion). If p is the probability that
the outcome is 1, the multiple logistic regression model can
be written as follows in equation 5 (Helsel and others, 2020):

exp(bo+lel +b2X2+...+prp)

AN
p= ) (5)
1+exp(b0 +b X, +b,X, +...+prp)
where
p s the expected probability the outcome
is present;
exp is an abbreviation for exponential;

X, through X, are the distinct independent variables; and

b, through b,  are the regression coefficients.

The multiple logistic regression model can also be written
as shown in equation 6, in which the outcome is the expected
log of odds or the odds of probability that the outcome is
present (Helsel and others, 2020):

A
_pP

log S |=b o X, +b, X, +.. 4D X
(-#)

(6)
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A.Linear regression fit

Y-axis

X-axis

B.Logistic regression fit

Y-axis

X-axis

EXPLANATION
@ Example data points

Figure 2.

Multiple logistic regression models were developed
to predict whether nonobserved cross sections are stable or
experiencing erosion (binary outcome), using associated
channel geometry (width, depth, and plan view [sinuosity])
and hydraulic characteristic (total stream power, unit [specific]
stream power, shear stress, Froude number, and width-to-depth
ratio) as independent explanatory variables. Stream channel
stability is also a function of the underlying geology and soils,
vegetation cover, presence of grazing, and human effects (such
as proximity to roads and the overall density of the nearby
road network) (Schumm and others, 1984). These additional
explanatory variables were also taken into consideration when
developing the multiple logistic regression models.

The entire study area, underlain by geology consisting
almost exclusively of Mancos Shale has soils predominantly
poorly developed (Whittig and others, 1982), vegetation cover
composed solely of salt-desert shrubs (Hop and others, 2016),
and has been entirely subjected to grazing (Lusby, 1979;

Fick and others, 2020). These variables are homogeneous
throughout the study area and, as such, lack predictive effect
for estimating stream channel stability. By contrast, human
disturbances within the study area are diverse and considered to
be a channel stability factor. Specifically, the study area has an
extensive network of unpaved roads and trails (BLM, 2020).

The proximity of stream channel cross sections to their
nearest unpaved road or trail was determined using ArcGIS
software (Esri, 2020), as well as the road densities (cumulative
unpaved road and trail distance in kilometers per square
kilometer [km/km?]) surrounding each cross section, both are
available in Homan (2024). Along with the channel geometry

Example comparison of A, linear regression fit, and B, logistic regression sigmoid.

and hydraulic characteristics, the road proximity and road
densities were used as independent explanatory variables
within the multiple logistic regression models.

Models predict channel stability as a function of the
explanatory variables used, with not all variables providing
the same predictive powers. Model optimization is achieved
when a model provides the best predictive powers with the
fewest explanatory variables. There are various methods to
select, adjust, or change the explanatory variables used in the
multiple logistic regression models. RStudio has a variety
of statistical methods for selecting variables and optimizing
models (RStudio Team, 2022). An R script was coded to
create stepwise-based multiple logistic regression models,
where the predictive variables are selected by an automatic
algorithm involving three approaches, explicitly: forward
selection, backward elimination, and (or) both directions
(Efroymson, 1960; Hocking, 1976; Draper and Smith,

1981). Additional R code created bootstrap-based multiple
logistic regression models, which repeatedly sample a dataset
with random replacement of different predictive variable
combinations to create various simulated samples sets (Efron
and Tibshirani, 1993; Efron, 2003). Akaike information
criterion (AIC) (Stoica and Selen, 2004; Taddy, 2019), which
is a mathematical method for evaluating how well a model fits
the data from which it was generated, was used to evaluate
the stepwise- and bootstrapped-based multiple logistic
regression models. The R script also included code to create
multiple logistic regression models based on least absolute
shrinkage and selection operator (LASSO), which uses a
variable selection technique through examining p-values



of coefficients and automatically discarding those variables
whose coefficients are not significant (Santosa and Symes,
1986; Tibshirani, 1996). Multiple logistic regression models
were also created using dominance analysis, which determines
predictor importance not based on model selection but rather
by uncovering the individual contributions of the predictors
and comparing the incremental R-squared (McFadden’s
pseudo r2) contribution across all subset models (Budescu,
1993; Azen and Budescu, 2006). The McFadden’s pseudo r2
interpretation between 0.2 and 0.4 is considered to represent
excellent contribution or model fit (McFadden, 1974; Laitila,
1993; Veall and Zimmermann, 1996). Regardless of the
machine learning method coded within the R script, the goal
was to determine which combination of explanatory variables
best predicts the channel stability binary outcome.

To construct the models and assess the binary stream
channel stability outputs accuracy, the models were originally
developed exclusively for the cross sections subset with
field-based channel stability observations. The visited cross
sections subset was split into a calibration and a validation
dataset. The calibration dataset contains 70 percent of the
field-based channel stability observations; the remaining
30 percent of the field-based channel stability observations
were reserved for the validation dataset. Using the calibration
dataset, different combinations of explanatory variables were
tested to optimize the multiple logistic regression models. Four
different machine learning methods were used to assist in the
explanatory variable selections: stepwise regression (forward,
backward, and both directions), bootstrapping, LASSO, and
dominance analysis. The multiple logistic regression model
outputs are not only a product of the explanatory variables
used but also based on the selection or split of the sample
population into the calibration and validation datasets. As a
result, each multiple logistic regression model was calibrated
and validated using 1,000 randomly split datasets observing
the 70 percent calibration and 30 percent verification rules.

The model outputs were probabilities of the validation
cross sections having active erosion or being stable, and the
outputs ranged from 0 to 1. The modeled probabilities could
not be directly compared to the stability assessments within
the validation datasets, so probabilities greater than 50 percent
were defined as an active binary value, whereas probabilities
less than 50 percent were defined as stable. Validation of the
model’s predictive abilities were based on goodness-of-fit
r-squared (r?), AIC, and McFadden’s pseudo r? values. Larger
1?2 values represent smaller differences between the observed
data and the fitted values, and a better-fit model (Healy, 1984);
lower AIC values indicate a better-fit model (Kenny, 2020);
and McFadden’s pseudo 12 values 0.2 or greater indicate
good-to-excellent model fit (Lane and others, 2009).

Using the top performing multiple logistic regression
model, stream channel stability was extrapolated for the
remaining unvisited cross sections. The modeled erosion
probabilities for all cross sections were subsequently mapped
in ArcGIS to identify locations of instability.

Ephemeral Stream Channel Assessment 1"

To evaluate the statistical significance between the active
and stable channel cross sections, the most effective stream
channel stability predictors were evaluated using a one-way
analysis of variance (ANOVA) test (Cuevas and others, 2004).
Using RStudio (RStudio Team, 2022), an R script was coded
to create ANOVA statistical models used to test for significant
differences between the means of more than two independent
groups and is regarded as a multiple group extension of the
t-test. However, if applied to two groups, ANOVA will return
a result similar to the #-test (Hazra and Gogtay, 2016). The
null hypothesis for (any) ANOVA is all population means are
exactly equal (Cuevas and others, 2004). For this study, the
null hypothesis is the active and stable cross sections have
the same stability predictor sample mean value. An ANOVA
compares the sample data and derives a p-value, or probability
value, which is a number describing how likely it is the data
would have occurred with the null hypothesis (Hazra and
Gogtay, 2016). If the p-values are greater than 0.05, then the
null hypothesis cannot be rejected, and the sample means are
considered statistically equivalent. Whereas, p-values less than
0.05 indicate the null hypotheses is rejected, and the sample
means of the stability predictors for the active and stable cross
sections are statistically different. Additionally, an R script was
coded to create ANOVA tests within the active cross sections
to compare incising and widening channels.

To assess the channel characteristics among the stability
classifications, the geomorphic and hydraulic parameters were
normalized using minimum-maximum (Min-Max) feature
scaling. Min-Max normalization is a technique to adjust values
on different scales into the range (0,1) (Henderi and others,
2021). The formula for a Min-Max normalization is provided
in equation 7:

, x—min(x)
- , @)
* max(x)—min(x)

where
X is an original value; and

X is the normalized value.

Ephemeral Stream Channel
Assessment

To predict ephemeral channel stability within the north
side of the Grand Valley, 48 streams channels were delineated
along the thalweg, using a 1-m DEM (fig. 3). The streams
originate in the headwaters of the Book Cliffs (fig. 3), are
generally aligned northeast to southwest, and terminate on
the Grand Valley floor. Stream channel summary statistics,
including stream channel length, change in elevation, average
channel bed slope, and sinuosity values for the 48 stream
channels are available in Homan (2024).
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Figure 3. Network of 48 ephemeral stream channels extracted from a 1-meter digital elevation model in Grand Valley, western

Colorado (U.S. Geological Survey [USGS], 2019a).

Cross-Section Profiles

The network of 48 ephemeral stream channels of the
study area provides the information on channel geometry
and hydraulics, resistance-equation relations, and stream
channel stability. The subsequent step, obtaining channel
characteristic information longitudinally within the stream
channels, was completed at point locations. From the
network of 48 ephemeral stream channels and using 25-m
longitudinal spacing starting at the upstream end of each
channel, 18,486 sample locations were defined. At each of
the sample locations, 100-m perpendicular cross-section

profiles were extracted from the same 1-m DEM used to
delineate the channels. As a result of all 48 channels being
ephemeral and having no water in their channels, complete
cross-section profiles of channel and overbanks were obtained.
Each channel length is unique, so the number of cross sections
per reach is variable. A table with cross sections per stream
channel is available in Homan (2024).

To verify the accuracy of the DEM-extracted cross-section
profiles and confirm the stream channels had not been altered
since the lidar acquisition, 124 cross sections were ground
truthed by field surveys using RTK-GNSS methods. The
surveyed cross sections were measured along three streams,



each consisting of roughly 40 cross sections. The surveyed
cross-section data are available in Homan (2024). The
ground-truthing comparison indicated a consistent offset
between the DEM-extracted, cross-section profiles and the
surveyed data. The offset consists of a 1.55-m horizontal shift
and a 0.83-m vertical shift. Despite the small axes offset, the
boundary shape of the DEM-extracted cross-section profiles
matched the surveyed profiles, which is important for the
channel cross-section hydraulic analysis. Consequently, the
axes offset was not applied to the profile data, and the extracted
cross-section profiles were deemed accurate and validated.

Estimated Ephemeral Channel Streamflows

The extracted cross-section profiles provided the channel
geometry information needed to reconstruct the conditions
associated with streamflow data having a 0.10 annual
exceedance probability (Q,). All obtained Q,, values from
StreamStats (USGS, 2019b) and upstream drainage areas for
the 18,486 cross sections are available in Homan (2024), as
are some summary streamflow and drainage area statistics
per stream. Because the streamflow values are based on a
regression equation, each stream has Q,, streamflows that
increase consecutively downstream with each subsequent cross
section, with the farthest downstream cross section having
the largest streamflow. Validation of the batch processing
used to acquire Q,, and drainage area data was completed
using manually obtained StreamStats (USGS, 2019b) data for
selected cross sections that represented a range of streams,
drainage areas, reach lengths, and streamflows.

Hydraulic Analysis Using the Manning's
Resistance Equation

To use the Manning’s resistance equation to construct
relations between the extracted cross-section profile
geometries and estimated Q,, streamflow data, channel surface
slopes and a roughness coefficient were needed for each cross
section. For this study, streamflow conditions were assumed
to be uniform, so water surface slopes are the same as channel
bed slopes, which were determined by measuring the change
in elevation between the upstream and downstream cross
sections and dividing the vertical difference by the horizontal
distance. The channel bed slopes for the 18,486 cross sections
are available in Homan (2024), as are some summary channel
bed slope statistics per stream.

The last parameter needed to apply the Manning’s
resistance equation is the Manning roughness coefficient.
These coefficients were obtained from field-based observations
at a subset of visited cross sections in the study area. The
subset of visited cross sections with field-based roughness
coefficient estimations totaled 1,406. Roughness coefficients
for the remainder of the unvisited intermediate cross sections
with the original 25-m interval were filled in with averaged
values from the closest upstream and downstream field-based
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estimations. The 1,406 field-based roughness coefficients are
available in Homan (2024), as well as the estimated roughness
coefficients for all remaining 17,080 cross sections.

With the addition of the channel bed slopes and
roughness coefficients, the Manning’s resistance equation
was used to construct relations between the extracted
cross-section profiles and the estimated Q,, streamflow data.
Following the procedures outlined in the “Cross-Section
Hydraulic Analysis” section of this report, streamflow
area, average velocity, wetted perimeter, and hydraulic
radius associated with O, streamflows were computed for
all 18,486 cross sections. During the iterative calculation
process involving microincreases in water surface elevations
to systematically enlarge the calculated streamflow area,
and thus streamflow rates until the calculated streamflow
values (Q,) converged with the estimated Q,, streamflow
values. Depending on the profile of the cross sections, the
streamflow areas of the O, streamflows took on different
flood capacity magnitudes. For cross sections with a greater
topographic relief, Q,, streamflows fit securely within the
bounds of the 100-m wide profile, but for cross sections with
less topographic relief, O, streamflows sometimes exceeded
the profile flood capacity. Of the 18,486 cross sections
with iterative calculations, 5,071 profiles had calculated
water surface elevations surpass the profile flood capacities
before the O, streamflows reached flows equivalent to the
0,, values. The cross-section profiles inundated by the
0,, streamflows were removed from the analysis, leaving
13,415 cross sections with hydraulic analysis results.

The calculated cross-section streamflow areas, average
velocities, wetted perimeters, and hydraulic radiuses for O,
streamflows are available in Homan (2024).

Explanatory Variables Used Within the Multiple
Logistic Regression Models

Using multiple logistic regression models to predict
whether nonobserved ephemeral stream cross sections are
stable or experiencing erosion, explanatory variables were
required. Derived from the surrogate 0.10 annual exceedance
probability streamflow and for each of the 13,415 cross
sections, 18 explanatory variables were acquired (table 1) and
are available in Homan (2024). Following is a summary of
each variable: Q,, streamflow and drainage area explanatory
variables were acquired from StreamStats. Channel bed slope
and sinuosity explanatory variables were calculated from the
1-m DEM. The Manning roughness coefficient explanatory
variable was based on field observations. The hydraulic analysis
using the Manning’s resistance equation provided channel
and hydraulic explanatory variables, including cross-section
streamflow area, average velocity, channel top width, maximum
depth of water, wetted perimeter, and hydraulic radius. Total
stream power, specific stream power, shear stress, Froude
number, and width-to-depth ratio are the calculated potential
energy and stress explanatory variables. Proximity to road and
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surrounding road density explanatory variables were determined
using ArcGIS software (Esri, 2020). Each explanatory variable
was used to construct multiple logistic regression models and
predict ephemeral stream channel stability.

Stream Channel Stability Assessment

The stream channel cross-section explanatory variables
previously outlined were calculated and obtained for
predicting stream channel stability within multiple logistic
regression models. To calibrate the models and assess
the outputs of stream channel stability, a ground-truthing
component was needed. At the subset of 1,406 cross sections
where field-based roughness coefficients were estimated,
9,494 photograph images were taken. From the photograph
images, channel cross sections were classified as either stable
or active with regards to the absence or presence of erosional
indicators. The channel cross-section stability assessments
and photograph images are available in Homan (2024). Of the
1,406 cross sections with stability assessments, 570 appeared
stable with no signs of active erosion, but 836 had visual signs
of active bed or bank erosion. Of the 836 cross sections with
signs of erosion, 512 had indications of active bed and bank

erosion, 166 cross sections exhibited only signs of channel bed
erosion or incision, and 158 showed only minor indications of
channel bank erosion or widening.

Based on the stream channel stability assessments,
cross-section stabilities were known for the subset of 1,406
visited cross sections but were needed at all 13,415 cross
sections with explanatory variables. Multiple logistic
regression models were used to extrapolate stream channel
stability to the unvisited cross sections. Working with the
18 explanatory variables (table 1) and 4 machine learning
methods (stepwise, bootstrapping, LASSO, and dominance
analysis) to assist the explanatory variable selections, 28
explanatory variable combinations were designated. Using
the 1,000 randomly split calibration and validation datasets
(described in the “Stability Extrapolation” section of this
report) and 28 explanatory variable combinations, 28,000
multiple logistic regression models were created and
subsequently used to predict channel stability at the validation
dataset cross sections.

The summary results for the top three performing
models (labeled glm 20, glm 21, and glm_lasso, where
glm stands for generalized linear model) with the highest r?
values, lowest AIC values, and largest pseudo 12 values are
presented in table 2. Because the models were run for 1,000
different dataset splits, the minimum, average, and maximum

Table 1. Explanatory variables used within the multiple logistic regression models.
Streamflow (Q,,) Average velocity (V) Specific stream power (®)
Drainage area Channel top width (B) Shear stress (1)

Channel bed slope (S) Maximum depth of water (Y) Froude number (Fr)
Sinuosity Wetted perimeter (Wp) Width-to-depth ratio (W/D)
Manning roughness coefficient (n)  Hydraulic radius (R) Road proximity
Streamflow area (4) Total stream power (L2) Road density

Table2. Minimum, average, and maximum goodness-of-fit r-squared; Akaike information criterion; and McFadden's pseudo r2 for the
top three generalized linear models for the 1,000 validation datasets (Homan, 2024).

[r2, r-squared; AIC, Akaike information criterion; pseudo r2, McFadden’s pseudo r2; glm, generalized linear models; min, minimum; max, maximum]

2 AIC Pseudo r2 glm
Min 0.299 1,070 0.13 glm 20
Average 0.845 1,121 0.16 Drainage area + Sinuosity + Shear stress + Width-to-depth ratio
Max 0.974 1,169 0.20
Min 0.303 1,079 0.12 glm_21
Average 0.834 1,133 0.15 Drainage area + Sinuosity + Average water velocity + Width-to-depth ratio
Max 0.983 1,176 0.20
Min 0.187 1,074 0.13 glm_lasso
Average 0.844 1,125 0.17 Drainage area + Sinuosity + Average water velocity + Width-to-depth ratio +
Max 0.979 1,173 0.20 Maximum water depth + Hydraulic radius + Shear stress




values are based on the 1,000 iterations. The top three models
consistently incorporated three of the same explanatory
variables: drainage area, width-to-depth ratio, and sinuosity.

The best average performing model (glm_20) had
the highest average r? and lowest average AIC and used
the three previously mentioned explanatory variables in
addition to shear stress (table 2). However, the model with
the overall maximum r? was model glm 21, which used
the three explanatory variables in conjunction with average
velocity instead of shear stress. Shear stress, also called
friction velocity, is a better predictor of erosion potential than
velocity, because it uses the actual force of the water on the
boundary of the channel (Chen and Cotton, 1986), so glm 20
is the top performing multiple logistic regression model. The
glm_lasso model also performed well, having the second
highest average 12 and second lowest AIC, and used the three
previously mentioned explanatory variables (table 2). The
downside to the glm_lasso model was it used four additional
predictor variables, including shear stress, average velocity,
maximum depth of water, and hydraulic radius. As a result of
using seven explanatory variables, the glm lasso model had
the highest average pseudo-r? value, because the McFadden
variable is additive based on predictor contribution of each
variable (Lane and others, 2009). Because the original goal
was to develop a model that provides the best predictive
powers with the fewest explanatory variables, the glm_lasso
model was not considered better than model glm_20.

For the stream channel stability validation dataset, which
consisted of 422 cross sections dispersed throughout the study
area, the glm 20 model correctly estimated channel stability
with an 0.845 goodness of fit when using a combination
of drainage area, width-to-depth ratio, sinuosity, and shear
stress as the explanatory variables (table 2). Using this
top-performing multiple logistic regression model (glm_20),
stream channel stability was extrapolated for the remaining
unvisited cross sections, and the results are available
in Homan (2024). Figure 4 shows the modeled erosion
probabilities (0 to 100 percent) mapped at all 13,415 cross
sections along the 48 ephemeral streams within the north side
of the Grand Valley. The erosion probabilities are modeled
confidence levels that the cross sections have erosion, without
indication of the severity or magnitude of erosion.

Based on the cross sections criteria with erosion
probabilities greater than 50 percent are active and cross
sections with erosion probabilities less than 50 percent
are stable, 10,080 cross sections, or roughly 75 percent,
are modeled as active (fig. 5). On review of the erosion
probabilities within the 48 ephemeral stream channels, no
visual or statistical pattern was identified as to where erosion
is more likely to occur within the channel reaches. For the
channel terminuses, 32 of the 48 channels had stable cross
sections, whereas 28 of the 48 channels had stable headwater
cross sections. Figure 5 shows the location of active or stable
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cross sections but does not indicate the severity of erosion or
magnitude of sediment potential. To assess potential sediment
contribution, a scaling component could be added.

Based on the evaluation of erosion probabilities within
the validation dataset and corresponding images, active
erosion in smaller cross sections (for example, 1 m wide and
a few centimeters deep) have less potential sediment transport
compared to larger cross sections (for example, 10 m wide
and 2 m deep) (fig. 6). The concept of a larger area having
more sediment potential is not new, but it is especially true
for ephemeral streams, which are not sediment supply limited
like perennial channels (Reid and Laronne, 1995). Therefore,
larger cross-sectional surface areas have a greater amount
of potential sediment for transport. To account for potential
sediment within active cross sections, the erosion probabilities
were weighted (multiplied) by the cross-sectional streamflow
areas. The resultant high-resolution map (fig. 7) of weighted
erosion probabilities can help to prioritize specific areas for
more intensive study. The weighted erosion probabilities
consider the multiple logistic regression modeled confidence
levels as well as the amount of potentially available sediment.
Unlike figure 5, which shows three-fourths of the study area as
having active erosion, figure 7 shows fewer stream channels
with the greatest levels of potential sediment and therefore
salinity loading to the Colorado River.

Stability Predictor Variables

Of the 18 explanatory variables modeled and tested,
drainage area, sinuosity, shear stress, and width-to-depth
ratio were determined to be the most effective stream channel
stability predictors. The following is a review of the significant
predictor variables based on the 1,406 cross sections with
field-based channel stability observations, which consisted
of stable and active classifications and subclassifications of
incising and widening within the active cross sections.

Figure 8 shows ANOVA boxplots to compare the means
between active and stable cross sections for drainage area,
sinuosity, shear stress, and width-to-depth ratio. Each of the
four stream channel stability predictors had ANOVA p-values
less than 0.05, indicating statistically significant differences
between the active and stable cross sections. Stable cross
sections have smaller drainage areas, are straighter (less
sinuous), have less potential energy (shear stress), and have
larger width-to-depth ratios.

Figure 9 shows ANOVA boxplots to compare the means
of the active cross sections subclassifications (incising and
widening) for drainage area, sinuosity, shear stress, and
width-to-depth ratio. The active cross sections have drainage
areas and sinuosities statistically different based on p-values
less than 0.05, whereas the shear stresses and width-to-depth
ratios are not significantly different based on p-values greater
than 0.05.
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Figure 4. Multiple logistic regression erosion probabilities for the 13,415 cross sections along 48 ephemeral streams in Grand Valley,

western Colorado (Homan, 2024).



39°20'

39°15'

39°10'

39°05'

109°00'

108°50'

108°40'

Ephemeral Stream Channel Assessment

17

108°30'

~

Book Cliffs

1
|
|

EXPLANATION
[ Study area

—— Ephemeral stream
channel
Erosion probability,
in percent
® (to50(stable)
® 5110100 (active)

Palisade

Junction

Base from U.S. Geological Survey, The National Map, 2023, basin
from Esri and its licensors, copyright 2023; Universal Transverse
Mercator, zone 12 north; North American Datum of 1983

10 KILOMETERS
|

oTo —

o —

T
10 MILES

_IWYOM!_ --
|
| Colorado —
River

E el m DENVER \
h
=

[ |

| Study area COLORADO |
I

Figure 5. Multiple logistic regression erosion probabilities for the 13,415 stable or active cross sections along 48 ephemeral streams in
Grand Valley, western Colorado (Homan, 2024).



18 Assessment and Characterization of Ephemeral Stream Channel Stability and Mechanisms Affecting Erosion in Grand Valley

A B

Figure 6. Ephemeral stream cross sections in Grand Valley, western Colorado. A, smaller cross section with less sediment potential
than B, larger cross section with greater sediment potential [Photographs by Joel Homan, 2020] (Homan, 2024).
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Figure 8. Comparison of the means of active and stable cross sections using the ANOVA method for A, drainage area, B, sinuosity, C,
shear stress, and 0, width-to-depth ratio. If p-values (p) are less than 0.05, there is statistically significant difference between the group

means (Homan, 2024).

Channel stability trends and thresholds are compared
in figures 8 and 9. The median drainage area for stable cross
sections is 5.8 km?, which is less than half the size of drainage
areas for active cross sections. Within the active channel
reaches, incising channels have smaller drainage areas. As
drainage area increases, bank heights of the incising channels

appear to reach a critical height for mass wasting resulting
in the largest drainage areas with a stability classification
of widening (fig. 94). To assess if there is a drainage area
threshold that activates stable channels to become unstable
(incising or widening), majority rule was used to isolate a
transitional zone between the stability classifications. For
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Figure 9. Comparison of the means of incising and widening active cross sections using the ANOVA method for A, drainage area,
B, sinuosity, C, shear stress, and D, width-to-depth ratio. If p-values (p) are less than 0.05, there is statistically significant difference

between the group means (Homan, 2024).

example, more than half the stable channels have drainage
areas smaller than those of active channels. Of the 570 stable
cross sections, a majority (51 percent) had drainage areas
smaller than 5.8 km?, whereas the majority of the 836 active
(observed erosion) cross sections had drainage areas greater
than 13.2 km?2. In contrast, 77 percent of stable cross sections

had drainage areas smaller than 13.2 km?, and 67 percent of
active cross sections had drainage areas larger than 5.7 km?
(fig. 84). Based on the majority rule, most channels transition
from stable to active for drainage areas between about 6 and
13 km?. The drainage areas within the study area range from 1
to 450 km? (fig. 84; Homan, 2024).
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A similar trend is presented with increases in sinuosity
(fig. 8B). Channels with lower sinuosities are predominantly
stable, and increases in sinuousness lead to a greater likelihood
of channel instability. Straighter (lower sinuosity) cross sections
with evidence of active erosion are dominated by incision,
whereas more sinuous cross sections exhibit greater widening
(fig. 9B). Of the 570 stable cross sections, the majority (51
percent) had sinuosity at or less than 1.25, whereas the majority

of the 836 active cross sections had sinuosities greater than 1.32.

In contrast, 56 percent of stable cross sections had sinuosities
smaller than 1.32, and 65 percent of active cross sections had
sinuosities greater than 1.25. Overall, sinuosities range from 1
to 2.07 (fig. 8B; Homan, 2024), and increasing sinuousness is
shown to relate to channel instability, with a stability transition
range between 1.25 and 1.32.

Cross sections with larger shear stress had greater channel
instability (fig. 8C), even if shear stress is not statistically
different between the incising and widening channels (fig. 9C).
Of the 570 stable cross sections, a majority (51 percent) had
shear stress at or less than 47 N/m?, whereas the majority of the
836 active cross sections had shear stress greater than 68 N/m?2
(fig. 8C). In contrast, 72 percent of stable cross sections
have shear stress less than 68 N/m2, and 73 percent of active
cross sections had shear stress greater than 47 N/m2. Overall,
shear stress ranges from 1.7 to 990 N/m? (fig. 8C; Homan,
2024), and increases in shear stress are shown to relate to
channel instability, with a stability transition range between 48
and 68 N/m?.

Width-to-depth (W/D) ratios display an opposite
trend from the three previously discussed explanatory
variables because larger values relate to increases in stability
(fig. 8D). Like shear stress, W/D ratios were not statistically
distinguishable between incising and widening channels
(fig. 9D). Of the 570 stable cross sections, a majority
(51 percent) had W/D ratios equal to or greater than 13,
whereas the majority of the 836 active cross sections had

W/D ratios less than 9. In contrast, 79 percent of stable cross
sections had W/D ratios larger than 9, and 75 percent of active
cross sections had W/D ratios less than 13. Overall, the W/D
ratio ranged from 1.5 to 335 for the active and stable cross
sections (fig. 8D; Homan, 2024), and decreases in W/D ratio
are shown to relate to channel instability, with a stability
transition range between 13 and 9.

In summary, predominantly stable cross sections had a
drainage area of less than 6 km?, sinuosity less than 1.25, shear
stress smaller than 47 N/m?2, and a W/D ratio greater than 13.
Cross sections with active erosion generally had a drainage
area of greater than 13 km?, sinuosity more than 1.32, shear
stress larger than 68 N/m?2, and a W/D ratio smaller than 9.
Stream sections between these ranges are considered stability
transition zones. These zones are based on the majority
rule and contribute to our understanding of when stable
channels become unstable, which is helpful for predicting
channel stability, but the identification of such zones does not
necessarily outline which mechanisms are affecting erosion.

Channel Stability Characteristics

The evaluation of the most effective predictor variables
highlighted a consistent progression of stream channel cross
sections progressing from stable, to incising, to, ultimately,
widening. To assess the channel stability characteristics of the
1,406 cross sections with field-based stability classifications,
the geomorphic and hydraulic parameters were normalized
using the Min-Max technique (eq. 7), and the key explanatory
variables are provided in table 3. The normalization goal is
to make every data parameter have the same weight, so each
feature is equally important. The geomorphic and hydraulic
parameters were derived from the Q,, streamflow acquired
from StreamStats, and the normalized results show stable
channels to be relatively wide and shallow with consequently

Table 3. Minimum-maximum normalization values (unitless) for explanatory variables affecting

channel instability.

Stable Incising Widening
Drainage area 0.05 0.05 0.12
Sinuosity 0.26 0.30 0.37
Shear stress 0.06 0.09 0.09
Width to depth 0.09 0.03 0.03
Channel bed slope 0.10 0.11 0.09
Streamflow area 0.13 0.15 0.23
Hydraulic radius 0.25 0.34 0.44
Water depth 0.18 0.25 0.33
Top width 0.19 0.18 0.20
Water velocity 0.25 0.29 0.29




larger W/D ratios and smaller streamflow cross-sectional areas
(table 3). Their drainage areas are also reduced, which equates
to less O, streamflow, because StreamStats streamflows are
based on drainage area regressions (USGS, 2019b). Given less
0,, streamflow, stable channels also have lower velocities, as
well as smaller shear stresses (table 3).

When comparing stable and incising channels, all
explanatory variables in table 3 are different, except for
drainage area and, therefore, Q,, streamflow. In the previous
sections, active and stable channels have statistically different
mean drainage areas (fig. 84), but analysis included all active
channels compared to all stable channels. Figure 10 shows
direct comparisons of drainage areas for stable, incising, and
widening channels, where p-values (p) less than or equal to
0.05 (the significance level) illustrates statistically significant
difference between the group means. The drainage areas for
stable and incising channels are not significantly different,
whereas widening channels have significantly different
drainage areas. Compared to stable channels, table 3 shows
incised stream channels are deeper, are faster flowing (higher
velocities), and have greater shear stresses without an increase
in drainage areas and therefore Q,, streamflow. As mentioned
earlier, a channel incising stream response can be a byproduct
of decreases in sediment supply, increases in channel bed
slope, increases in streamflow, and (or) increases in velocity
not associated with an increase in channel bed slope. Without
an increase in streamflow (Q), a stable channel cross section
(A4) is not expected to manifest sudden increases in velocity (V)
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not associated with an increase in channel bed slope based on
equation 1 (Q = VA4). Additionally, sediment supplies are not
likely limited, because the Mancos Shale is highly erodible
(Whittig and others, 1982). The initiation of downcutting likely
results from an increase in channel bed slope. Examination of
table 3 shows incising channels have the maximum channel
bed slopes among the three stability classifications. Overall,
incising channels present steeper channel bed slopes, which
are considered the affecting force in inducing higher velocities
and greater shear stresses. In turn, higher velocities and greater
shear stresses cause the channels to become deeper, narrower,
and to have reduced W/D ratios (table 3).

During the evolutionary progression (either temporally
or spatially) of channel stability, channel incision processes
dominate initial channel adjustments more than channel
widening. However, channel widening begins either because
bank heights of incising channels reach a critical height for
mass wasting, or because channel curvatures cause higher
sidewall stresses. Table 3 and figure 9 show channel widening
results in amplified sinuosities and corresponding decreases in
channel bed slopes.

Figure 11 shows the locations of stable, incising,
widening, and incising and widening channels. Visually,
there is no consistent channel evolutionary pattern. The
heterogeneous occurrence of channel stability is likely a result
of the 48 stream channels having sizable ranges in lengths
(1 to 29 km), drainage areas (1 to 450 km?2), and elevation
changes (20 to 680 m) (Homan, 2024). A short, steep channel
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° Outside value—Value is greater than 1.5 times and less than

3 times the interquartile range beyond either end of the box

Largest value within 1.5 times interquartile range above
75th percentile
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Figure 10. Comparison of the mean drainage areas of stable, incising, and widening cross sections of reaches in ephemeral
streams in Grand Valley, western Colorado. If p-values (p) are less than 0.05, there is a statistically significant difference

between the group means (Homan, 2024).
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western Colorado (Homan, 2024).

responds differently than a long, gradual channel, and channels
extending into the Book Cliff escarpments respond differently
than those residing primarily in the valley floor. Regardless,
the observed dataset encompasses the entire study area, and
the normalized results present a summary of all scenarios. The
lack of consistent evolutionary pattern was not unexpected. As
mentioned in the “Geomorphic Characteristics for Ephemeral
Streams” section of this report, other studies demonstrated
ephemeral channels commonly exhibit spatial variability and
longitudinal discontinuity in arid regions (Leopold and others,
1964; Graf and Lecce, 1988; Bull and Kirkby, 2002).
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Mechanisms Affecting Erosion

Hydraulically stable channels are those with channel
bed slopes resisting forces affecting Earth’s materials
downstream. Shear stress, the force applied by flowing liquid
to its boundary, is described as the force of water trying to
drag the channel surface downstream with it (Meyer-Peter
and Miiller, 1948; Fernandez Luque and Beek, 1976; Petit
and others, 2005). Based on the channel stability evolution
within the study area and assessment of explanatory variables,
the mechanism affecting changes in channel stability was
fluctuations in channel bed slope and shear stress. Channel bed



slope and shear stress are also in the theoretical equation for
bed shear stress (DuBoys, 1879), where increases in channel
bed slope results in increased bed shear stress. Variations

in channel bed slope in ephemeral streams often relate to
responses in short-lived, infrequent streamflow resulting in
progressive episodes of channel incision and filling and from
changes in the sinuosity of meander bends (Schumm, 1977;
Patton and Schumm, 1981).

Initially, smaller drainage areas within the study area
begin with stable channels (fig. 84). Increased channel slopes
result in shear stresses large enough to start erosion (table 3)
with bed channel erosion (incision) first dominating more than
channel widening. Incision and subsequent increases in water
depths create a feedback system amplifying shear stress. For
straight channels, shear stress is the same across the width of
the channel bottom (Chen and Cotton, 1986); however, if the
channel curves, shear stress will be higher on the outside of
the bend as compared to the inside of the bend (the sharper
the bend, the greater the effect). Either because bank heights
of incising channels reach a critical height for mass wasting,
or because channel curvatures cause higher sidewall stresses,
channel widening begins. Additional channel widening leads
to increases in sinuosity, and resultant decreases in channel
bed slope (table 3). As a result, stable and widening channels
can have lower channel bed slopes, making channel bed
slope a poor explanatory variable despite its ability to drive
channel erosion.

Relations between bed shear stress and streamflow have
also shown cross-sectional average bed shear stress to increase
with streamflow (Sambrook Smith and others, 2010). The
current investigation was based on a specified 0.10 annual
exceedance probability streamflow (Q,,), and it recognized
fluctuations in streamflow would also affect channel stability.
Following is a discussion about past and current changes
within the study area that affect streamflow and therefore
affect the mechanisms affecting erosion.

Historical and current grazing (Lusby, 1979; Fick and
others, 2020) and an extensive network of unpaved roads
and trails (BLM, 2020) are land use disturbances within the
study area that potentially altered flow characteristic and
increased stream channel instability. These two forms of land
degradation cause soil compaction and loss of native plants
(Al-Dousari and others, 2019), which decrease precipitation
infiltration and increase runoff (Greene and others, 1994).
The unprecedented surface disturbances levels also destroyed
biological crusts and increased soil erosion rates, making this
region less tolerant to drought (Schwinning and others, 2008).
To compound the situation further, the Upper Colorado River
Basin is in an ongoing 22-year megadrought (Gangopadhyay
and others, 2022), which further reduces vegetation cover
on slopes and makes hillslope soils more prone to erosion
during heavy precipitation (McAuliffe and others, 2006). As
global and Colorado River Basin temperatures rise, extreme
temperature and precipitation are also becoming more
frequent and (or) intense (Intergovernmental Panel on Climate
Change, 2012, 2021). Research shows a decline in monsoon
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frequency in the Colorado River Basin, but it also shows an
increase in more extreme monsoon storms (Pascale and others,
2017; McCoy and others, 2022). Intensifying erosion further
during this study, vegetation surrounding the upper headwaters
of the study area caught fire and at the time became the largest
wildfire in Colorado State history (Encyclopedia Staff, 2023).
Wildland fires on western United States rangelands also
exposes landscapes to amplified runoff and erosion during

the short and long term and increase the risk of damage to

soil (Pierson and others, 2011). Land use disturbances, soil
compaction, vegetation cover loss, drought, less frequent and
more extreme precipitation, and fires have all intensified the
potential runoff and erosion within the study area.

Summary

The Grand Valley in western Colorado is in the semiarid
Southwest United States. The north side of the Grand Valley
has many ungaged ephemeral streams, which are of particular
interest because (1) the underlying bedrock geology, Mancos
Shale, is a sedimentary rock deposit identified as a major
contributor of dissolved mineral salts to the Colorado River
and (2) despite infrequent streamflow of short duration,
monsoon-derived floods in these ephemeral streams can carry
substantial amounts of sediment downstream. These points of
interest are important because salinity, or the total dissolved
solids concentration, in the Colorado River causes an
estimated $300 million to $400 million per year in economic
damages in the United States, and it is estimated 62 percent
of the total dissolved solid loads in the Upper Colorado River
Basin originate from geologic sources. Salt loading in these
environments is closely associated with sediment loading. Any
practices to reduce erosion and store sediment in highly saline
arid landscapes, especially in headwater areas, could have the
effect of retaining salt in the trapped sediment. In an effort to
minimize salt contributions to the Colorado River from public
lands administered by the Bureau of Land Management, a
comprehensive salinity control approach is typically used to
reduce nonpoint sources of salinity through land management
techniques and practices.

In 2018, the U.S. Geological Survey, in cooperation
with the Bureau of Land Management, began an assessment
of ephemeral streams located in the north side of the Grand
Valley, western Colorado, to characterize stream channel
stability and identify mechanisms affecting erosion. In doing
so, the U.S. Geological Survey developed a method for
automatically extracting channel geometries from existing
remotely sensed terrain models and based on estimated flood
stage streamflows, hydraulic characteristics were calculated.
Furthermore, channel geometries and hydraulic characteristics
were used in a statistical model to estimate channel stability
for the ephemeral streams at individual cross sections.
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Based on a stream channel stability assessment,
cross-section stabilities were available for a subset of 1,406
visited locations but still needed for the 13,415 cross sections
delineated from remotely sensed terrain models. Manning’s
resistance equation application in combination with multiple
logistic regression models demonstrated channel stability
can be estimated with a 0.845 goodness of fit for a validation
dataset when using an explanatory variable combination
of drainage area, width-to-depth ratio, sinuosity, and shear
stress. Using the multiple logistic regression model and
defined explanatory variables, stream channel stability was
extrapolated for the remaining unvisited cross sections.
Mapping the ephemeral streams and their stabilities in this arid
rangeland underlain by saline-rich Mancos Shale may be used
to prioritize areas for remediation or changes in management
strategies to reduce sediment and salinity loading to the
Colorado River.

The study results demonstrated channel stability within
the ephemeral streams to be spatially variable, longitudinally
discontinuous, and dictated by channel bed slope changes.
Stable ephemeral streams were relatively wide, shallow,
and direct channels with smaller drainage areas and little
potential for producing shear stresses able to overcome
channel adhesion. A channel bed slope change can provide
the means necessary to generate shear stresses appropriate
to initiate erosion and a subsequent stability transition
to an incising channel. Channel widening happens when
either incising channel bank heights reach a mass wasting
critical height, or when channel curvatures cause higher
sidewall stresses. Regardless, widening channels increase
sinuosities and subsequently cause shallower channel bed
slopes. Consequently, stable and widening channels can have
comparable channel bed slopes, making channel bed slope
a poor explanatory variable for predicting channel stability,
despite its capability to initiate channel instability.

The results were based on a specified 0.10 annual
exceedance probability streamflow, and showed fluctuations
in streamflow would also affect channel stability. Past and
current changes within the study area that affect streamflow
and therefore mechanisms affecting erosion include land use
disturbances, soil compaction, vegetation cover loss, drought,
less frequent more extreme precipitation, and fires, all of
which intensify the potential runoff and erosion within the
study area.
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