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median particle size (d50) likely occurs only in isolated sub-
reaches at discharges slightly above bankfull conditions in both 
the control and reconfigured reaches. Onsite observations after 
the 2008 flood peak generally supported model simulations that 
indicated sediment mobility in limited areas predominantly at 
high and out-of-bank discharges. The limited areas of potential 
streambed mobility identified by the model simulations and 
onsite observations indicate that the Muddy Creek channel in 
the reconfigured and control reaches is relatively stable at dis-
charges up to and slightly greater than the approximate “bank-
full” discharge.

Boulder cross-vane structures of the type used in “natural-
channel design” reconfiguration projects redirected and concen-
trated streamflow threads at all simulated discharges and created 
localized areas of high bed-shear stress. However, the minor 
channel changes from 2003 to 2008 in the reconfigured reach 
were comparable to the minor changes in the control reach dur-
ing the same time period, indicating these structures might not 
have been necessary to maintain the channel pattern and posi-
tion in the Muddy Creek reconfigured reach.

Introduction
Intentional channel modification to mitigate a variety of 

riverine conditions has become a widespread practice in the 
Western United States. Channel modifications fall into three 
broad and somewhat overlapping categories.
1. Restoration, as applied to stream corridors that have been 

altered through human activity, is the attempt to recreate the 
physical and biological conditions that were present before 
the human alteration. A goal of restoration is to eliminate 
the effects of human-induced alteration (Osterkamp, 2008).

2. Rehabilitation, as applied to stream corridors, is the estab-
lishment of a condition of health and constructive activity. 
A goal of rehabilitation is to minimize, not eliminate, 
the effects of human-induced alteration, thus promoting 
stable channel form, bioproductivity, and species diversity 
(Osterkamp, 2008).

Abstract
Muddy Creek near Kremmling, Colorado, is a regulated, 

meandering, gravel-bed stream that has been monitored for geo-
morphic change since 2001. One reach of the creek was reconfig-
ured using “natural-channel design” methods in 2003, providing 
an opportunity to compare hydraulics in this reach with those in 
a nearby, unaltered control reach. Streamflow in Muddy Creek 
has been regulated by Wolford Mountain Reservoir since 1995, 
but reservoir releases in 2006 and 2008 resulted in out-of-bank 
floods. The Muddy Creek monitoring program was conducted 
by the U.S. Geological Survey from 2001 to 2008 in coopera-
tion with the Colorado River Water Conservation District, and 
the streamflow modeling and analysis were conducted in 2008 in 
cooperation with the Colorado River Water Conservation District 
and the Colorado Water Conservation Board.

Minor changes in channel geometry were measured at 
monitored cross sections in the control reach between 2001 
and 2008 and in the reconfigured reach between 2003 and 
2008. Geomorphic changes were limited to lateral erosion in a 
meander bend and lateral erosion of an alluvial fan that formed 
a vertical scarp in the control reach. Some excavated streambed 
locations in the reconfigured reach have aggraded to their for-
mer elevations, and gravel on alluvial bars might have become 
better sorted and winnowed of sand-size sediment. Hydraulic 
conditions in the reconfigured and control reaches were simu-
lated using the U.S. Geological Survey MD_SWMS framework 
and FaSTMECH computational models. Model topography 
was created from onsite surveys, and model simulations were 
calibrated with surveyed water-surface elevations and the cor-
responding discharges for low, medium, high, and out-of-bank 
flood discharges. The simulations produced 2-dimensional 
estimates for depth, velocity, bed shear stress, and sediment-
transport strength for each discharge. High bed shear stresses 
generally occurred in areas of the greatest depth and velocity, 
such as in meander bends (where depths were greater) and in 
steeper gradient areas (where velocities were greater).

The transport-strength solution represented the potential 
for sediment entrainment and transport. Transport-strength solu-
tions indicated that widespread entrainment of the streambed 
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3. Reconfiguration, as applied to stream corridors, is the 
alteration of channel form (geomorphology) in an attempt 
to alter the channel function (such as streamflow convey-
ance, sediment transport, and habitat), stability (such as 
meander migration rate, bank erosion, and streambed inci-
sion), or esthetics (such as channel pattern and channel 
type). A goal of reconfiguration is to create a channel mor-
phology that, subsequently, results in the desired stream 
function, stability, or esthetics.
Reasons cited for intentional channel modifications 

include restoration of historical conditions, rehabilitation 
to more “natural” conditions, improved water conveyance 
in flood-prone areas, mitigation of unstable streambed and 
streambanks, efficient transport of supplied sediment, rehabili-
tation of habitat, or enhancement of recreation. Because of the 
broad scope and multiple objectives of most channel modifica-
tion activities, the term “channel reconfiguration” is used to 
describe the examples cited in this report.

Many private entities and resource-management agencies 
have reconfigured stream and river channels by using designs 
based on different geomorphic philosophies and classifica-
tion schemes (Mosley, 1982; Miall, 1985; Montgomery and 
Buffington, 1993; Whiting and Bradley, 1993; Rosgen, 1996; 
Federal Interagency Stream Restoration Working Group, 
2001). Many kilometers of stream channels in Colorado and 
the Western United States have been reconfigured; how-
ever, geomorphic response to, and the hydraulic function 
of, these modifications over a period of time have not been 
assessed in a consistent manner (Kondolf and Micheli, 1995; 
Kondolf, 1998).

Some stream-channel reaches reconfigured using the 
“natural-channel design” criteria (Rosgen, 2006 and 2007) 
exhibit unanticipated or undesirable geomorphic changes after 
the conveyance of discharges of greater than bankfull magni-
tude (Kochel and others, 2005; Elliott and Capesius, 2009). 
These include continued lateral erosion and meander-bend 
migration, entrainment and dislodging of boulder and log 
habitat and flow-directing structures, and sedimentation near 
and on these structures. Problems originating from the use of 
a natural-channel design approach in river rehabilitation, or 
reconfiguration, generally tend to be related to (1) the assump-
tion that the function of the reconfigured channel will follow 
its imposed reconfigured morphology; (2) the use of fixed-
location boulder and log structures and riprap in a dynamic 
river channel; (3) strict correlation of channel form (such as 
width, depth, and meander wavelength) with a single dis-
charge value (for example, the bankfull discharge) commonly 
estimated from a “reference reach” assumed to have charac-
teristics similar to the desired reconfigured channel; (4) fail-
ure to account for natural variability in channel morphology 
over time; (5) failure to account for the imbalance in driving 
and resisting forces or sediment supply and transport capac-
ity; or (6) design focus only on average channel conditions 
at the reach scale (Juracek and Fitzpatrick, 2003; Smith and 
Prestegaard, 2005; Simon and others, 2007).

The U.S. Geological Survey (USGS) Reconfigured-
Channel Monitoring and Assessment Program (RCMAP) 
(Elliott and Parker, 1999) is designed to monitor and evalu-
ate geomorphic conditions and changes in selected river 
reaches that have undergone intentional channel modifica-
tions. Monitoring activities of the RCMAP include obtaining 
replicate topographic channel surveys and photographs, and 
collecting streambed-sediment data for reaches of several 
reconfigured western Colorado rivers (fig. 1). The monitoring 
activities are conducted using field methods commonly used 
by geomorphologists (Wolman, 1954; Dunne and Leopold, 
1978; Harrelson and others, 1994; Kondolf and Micheli, 1995; 
Fitzpatrick and others, 1998; Smelser and Schmidt, 1998). 
Data and photographs for monitored reaches are posted on the 
RCMAP Web site, http://co.water.usgs.gov/projects/rcmap/
index.html (accessed April 28, 2010). Periodically, data from 
the monitored reaches are evaluated and analyzed to assess 
geomorphic responses to hydrologic conditions and events 
(Elliott and Capesius, 2009).

One of the reconfigured reaches selected for analysis is 
Muddy Creek, a meandering, gravel-bed stream downstream 
from Ritschard Dam and Wolford Mountain Reservoir near 
Kremmling, Colorado. The study area includes an unaltered 
“control” reach (reach 1) and a nearby reach that was recon-
figured in 2003 using the natural-channel-design approach 
(reach 2) (fig. 2). The goals of the study were to
1. monitor and quantify geomorphic changes in Muddy 

Creek related to controlled streamflow releases from 
Ritschard Dam,

2. compare geomorphic changes in a reach that was recon-
figured using the natural-channel design approach with 
changes in an unaltered control reach, and

3. simulate hydraulic conditions of Muddy Creek for a range 
of discharges and examine the function of the natural-
channel design approach in a meandering gravel-bed stream.
The Muddy Creek monitoring program was conducted 

by the USGS from 2001 to 2008 in cooperation with the 
Colorado River Water Conservation District (CRWCD), and 
the streamflow modeling and analysis were conducted in 2008 
in cooperation with the CRWCD and the Colorado Water 
Conservation Board.

Purpose and Scope

The purpose of this report is to describe geomorphic 
characteristics, simulations of hydraulic conditions, and 
potential for geomorphic changes in an unaltered (control) 
reach and a nearby reconfigured reach of Muddy Creek 
near Kremmling, Colorado. Geomorphic monitoring in both 
reaches was conducted from 2001 through 2008 and consisted 
of replicate topographic surveys and photographs and sev-
eral streambed-sediment measurements. Channel hydraulic 
conditions were measured in 2008 and subsequently were 
simulated in both reaches using a multidimensional, compu-
tational streamflow model in 2009. The Multi-Dimensional 

http://co.water.usgs.gov/projects/rcmap/index.html
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Surface-Water Modeling System (MD_SWMS) and the 
steady-state flow computational model FaSTMECH, devel-
oped by the USGS (Nelson and others, 2003; McDonald 
and others, 2005a and 2005b), were used to simulate Muddy 
Creek hydraulics.

Input and output from the FaSTMECH model are in 
international system (SI) units. Therefore, descriptions of the 
Muddy Creek simulations are in SI units, with the exception 
of discharge, which is presented in inch/pound units for the 
reader’s convenience. Tables for conversion of SI units to 
inch/pound units and inch/pound to SI units are provided in 
the beginning of this report.

Study Area

Muddy Creek and its major tributaries originate in the 
Gore Range and Rabbit Ears Range of north-central Colorado 
(fig. 1). The study area is in the lower-elevation part of the 
Muddy Creek basin and is underlain by marine shales. Mean 

annual precipitation ranges from 635 to 1,270 mm in the head-
waters portion of the watershed and from 305 to 635 mm in 
the lower watershed (Stevens and Sprague, 2003).

Muddy Creek runoff is derived primarily from snowmelt, 
but in the lower reaches, including the RCMAP monitored 
reaches, streamflow is regulated entirely by releases and spills 
from Ritschard Dam and Wolford Mountain Reservoir (fig. 2). 
The dam was constructed from 1992 to 1994, and the reser-
voir began filling in 1995. Wolford Mountain Reservoir has 
an 84-hm3 storage capacity and covers approximately 610 ha 
at full storage (Stevens and Sprague, 2003). When filled to 
capacity, typically during April through June, additional inflow 
passes through the reservoir and, since 1995, creates the 
annual discharge peak in Muddy Creek.

Two studies of potential reservoir effects on Muddy 
Creek were published before the construction of Wolford 
Mountain Reservoir. Ruddy (1987) estimated that the mean 
annual total-sediment discharge in Muddy Creek near 
Kremmling ranged between 58,800 and 99,800 Mg/yr and 
averaged 75,300 Mg/yr for the period 1983 through 1985. At 

Figure 1. Reconfigured-channel monitoring assessment sites in western Colorado: (1) Muddy Creek below Wolford 
Mountain Reservoir, near Kremmling, (2) Roaring Fork River at Basalt, (3) Gunnison River at Spann Diversion near Gunnison, 
(4) Lake Fork at Gateview, (5) North Fork Gunnison River at Hotchkiss, and (6) Uncompahgre River at Ridgway.
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Figure 2. Muddy Creek below Wolford Mountain Reservoir near Kremmling, Colorado, showing 
reaches 1 and 2.

least 97 percent of the total-sediment discharge was trans-
ported in the suspended phase. Among the estimated down-
stream effects of a proposed Wolford Mountain Reservoir was 
channel degradation of about 0.12 m in the 210 m immediately 
downstream from the proposed dam site (Butler, 1990).

Regulation by the reservoir has had an attenuating effect 
on annual variation in stream-water temperature, and turbidity 
was substantially reduced as a result of reservoir sedimenta-
tion. Peak discharges downstream from the reservoir were 
the same or slightly less than peak discharges upstream from 

the reservoir; however, the duration of the largest discharges 
(greater than the upper 15th percentile) downstream from the 
reservoir decreased, whereas the duration of moderate and low 
discharges increased as a result of reservoir operation (Stevens 
and Sprague, 2003).

Discharge data have been collected at USGS streamflow-
gaging station 09041400 Muddy Creek below Wolford Mountain 
Reservoir near Kremmling, Colorado, since July 1995. The 
gage is located approximately 460 m downstream from Ritschard 
Dam and 6.5 km northwest of Kremmling in the northwest 
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quarter of the southeast quarter of section 25, T. 2 N., R. 81 
W., at an elevation of about 2,250 m (datum NGVD of 1929). 
The drainage area of the watershed upstream from the gage is 
about 700 km2. The maximum instantaneous peak discharge 
recorded at the gage was 1,030 ft3/s (29.2 m3/s) on June 2, 1997. 
Annual peak discharges during the period of this study ranged 
from 217 ft3/s (6.14 m3/s) in 2003 to 968 ft3/s (27.4 m3/s) in 
2008 (http://nwis.waterdata.usgs.gov/co/nwis/peak/ accessed 
June 18, 2010).

A reference bankfull discharge was not determined for 
the monitoring reaches because Muddy Creek streamflow has 
been heavily regulated since 1995. Annual peak discharges 
since 2001 were contained within the existing channel, with 
the exception of annual peaks in 2006, 917 ft3/s (26.0 m3/s) and 
2008, 968 ft3/s (27.4 m3/s), which were well above relict bank 
and point-bar surfaces that likely were established before 1995.

Muddy Creek downstream from Wolford Mountain 
Reservoir is a meandering, gravel-bed stream with an average 
“bankfull” channel width of approximately 16.5 m. The Muddy 
Creek study area begins approximately 0.5 km downstream 
from the Ritschard Dam and consists of two actively moni-
tored reaches (fig. 2). Reach 1 is unaltered, whereas reach 2, 
downstream from reach 1, was mechanically altered by recon-
figuration with channel stabilization and flow-directing boulder 
structures (the natural-channel design approach). Both reaches 
are affected by the upstream reservoir.

Reach 1 is a sinuous, 490-m-long (channel length), 
unaltered “control” reach that begins at the USGS streamflow-
gaging station (fig. 3) and continues downstream to the bound-
ary of the privately owned Grand River Ranch. Reach 2 is 
a sinuous, 530-m-long (channel length), reconfigured reach 
of the creek beginning approximately 380 m (valley length) 
downstream from reach 1 and approximately 1.1 km down-
stream from Ritschard Dam (fig. 4). Reach 1 is on Bureau of 
Land Management (BLM) land and is accessible to the public; 
however, reach 2 is on private property and access is restricted.

Reach 2, the reconfigured reach, was modified in the 
fall of 2003 by the landowner to enhance and improve aquatic 
habitat. Reconfiguration activities included excavating and 
lowering the streambed in some locations and installation of 
numerous flow-directing rock structures. The channel pat-
tern (for example, sinuosity, meander radius of curvature, 
meander wavelength, and channel alignment) in reach 2 was 
not changed from the 2001 channel pattern during reconfigu-
ration activities. However, boulder riprap and log crib work 
were added to some streambanks to prevent bank erosion and 
meander migration, and the angle of some cut-bank scarps 
above the riprap was reduced from near vertical to a lesser 
slope (fig. 5). Willow seedlings and cottonwood saplings 
were planted along some of the banks and in the riparian 
zone to enhance stability. Numerous boulder grade-control 
and flow-directing structures called “cross vanes” and “rock 
vanes” (Rosgen, 2001) were constructed in the channel in late 
2003 (fig. 6). Other individual boulders were placed ran-
domly in the channel to create flow variability and to enhance 
aquatic habitat.

Methods
Geomorphic characteristics and changes in Muddy Creek 

were observed over several years and were quantified through 
replicate topographic surveys and photography (Elliott and 
Parker, 1999). Bed-material sediment-size characteristics 
were determined with Wolman pebble counts of the streambed 
and alluvial bars (Wolman, 1954). Hydraulic characteristics 
of Muddy Creek were determined for a range of streamflow 
conditions by measuring discharge, velocity, and water-surface 
elevation, and by using a multidimensional streamflow model. 
Hydraulic characteristics in the vicinity of installed flow-
directing boulder structures in reach 2 also were evaluated 
with the multidimensional streamflow model.

Geomorphic Measurements

Standard geomorphic field techniques were used to 
quantify Muddy Creek channel characteristics (Elliott and 
Parker, 1999) and are described in the RCMAP Monitoring 
Methods Web site http://co.water.usgs.gov/projects/rcmap/
monitormethods.html (accessed April 28, 2010). The 
U.S. Department of Agriculture, Forest Service General 
Technical Report RM–245 (Harrelson and others, 1994) 
also provides guidelines for basic surveying techniques, 
identification of bankfull indicators, and measurement of other 
important stream characteristics. Replicate channel surveys 
of Muddy Creek were made over a period of years by using a 
common datum and coordinate system to quantify geomorphic 
changes that occurred as a result of streambed scour, bed-
material aggradation, or lateral channel migration (Emmett 
and Hadley, 1968). The time interval between replicate 
measurements was determined by the hydrologic history and 
geomorphic response of the monitored reach.

Reaches 1 and 2 were monumented and surveyed during 
low-discharge periods by the USGS as part of the RCMAP 
in 2001. Reach 2 was resurveyed and photographed by the 
USGS in October 2003, immediately after channel modifica-
tions were completed. No channel modifications were made in 
reach 1; consequently, no measurements were made in reach 
1 in 2003. Replicate surveys of both reaches were made in 
August 2006 after a peak discharge of 917 ft3/s at the USGS 
streamflow-gaging station 09041400 and in August 2008 after 
a peak discharge of 968 ft3/s. Sediment measurements were 
made in 2003 and 2008.

The 2001 and 2003 channel surveys were made using a 
Topcon total-station, and the 2006 and 2008 surveys were made 
using a Trimble real-time kinetic (RTK) global-positioning 
system (GPS) surveying instrument. All surveys were rectified 
retroactively to a common coordinate system and datum. The 
2006 RTK GPS survey was submitted to the National Geodetic 
Survey’s Online Positioning Users Service (OPUS) Web site 
for processing (http://www.ngs.noaa.gov/OPUS/). Data from 
all surveys were rectified to the OPUS solution. The coordinate 

http://nwis.waterdata.usgs.gov/co/nwis/peak/
http://co.water.usgs.gov/projects/rcmap/monitormethods.html
http://www.ngs.noaa.gov/OPUS/
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Figure 3. Muddy Creek study reach 1 downstream from Wolford Mountain Reservoir near Kremmling, 
Colorado, showing location of monumented channel cross sections, instrumentation sites, and topographic 
points surveyed in 2008. Flow is north to south.

system was Universal Transverse Mercator (UTM) Zone 13 
North, horizontal datum North American Datum (NAD) of 
83 (meters), vertical datum North American Vertical Datum 
(NAVD) of 88, Geoid 03, ellipsoid World Geodetic System 
(WGS) 84.

Monitoring cross sections were established in 2001 and 
were spaced at approximately three to six channel widths 
apart. Cross sections 1 through 6 were in reach 1, and cross 
sections 7 through 15 were in reach 2. Endpoints of each cross 
section were monumented with rebar (cross-section head-
pins), and coordinates were recorded to facilitate replicate 

surveys. Longitudinal-profile surveys of the water surface, 
high-water marks, and streambanks were made in addition 
to cross-section surveys.

Streambed, bank, alluvial-bar, and flood-plain points 
were surveyed in 2008 to create the topographic surface used 
in the hydraulic model simulations. Along with the 15 moni-
toring cross sections, several additional traverses across the 
channel were surveyed between the monumented cross sec-
tions to provide additional topographic detail of the streambed 
(figs. 3 and 4). Two longitudinal transects of the streambed 
were surveyed approximately parallel to the streambanks in 
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reaches 1 and 2. Additional points were surveyed on and adja-
cent to the boulder structures in reach 2 because of their effect 
on streamflow direction, velocity, and roughness.

The water-surface elevations for four discharges, mea-
sured in each reach, were surveyed between July 28 and 
August 1, 2008. The low-discharge water-surface elevation 
was surveyed directly during this period, whereas, water-
surface elevations of the greater discharges were marked with 
a nail and plastic flagging earlier in the year and subsequently 
surveyed between July 28 and August 21, 2008 (Benson and 
Dalrymple, 1967). The reach 1 discharges were 40, 345, 697, 

and 928 ft3/s (1.13, 9.77, 19.7, 26.3 m3/s), and the reach 2 
discharges were 44, 343, 697, and 968 ft3/s (1.25, 9.71, 19.7, 
27.4 m3/s). The water surfaces at 40 and 44 ft3/s represented 
low-flow, late-season discharges and were surveyed in July 
and August 2008. The 343- and 345-ft3/s discharges were 
flagged on June 18, 2008, and represented moderate discharge 
in the study reaches. The 697-ft3/s discharge was flagged on 
May 30, 2008, and represented a high discharge that nearly 
filled the channel to the tops of its banks. The flagged water 
surfaces corresponding to these moderate and high dis-
charges were surveyed along with the channel topography 

Figure 4. Muddy Creek study reach 2 downstream from Wolford Mountain Reservoir near Kremmling, Colorado, 
showing location of monumented channel cross sections, instrumentation sites, and topographic points surveyed in 
2008. Flow is north to south.
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Figure 5. Muddy Creek in reach 2 showing channel reconfiguration and riprap of the left bank, looking 
downstream from left bank at cross section 9: (A) Before reconfiguration, May 23, 2001, discharge 2.4 cubic 
meters per second (83 cubic feet per second), and (B) five years after reconfiguration, July 30, 2008, discharge 
1.2 cubic meters per second (44 cubic feet per second).

A

B
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and low-discharge water surface in July and August 2008. The 
2008 instantaneous annual peak discharge was 968 ft3/s, and 
water at this discharge overtopped the streambanks and cov-
ered the adjacent flood plain in many places on May 20, 2008. 
The water-surface elevation in reach 2 was flagged at the peak 
discharge; whereas, the water-surface elevation in reach 1 was 
flagged at a discharge of 928 ft3/s a few hours earlier on the 
same day. High-water marks, composed of organic flotsam 
(grass and leaves) and slack-water sediment deposits (silt and 
sand), from the discharge peak were identified and surveyed 
during the July and August 2008 visits.

Sediment characteristics were determined for the stream-
bed and alluvial bars in the two monitoring reaches to charac-
terize the range of sediment-particle sizes typical of different 
geomorphic surfaces and available for transport within the 
channel. Sediment particle-size measurements were made at 
four streambed and two alluvial bar locations using the Wolman 
pebble-count method (Wolman, 1954). Most particle measure-
ments were made by sampling the streambed or alluvial bars at 
approximately 100 regularly spaced points along linear transects 
parallel to the direction of streamflow; however, measurements 
on submerged riffles were made by a nonlinear, random-path 
method (Elliott and Parker, 1999). The intermediate, or “b-axis,” 
of the sediment particle was measured with a graduated scale 
to the nearest millimeter for gravel and small cobbles and to 
the nearest 5 millimeters for large cobbles and small boulders. 
The b-axis length was recorded in the field notes (on file at the 
USGS, Colorado Water Science Center, Lakewood, Colo.), and 

size statistics (for example, the size at the 50th percentile, or 
d50) were computed from the cumulative-frequency distribution 
function of sampled sediment particles.

Oblique photographs were taken from monumented loca-
tions near the channel to complement the channel survey and 
sediment measurements. The monumented photographs visually 
recorded channel features not specifically included in the sur-
veys (for example, bank irregularities), as well as information 
about sediment deposits and riparian vegetation. These photo-
graphs were replicated intermittently over the duration of the 
study and were useful in documenting qualitative changes in the 
monitored reach not captured in the channel surveys or Wolman 
pebble counts. Cross-section plots, sediment-size distribution 
plots, and photographs from the Muddy Creek study site are 
available on the RCMAP Web site: http://co.water.usgs.gov/
projects/rcmap/MuddyCreek/indexmuddycreek.html (accessed 
April 28, 2010).

Discharge Measurements

Discharge measurements and water-surface eleva-
tion recordings are made routinely at USGS streamflow-
gaging station 09041400 Muddy Creek below Wolford 
Mountain Reservoir, near Kremmling, located at the 
upstream end of reach 1 (figs. 2 and 3). Continuously 
recorded data from the Muddy Creek gaging station were 
used to monitor daily discharge conditions in 2008 and 

Figure 6. A boulder structure, cross-vane 11.1 in Muddy Creek, reach 2, view looking upstream from right 
bank below cross section 11, July 30, 2008, at 1.2 cubic meters per second (44 cubic feet per second).

Cross vane 11.1

http://co.water.usgs.gov/projects/rcmap/MuddyCreek/indexmuddycreek.html
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to provide reference discharges for hydraulic simula-
tions. Real-time Muddy Creek streamflow conditions are 
available online at: http://waterdata.usgs.gov/co/nwis/
uv/?site_no=09041400&PARAmeter_cd=00065,00060 
(accessed April 28, 2010).

The FaSTMECH computational streamflow model used 
in this analysis requires locally specific discharge and water-
surface data for calibration and verification. Consequently, addi-
tional discharge measurements were made and water-surface 
elevations were recorded in each of the reaches over a wide 
range of discharges. An Argonaut acoustic Doppler velocity 
meter (ADVM) that recorded water-surface elevations and two-
dimensional velocity fields was installed in each reach (Stevens 
and others, 2008). In reach 1, an ADVM was installed approxi-
mately 10 m downstream from cross section 2, approximately 
150 m downstream from streamflow-gaging station 09041400 
(fig. 3). In reach 2, an ADVM was installed approximately 11 m 
upstream from cross section 12 (fig. 4). These instruments con-
tinuously recorded velocities and water-surface elevations from 
April 30, 2008, through August 1, 2008, a period that included 
late-winter base flow, a rapid spring rise to the annual peak 
discharge, and a gradual decrease to late-summer base flow, all 
controlled by releases from the reservoir.

Discharges were computed from velocities measured 
near the ADVM locations several times in each reach with a 
Teledyne RD Instruments StreamPro acoustic Doppler cur-
rent profiler (ADCP) mounted on a small float and tethered 
across the channel (Simpson, 2001; Gotvald and Oberg, 2008). 
Graphical output of velocities determined from an ADCP 
measurement are shown in figure 7. The velocities measured 
with the ADVM and ADCP for a specific discharge were 
highly correlated (R2 = 0.98). Discharges of 949, 762, 687, 
397, 153, and 71 ft3/s were computed from ADCP measure-
ments in reach 1 and 1,010, 744, 392, 76, and 28 ft3/s in 
reach 2. The ADCP discharges were paired with concurrently 
recorded ADVM water-surface elevations to develop stage/

discharge rating relations for the two reaches and to validate 
using discharges continuously recorded at streamflow-gaging 
station 09041400 as an input condition for the FaSTMECH 
model simulations.

Discharge measured with the ADCP on the day of the 
2008 annual peak was 2 percent higher in reaches 1 and 
5 percent higher in reach 2 than the instantaneous discharges 
recorded concurrently at the USGS streamflow-gaging station 
(935 and 964 ft3/s, respectively). These differences did not 
account for traveltime from the USGS gage to the ADCP mea-
surement locations, but they were within the measurement margin 
of error, indicating no substantial discharge gain or loss in the 
two reaches at high flow. However, for discharges recorded at the 
gaging station in the 690- to 700-ft3/s range, discharge measured 
at the reach 1 ADCP site was 11 percent higher and discharge 
measured at the reach 2 ADCP site was 7 percent higher than 
discharge at the gaging station. The ADCP differences in reaches 
1 and 2 increased to 16 and 14 percent greater than, respec-
tively, discharge recorded at the gaging station for discharges 
of 343 ft3/s. The pattern of reach 1 and reach 2 ADCP discharge 
measurements being greater than discharges recorded concur-
rently at the gaging station might indicate some groundwater or 
surface-water addition between the gaging station at the upstream 
end of reach 1 and the two ADCP measurement sites downstream 
(fig. 2, 3, and 4).

Use of the ADCP also enabled a check on the bed stabil-
ity during the time of the discharge measurements. ADCP 
data were collected during 3- to 5-minute stationary record-
ings at both measurement sites and indicated that movement 
of streambed sediment was nonexistent or insignificant for all 
discharge measurements. Confirmation of a stable streambed 
resulted in greater confidence in the accuracy of the discharge 
measurements. The method of ADCP discharge measurement 
is described in greater detail in Simpson (2001) and Gotvald 
and Oberg (2008).

Figure 7. Graphical output from an acoustic Doppler current profiler (ADCP) discharge measurement, Muddy Creek reach 1 near cross 
section 2. 
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Data from Hobo pressure transducers determined water-
surface elevations near the downstream ends of the reach 1 and 
reach 2. The pressure transducers were installed approximately 
12 m downstream from cross section 5 in reach 1 (fig. 3) and 
approximately 39 m downstream from cross section 13 in 
reach 2 (fig. 4). The pressure-transducer derived water-surface 
elevations at the downstream end of the MD_SWMS compu-
tational grids were paired with concurrent discharges from the 
ADVM rating curves and together provided two of the neces-
sary boundary conditions for FaSTMECH model calibration, 
those being the upstream discharge and the downstream water-
surface elevation.

Multidimensional Hydraulic Modeling

Multidimensional streamflow models can be used to 
determine spatially distributed hydraulic variables, for exam-
ple, velocity, depth, water-surface elevation, and bed shear 
stress. Applications include flood-inundation prediction, flood-
hydraulics reconstruction, habitat analysis, and estimation 
of erosion potential, sediment transport, and in-stream flow 
requirements. A multidimensional streamflow model was 
developed to reconstruct hydraulic conditions (water-surface 
elevation, flow depth, velocity, bed shear stress, and sediment-
transport strength) for several discharges in Muddy Creek 
study reaches 1 and 2. Output from the model was used to 
evaluate geomorphic changes observed at monumented cross 
sections during the monitoring period (2001–2008) and to 
assess the effect of selected flow-directing boulder structures 
on hydraulic conditions.

The USGS Multi-Dimensional Surface-Water Modeling 
System (MD_SWMS) was used in this study to simulate 
hydraulic conditions in Muddy Creek. MD_SWMS is a pre- 
and postprocessing application for computational models of 
surface-water hydraulics (McDonald and others, 2005b). The 
MD_SWMS is both a tool and framework that provide an 
easily used interface to a variety of environmental hydraulic 
models. The MD_SWMS Graphical User Interface (GUI) tool 
was used to build a computational grid for each Muddy Creek 
modeled reach, edit datasets, apply boundary conditions, run 
multiple discharge simulations, and view and evaluate the 
results (McDonald and others, 2005a).

The computational streamflow modeling program 
FaSTMECH, developed by the USGS (Nelson and others, 
2003; McDonald and others, 2005a and 2005b), was used 
in MD_SWMS to simulate Muddy Creek hydraulic condi-
tions. FaSTMECH is a steady-state, 2-dimensional, verti-
cally averaged streamflow modeling program that includes 
a subroutine to calculate vertical distribution of the primary 
velocity and the secondary flow about the vertically aver-
aged flow. The approach used has been shown to adequately 
simulate the velocity field, bed shear stress, and resulting 
erosion and(or) deposition patterns where secondary flows 
are significant (Barton and others, 2005). Basic output from 
FaSTMECH includes water-surface elevation, flow depth, 

Froude number, velocity magnitude and direction, bed shear 
stress, and sediment-transport strength. FaSTMECH has been 
used to evaluate hydraulic conditions, sediment mobility, 
aquatic habitat, and flood inundation in several fluvial stud-
ies (Barton and others, 2005; Kenney, 2005; Berenbrock and 
Tranmer, 2008).

FaSTMECH was used to evaluate the flow depth, 
velocity, bed shear stress, and sediment transport strength 
(or entrainment potential) in Muddy Creek in the absence 
of (reach 1), and in the presence of (reach 2), artificial flow-
directing boulder structures in the creek. Hydraulic condi-
tions were simulated for four discharges that represented 
the full range of Muddy Creek discharges from late-season 
low-flow conditions to out-of-bank flooding as described in 
the “Discharge Measurements” section. The model computed 
hydraulic conditions for a specific, instantaneous discharge 
but did not account for the duration of streamflows.

FaSTMECH requires detailed channel topography, 
discharge at the upstream boundary of the modeled reach, and 
a corresponding water-surface elevation at the downstream 
boundary as model input data. Topographic data can be from a 
variety of sources including digital elevation models (DEM), 
field surveys, and bathymetric data from inundated areas, but 
these topographic data need to be collected at a scale cor-
responding to the scale of the desired model results. Field 
surveys of the Muddy Creek streambed and flood-plain topog-
raphy, discharge measurements, and water-surface-elevation 
recordings made in 2008 were used for model calibration in 
this study. Model output for each discharge was verified by 
the agreement between observed and predicted water-surface 
elevations at several locations in each reach.

Elevation data collected in the 2008 RTK GPS survey, 
previously described, were used to define a detailed topo-
graphic surface of the Muddy Creek streambed, banks, alluvial 
bars, and nearby flood plain for the streamflow model in 
each modeled reach. To better define the hydraulic properties 
near the boulder structures in reach 2, closely spaced topo-
graphic points were surveyed where these structures could be 
approached safely by wading at low discharge. Sediment-size 
data from six locations in the two reaches were used to deter-
mine boundary roughness conditions and to assess sediment 
mobility under four different discharge scenarios.

The computational grid used in FaSTMECH is a curvi-
linear orthogonal coordinate system with a user-defined 
centerline that approximately followed the midchannel loca-
tion of the near-to-bankfull discharge. Reach 1 and reach 2 
were modeled individually and for each simulated discharge, 
but the same computational grid was used for each discharge 
within a reach. FaSTMECH model calibration data and output 
are in international system (SI) units.

Calibration of the model begins with referencing the 
topographic data to the curvilinear grid system for data 
interpolation and computational-grid mapping. The surveyed 
topographic data (X, Y, and Z, corresponding to northing, east-
ing, and elevation) were mapped to coordinates of the compu-
tational grid through a “nearest-neighbor” method (Barton and 
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others, 2005). The model topography, as well as ancillary data 
such as a digital orthophoto quadrangle (DOQ) image, used 
the coordinate system of the RTK GPS survey (in this study, 
UTM Zone 13 North, horizontal datum NAD 83, vertical 
datum NAVD 88, Geoid 03, ellipsoid WGS 84). This series 
of steps interpolated and assigned elevation data to each grid 
cell (node) creating a seamless 0.5- by 0.5-meter curvilinear 
computation grid for each reach. These grids were then used 
in conjunction with the water-surface elevation data measured 
during the RTK GPS survey and temporary water-level gages 
to generate four hydraulic models representing four specific 
discharges in reach 1 and reach 2.

Calibration of the FaSTMECH models continued by 
iteratively adjusting the model parameters within reasonable 
limits to obtain the best fit of predicted water-surface eleva-
tions to the observed (surveyed) water-surface elevations for 
each simulated discharge. The model parameters were adjusted 
until (1) the conservation of mass was satisfied, as indi-
cated when the root mean square error (RMSE, an aggregate 
measure of the differences between predicted and observed 
variables) of change in discharge converged on a small value 
and remained consistent throughout the duration of the simula-
tion after some number of model iterations, (2) the predicted 
water-surface elevations closely matched the observed 
(surveyed) water-surface elevations corresponding to several 
measured discharges, and (3) the RMSE of observed and pre-
dicted water-surface elevations was minimal. Close agreement 
between observed and predicted water-surface elevations was 
considered verification of the model input parameters.

The model parameter most often adjusted was the drag 
coefficient. Adjustments in the drag coefficient were needed 
to accurately simulate head loss in the channel. Initially, a 
constant drag coefficient was applied to the entire streambed 
in each reach (reach 1 and reach 2 were modeled individu-
ally). Occasionally and when justified by onsite observations, 
a different drag coefficient was applied to a specific subarea of 
the streambed. This was done in reach 2 for the low-discharge 
simulation where flow-directing boulder structures created 
isolated zones of very large drag. A variable drag coefficient, 
calculated from the bed-material median particle size, was 
used in reach 2 for the 343 ft3/s discharge.

Other model parameters (lateral eddy viscosity or the 
relaxation parameters) sometimes were adjusted until model 
output closely matched observed conditions. The lateral 
eddy-viscosity parameter (in m2/s) in FaSTMECH represents 
the lateral momentum exchange due to turbulence or other 
variability that is not generated at the streambed (Nelson and 
others, 2003) and is computed as the product of average veloc-
ity (in meters per second) and average flow depth (in meters) 
times 0.01. The relaxation parameters affect the length of time 
allowed for the model to converge on a numerical solution.

Output from the discharge simulations was used to 
evaluate the effects of low, medium, high, and out-of-bank 
discharges on channel hydraulic conditions (depth and flow 
velocity), streambed stability (bed shear stress and sediment-
transport strength), and channel geometry adjustments 
observed over several previous years. Discharge simulations 

for reach 2 also provided some perspective on the ability of 
the FaSTMECH model, calibrated at the half-meter resolution 
of this study, to simulate the hydraulic effects of flow-directing 
boulder structures that are commonly used in “natural-channel 
design” rehabilitation projects (Elliott and Capesius, 2009). 
FaSTMECH model solutions were created as plan-view 
mapped (scalar) or directional (vector) images for several 
variables, including the following presented in this study: 
depth (in meters), velocity (in meters per second), bed shear 
stress (in newtons per square meters), and sediment-transport 
strength (dimensionless).

Transport of coarse streambed sediment is necessary for 
long-term maintenance of channel geometry. Entrainment of 
coarse streambed sediment also is the mechanism for periodic 
flushing of fine sediment from interstitial areas between gravel 
and cobbles to maintain aquatic habitat quality (Milhous, 
1982). The FaSTMECH transport-strength solution repre-
sented the potential for sediment entrainment and transport; 
however, it did not simulate the cumulative effects of stream-
bed evolution over time. Sediment-transport strength (TS) 
computed in FaSTMECH is defined as:

 TS = (τb – τc)/τc, (1)
where
 τb is bed shear stress, in newtons per square meter,
and
 τc is the critical shear stress for sediment on the streambed, 

in newtons per square meter (R.R. McDonald, 
U.S. Geological Survey, oral commun., April 8, 2009).

Sediment entrainment in alluvial channels is partly a 
function of the shear stress, the tangential stress component 
from flowing water acting on the channel boundary or on sedi-
ment particles resting on or in the streambed. The critical shear 
stress is considered to be the shear stress at which sediment on 
the streambed is at the threshold of mobility, entrainment, or 
transport. Sediment entrainment is anticipated when τb equals 
or exceeds τc.

The critical shear stress has been related to sediment-size 
characteristics (Shields, 1936; Lane, 1955; Fahnestock, 1963; 
Milhous, 1982; Carling, 1983; Komar, 1987; Wiberg and 
Smith, 1987; Wilcock and Southard, 1988; Wilcock, 1992). 
The Shields (1936) equation commonly is used to estimate τc 
for entrainment of the streambed median sediment size, or d50:

	 τc = τ*c (γs – γ) d50 , (2)

where
 τ*c is the dimensionless critical shear stress, or Shields 

parameter;
 γ is the specific weight of water (9,807 N/m3 at 

5 degrees C);
 γs is the specific weight of sediment (here assumed to 

be 2.65 times the specific weight of water);
and
 d50 is the median sediment-particle size (meters).
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Use of equation 2 requires an estimated or calculated τ*c, 
a value that varies with particle size, sorting, subsurface particle 
size, and bed-material structure (Meyer-Peter and Muller, 1948; 
Neill, 1968; Parker and others, 1982; Andrews, 1983; Komar, 
1987; Powell and Ashworth, 1995). FaSTMECH computes τ*c 
by using the method of Parker and others (2003, equation 14), 
which results in a τ*c in accord with Neill’s (1968) observation of 
τ*c equal to 0.030 for coarse-material (gravel-bed) rivers. A τ*c 
equal to 0.030 was determined to be an appropriate, conservative 
value for many mountain streams in Colorado in a previous study 
where sediment-size characteristics and the conditions of sedi-
ment entrainment were quantified (Elliott and Hammack, 1999 
and 2000). Consequently, this value has been used in entrainment-
potential estimates for other reconfigured gravel- and cobble-bed 
rivers (Elliott and Capesius, 2009).

Sediment-transport strength (TS) solutions for Muddy Creek 
are shown graphically in FaSTMECH for values of 0 or greater, a 
condition for which τb is equal to or greater than τc (eq. 1). When 
τb is less than τc, TS is negative. FaSTMECH includes negative 
TS values with zero TS values in the GUI scalar representation of 
the model solution (R.R. McDonald, U.S. Geological Survey, oral 
commun., June 11, 2009). Therefore, conditions approaching, but 
not yet reaching, the sediment-entrainment threshold are difficult 
to distinguish visually in FaSTMECH graphical output.

The critical shear stress associated with sediment entrain-
ment (eq. 2) is, at best, a minimum estimate of the critical 
discharge at which sediment moves and hydraulically induced 
channel adjustments begin, because only a small area of the entire 
surface or a few particles of the d50 size might be entrained by the 
critical discharge (Lisle and others, 1993; Milhous, 1982). Many 
researchers feel that conditions for more widespread sediment 
mobility of a greater area of the streambed occur when τb exceeds 
τc by a factor of 2 or greater (Wilcock and McArdell, 1993). This 
is equivalent to a TS of 1 or greater (eq. 1) in FaSTMECH. Con-
sequently, TS values of 1 or greater were considered the reference 
value for widespread sediment entrainment in the Muddy Creek 
analyses presented in this report.

Geomorphic Characteristics
The channel surveys and pebble counts made in Muddy 

Creek quantify the channel geometry and sedimentologic char-
acteristics in reaches 1 and 2 during the monitoring period from 
2001 through 2008. During the monitoring period, reach 2 was 
reconfigured by channel excavation, cut-bank angle reduction, 
riprap bank reinforcement (fig. 5), and construction of flow-
directing boulder structures (fig. 6). Both reaches conveyed a 
range of discharges that included very small annual discharge 
peaks and the second largest annual discharge peak since con-
struction of the Ritschard Dam and Wolford Mountain Reservoir 
in 1995 (table 1).

Muddy Creek sediment-size characteristics were deter-
mined from six Wolman pebble counts in the two reaches. 
Sediment composing the streambed in reaches 1 and 2 was 

similar in size and sorting (fig. 8). The median particle size 
(d50) of the streambed sediment was determined from four 
pebble counts made in 2008 and ranged from 27 to 44 mm.

Reach 2 differed from reach 1 in that finer particle-size 
alluvial point bars were exposed at low discharges in some 
areas of reach 2. Two point bars were sampled in reach 2; 
one point-bar pebble count was made October 31, 2003, and 
the other was made in July 2008, 5 years after reconfigura-
tion in reach 2. The point bar at cross section 10, sampled in 
2003 (fig. 8) (d50 = 16 mm), was poorly sorted and was com-
posed of 18 percent sand-sized material or finer (particle sizes 
smaller than or equal to 2 mm in diameter), possibly reflect-
ing the disturbed condition of Muddy Creek immediately 
following channel reconfiguration in the autumn of 2003. By 
2008, sediment on the comparable, nearby point bar at cross 
section 12 (d50 = 9 mm) was better sorted and was composed of 
only 5 percent sand-size material or finer (fig. 8). The average 
d50 of all six streambed and point-bar samples was 29 mm.

Channel cross-section dimensions in reach 1, the control 
reach, changed little during the monitoring period (figs. 9 and 10), 
including cross sections 3 and 4 in a very sinuous area (fig. 3). 
Muddy Creek flows adjacent to the distal margin of an incised 
alluvial fan and has created a vertical scarp on the east (left) bank 
between cross sections 4 and 5 (figs. 2 and 3). However, less than 
1 m of lateral erosion occurred here between 2001 and 2008. 
The greatest change in reach 1 was at cross section 6 where lat-
eral erosion between 2001 and 2008 resulted in 2.5 m of concave-
bank retreat in a meander bend (cross section not shown). All 
reach 1 replicate channel cross sections from surveys made from 
2001 to 2008 can be viewed online at: http://co.water.usgs.gov/
projects/rcmap/MuddyCreek/indexmuddycreek.html (accessed 
April 28, 2010).

Reach 2 channel reconfiguration in 2003 resulted in chan-
nel changes at many monitored cross sections that are visible 
by comparing surveys made in 2001 and 2003 (figs. 11 and 12). 
The channel was deepened by excavation, bank-top angles were 
decreased by grading, and in some locations, riprap boulders were 

Table 1. Annual peak discharge recorded at USGS streamflow-
gaging station 09041400 Muddy Creek below Wolford Mountain 
Reservoir near Kremmling, Colorado, water years 1996–2008.

[ft3/s, cubic feet per second; m3/s, cubic meters per second; discharge affected 
by reservoir operation]

Water 
year

Date
Peak 

discharge 
(ft3/s)

Peak 
discharge 

(m3/s)
1996 May 20, 1996 656 18.6
1997 June 2, 1997 1,030 29.2
1998 May 13, 1998 871 24.7
1999 June 3, 1999 518 14.7
2000 May 12, 2000 889 25.2
2001 September 11, 2001 231 6.54
2002 September 1, 2002 233 6.60
2003 October 21, 2002 217 6.14
2004 September 29, 2004 225 6.37
2005 October 1, 2004 221 6.26
2006 May 21, 2006 917 26.0
2007 May 19, 2007 278 7.87
2008 May 22, 2008 968 27.4

http://co.water.usgs.gov/projects/rcmap/MuddyCreek/indexmuddycreek.html
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installed to protect the outside bank of meander bends from lateral 
erosion (fig. 5). Numerous boulder structures were constructed to 
redirect streamflow lines toward mid-channel and to create bed-
scouring conditions at certain discharges (fig. 6).

Most cross sections in reach 2 changed very little after 
reconfiguration in 2003 with the exception of areas of local 
sediment deposition. The streambed at cross section 9 aggraded 
slightly after 2003 reconfiguration and, in 2008, was close to the 
2001 streambed elevation (fig. 11). Alluvial bars composed of 
fine gravel developed in some areas of reach 2, such as at cross 
sections 10 and 12 (fig. 12). Similar to cross-section 6 in reach 1, 
lateral erosion of the meander bend at cross section 15 resulted in 
1.2 m of concave-bank retreat (cross-section not shown). Unlike 
most meander banks in reach 2, the outer, concave bank at cross 
section 15 was not protected with riprap in 2003. By contrast, 
other reach 2 meander bends with riprap did not have changes 
in concave-bank location. All channel cross sections from 
reach 2 surveys made from 2001 to 2008 can be viewed online 
at: http://co.water.usgs.gov/projects/rcmap/MuddyCreek/
indexmuddycreek.html (accessed April 28, 2010).

Simulation of Hydraulic Conditions
Computational models were developed using FaSTMECH 

to evaluate hydraulic conditions and sediment mobility in 
Muddy Creek reaches 1 (control reach) and 2 (reconfigured 
reach) under low-, medium-, high-, and out-of-bank discharge 
scenarios. Hydraulic conditions were simulated for discharges 
of 40, 345, 697, and 928 ft3/s in reach 1, and for discharges of 
44, 343, 697, and 968 ft3/s in reach 2.

The channel lengths to be modeled were shorter than the 
monitored channel lengths (figs. 3 and 4) in both reach 1 and 
2 to decrease hydraulic complexity and the potential for model 
instability at the upstream and downstream channel areas of 
the model. The reach 1 computational grid was 370 m long 
and 40 m wide, consisting of 58,401 nodes, or grid intersects 
where computations were performed. The reach 2 grid was 
345 m long and 60 m wide, consisting of 82,401 computa-
tional nodes. The computational grid-cell size in each reach 
was approximately 0.5 by 0.5 m.

The streamflow models were calibrated iteratively by 
adjusting input parameters within reasonable limits until the 
best match was obtained between predicted and observed (sur-
veyed) water-surface elevations for each simulated discharge. 
Streamflow-model boundary conditions and input parameters 
from the best solutions are summarized in table 2.

Reach 1

Measured and predicted water-surface elevations from 
the discharge simulations of reach 1 are shown in longitudinal 
profile view in figure 13. Verification (agreement between 
measured and predicted elevations) for each discharge simula-
tion is summarized numerically as the water-surface elevation 
root mean square error (RMSE) in table 2.

The 40-ft3/s discharge simulation for reach 1 had the largest 
water-surface-elevation dataset because the measured points were 
surveyed elevations of the actual water surface. Water-surface 
data for the other three discharges were limited to surveyed 
elevations of colored flagging previously placed during earlier 

Figure 8. Cumulative sediment-size distributions from Muddy Creek.
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Figure 9. Plot of Muddy Creek cross section 1 downstream from Wolford Mountain Reservoir.

Figure 10. Plot of Muddy Creek cross section 5 downstream from Wolford Mountain Reservoir.
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Figure 11. Plot of Muddy Creek cross section 9 downstream from Wolford Mountain Reservoir.

Figure 12. Plot of Muddy Creek cross section 12 downstream from Wolford Mountain Reservoir.
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Figure 13. Longitudinal profile of measured and predicted water-surface elevations from Muddy Creek reach 1, 40, 345, 697, 
and 928 cubic feet per second.

site visits. Predicted water-surface elevations for 40 ft3/s matched 
measured (surveyed) water-surface elevations reasonably well but 
were slightly lower than measured elevations in midreach from 
near cross section 2 to downstream from cross section 4 (fig. 13). 
The water-surface-elevation RMSE was 0.063 m for the 40-ft3/s 
discharge simulation, indicating that predicted water-surface 
elevations were within 63 mm of measured elevations overall 
(table 2), and comparable to the scatter in measured water-surface 
elevations in some locations (fig. 13).

The 345-ft3/s discharge simulation had a high RMSE 
(0.163 m) due to the effect of a single outlier at cross section 2 
(fig. 13). This single “measured” point plots with measured 
40 ft3/s points and could be an outlier due to an erroneous survey 
code, or the flagging may have been vandalized. The other 
predicted points closely match the measured points; therefore, 
this simulation was considered to be acceptable for subsequent 
hydraulic interpretation. Predicted water-surface elevations from 
the 697-ft3/s discharge simulation in reach 1 closely matched 
measured (surveyed) water-surface elevations (fig. 13). The 
RMSE for this simulation was 0.021 m (table 2); consequently, 
this simulation was considered to be acceptable for subsequent 
hydraulic interpretation.

The 928-ft3/s discharge simulation had the highest 
RMSE (0.480 m) of the four reach 1 simulations largely due 
to the effect of three apparent outlier points, one downstream 
from cross section 1 and two near cross section 3 (fig. 13). 
These three flagged points were approximately 1 m lower 

than nearby water-surface elevation points flagged at the same 
discharge and may have been vandalized or unintentionally 
moved between the dates of flagging (June 18, 2008) and sur-
vey (July 31, 2008). Other predicted water-surface elevations 
match measured elevations reasonably well; consequently, the 
928-ft3/s discharge simulation was considered to be acceptable 
for subsequent hydraulic interpretation.

FaSTMECH model solutions, or computed values, are 
presented as graphic images for each reach 1 discharge simulation 
and for each of four parameters: depth (figs. 14A–D), velocity 
(figs. 15A–D), bed shear stress (figs. 16A–D), and sediment-
transport strength (figs. 17A–D). Discharge at 928 ft3/s is con-
tained within the channel throughout most of reach 1 (figs. 9 and 
10), but spreads onto lower-elevation point-bar areas as shown in 
figure 14D.

Computed depths at all simulated discharges were greatest 
in the upper part of reach 1 and in the sinuous, meandering mid-
dle part (figs. 14A–D). Maximum depths in reach 1 were greater 
than 2 m at 928 ft3/s (fig. 14D). Maximum computed velocities 
in reach 1 ranged from approximately 0.6 m/s at 40 ft3/s, 1.6 m/s 
at 345 ft3/s, and 2.5 m/s at 697 ft3/s (figs. 15A, B, C). The great-
est maximum velocities were equal to or greater than 2.8 m/s at 
928 ft3/s in the channel just downstream from the meandering 
area (fig. 15D) and where the channel gradient increased near 
cross section 5 (fig. 13). Areas of high computed bed shear stress 
for each discharge simulation (figs. 16A–D) generally followed 
the same distribution pattern as areas of high velocity.
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Computed sediment-transport strength (TS) in reach 1 gen-
erally was less than 1 (the threshold of widespread entrainment 
of the d50 sediment particle size) for simulated discharges less 
than 697 ft3/s. For the 697 ft3/s discharge simulation, TS reached 
a value of 1 in a small area just downstream from the meandering 
area of reach 1 (fig. 17C). For the 928 ft3/s discharge simulation, 
the area of widespread sediment mobility where TS was equal to 
or greater than 1 increased to include most of the midchannel area 
downstream from the meanders (fig. 17D).

Reach 2

Measured and predicted water-surface elevations from 
the discharge simulations of reach 2 are shown in longitudinal 
profile view in figure 18. Verification (agreement between 
measured and predicted elevations) for each discharge simula-
tion is summarized numerically as the water-surface elevation 
root mean square error (RMSE) in table 2.

As with the low-discharge simulation in reach 1, the 44-ft3/s 
discharge simulation in reach 2 had the largest water-surface 
elevation dataset because the measured points were surveyed 
elevations of the actual water surface. Water-surface data for the 
other three discharges were limited to surveyed elevations of 
colored flagging (previously placed during earlier site visits) and 
surveyed high-water marks. Predicted water-surface elevations 
for 44 ft3/s matched measured (surveyed) water-surface elevations 
very well (fig. 18), given that the water-surface-elevation RMSE 
was 0.018 m, indicating that predicted water-surface elevations 
were within 18 mm of measured elevations overall.

Predicted water-surface elevations from the 343- and 
697-ft3/s discharge simulations in reach 2 also closely matched 
measured (surveyed) water-surface elevations (fig. 18). The 
RMSE for these two simulations were 0.024 m and 0.029 m, 
respectively (table 2); consequently, these simulations were con-
sidered to be acceptable for subsequent hydraulic interpretations.

The 968-ft3/s discharge simulation represented the 2008 
annual peak discharge and had the highest RMSE (0.130 m) of 
the four reach 2 simulations (table 2). Water-surface elevations 
used in this simulation were derived from post peak-discharge 
surveys of numerous high-water marks (HWM) that consisted 
of either organic flotsam (such as twigs and grass) or slack-water 
sediment deposits (silt or sand) (Benson and Dalrymple, 1967). 
These HWMs varied in elevation (fig. 18) because they were 
subjectively identified in the field. Another potential source 
of variability was flotsam deposited at different elevations by 
discharges at or slightly below the actual instantaneous 968-ft3/s 
peak discharge; for example, at recessional water surfaces. The 
predicted water-surface elevations generally were near the upper 
limit of surveyed HWMs, except downstream from cross sec-
tion 12 where the predicted water-surface elevations were slightly 
higher than the surveyed HWMs (fig. 18).

FaSTMECH model solutions are presented as graphic 
images for each reach 2 discharge simulation and for each 
of four computed parameters: depth (figs. 19A–D), velocity 
(figs. 20A–D), bed shear stress (figs. 21A–D), and sediment-
transport strength (figs. 22A–D). Unlike reach 1, where the 
697- and 928-ft3/s discharges were largely contained in the 

channel, the 697- and 968-ft3/s discharges in reach 2 extend 
beyond the main channel onto point bars and lower areas of 
the adjacent valley floor (blue areas in figs. 19C and D) in 
some locations.

Computed depths at all simulated discharges were 
greatest near the concave banks of meander bends in reach 2 
(fig. 19). Depths for the 968 ft3/s simulation were greater 
than 2 m in many areas of reach 2 and exceeded 2.5 m in the 
meander bend near the downstream end of the modeled reach 
(fig. 19D). Maximum computed velocities in reach 2 ranged 
from approximately 0.6 m/s at 44 ft3/s, 1.6 m/s at 343 ft3/s, 
and 1.8 m/s at 697 ft3/s (figs. 20A–C). Maximum computed 
velocities only approached or exceeded 2 m/s in the upstream-
most area of reach 2 when discharge was 968 ft3/s (fig. 20D). 
This area corresponded to the steepest channel gradient in 
reach 2, located upstream from cross section 9 (fig. 18). As 
in reach 1, areas of high computed bed shear stress in reach 2 
(figs. 21A–D) generally followed the same distribution pattern 
as areas of high velocity. The notable exceptions were the 
locally high bed shear stresses at 44 and 343 ft3/s created by 
the boulder structures (figs. 4, 6, 21A, and 21B). The effects 
of some of these boulder structures on local bed shear stress 
appear to be diminished at higher discharges (figs. 21C and 
21D) because they are less effective at greater flow depths.

Computed sediment-transport strength (TS) in reach 2 pre-
dominantly was less than 1 (the threshold of widespread entrain-
ment of the d50 sediment particle size) for simulated discharges 
less than 968 ft3/s. For the 968 ft3/s discharge simulation, TS 
greater than 1 occurred only at a limited area in the upstream 
most area of reach 2. The very high TS values, visible as small 
red areas on the flood plain in figure 21D, are anomalous results 
from the model, where depths were shallow, and where computed 
velocities were unrealistically great. Another area of very high TS 
occurred in the 44 ft3/s discharge simulation and was located at a 
boulder cross vane (fig. 22A). The TS value greater than 2 at this 
location (red color) indicates that the median-size bed-material 
particles are easily transported over the boulder structure, a condi-
tion supported by field inspection (fig. 6).

Flow-directing boulder structures, such as the cross vanes 
commonly used in the “natural-channel design” approach (fig. 6), 
were surveyed and incorporated in the FaSTMECH reach 2 
model topography (fig. 4). The effect of one such boulder struc-
ture is illustrated in a series of discharge simulations that display 
water depth (as a color-contoured area) and streamflow lines (as 
velocity vectors with arrow heads) (figs. 23A–D). At 44 ft3/s, 
streamflow lines converge downstream from the V-shaped area 
of the cross vane in the deeper (green) area of the channel, and 
a weak, upstream-flowing eddy is visible near the right bank 
where the short vectors point laterally and upstream (fig. 23A). 
At 343 ft3/s, the streamflow lines converge at the cross vane and 
the velocity increases as indicated by the proportionally longer 
vectors. The weak eddy is still present near the right bank where 
the cross vane is attached. At 697 and 968 ft3/s, the cross vane 
has little or no effect on streamflow-line convergence (vectors are 
mostly parallel). The cross vane, however, still has an accelerating 
effect on velocity that is propagated some distance downstream, 
as indicated by the midchannel vector lengths, and the eddy near 
the right bank still exists.
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Figure 14. Muddy Creek Reach 1 FaSTMECH model solutions for depth with discharge of (A) 1.13 cubic 
meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic feet per second), 
(C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per second (928 cubic 
feet per second).
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Figure 14—Continued. Muddy Creek Reach 1 FaSTMECH model solutions for depth with discharge of 
(A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic 
feet per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per 
second (928 cubic feet per second).
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Figure 15. Muddy Creek Reach 1 FaSTMECH model solutions for velocity with discharge of (A) 1.13 cubic 
meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic feet per second), 
(C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per second (928 cubic 
feet per second).
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Figure 15—Continued. Muddy Creek Reach 1 FaSTMECH model solutions for velocity with discharge of 
(A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per second 
(928 cubic feet per second).
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Figure 16. Muddy Creek Reach 1 FaSTMECH model solutions for bed shear stress with discharge of 
(A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic 
feet per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per 
second (928 cubic feet per second). 
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Figure 16—Continued. Muddy Creek Reach 1 FaSTMECH model solutions for bed shear stress with discharge 
of (A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per second 
(928 cubic feet per second).
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Figure 17. Muddy Creek Reach 1 FaSTMECH model solutions for sediment-transport strength with discharge 
of (A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per second (345 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 26.3 cubic meters per second 
(928 cubic feet per second).
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Figure 17—Continued. Muddy Creek Reach 1 FaSTMECH model solutions for sediment-transport strength 
with discharge of (A) 1.13 cubic meters per second (40 cubic feet per second), (B) 9.77 cubic meters per 
second (345 cubic feet per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and 
(D) 26.3 cubic meters per second (928 cubic feet per second).
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Observed and Potential  
Geomorphic Changes

Relatively minor and isolated geomorphic changes have 
been observed since 2001 in reach 1, the control reach where 
no reconfiguration was done, and since 2003 in reach 2, 
where reconfiguration was done in late 2003. In reach 2, 
some streambed locations, excavated during reconfiguration, 
have aggraded to their former elevations (fig. 11). Repli-
cate channel surveys and photographs are available online 
at: http://co.water.usgs.gov/projects/rcmap/MuddyCreek/
indexmuddycreek.html (accessed April 28, 2010).

Sediment sampled immediately after reconfiguration in 2003 
at an alluvial bar near cross section 10 was poorly sorted and had 
a large percentage of sand, perhaps reflecting recent disruptive 
activities. A comparable alluvial bar nearby at cross section 12 
(fig. 4) was better sorted in 2008, possibly showing the cumula-
tive effects of entrainment and redeposition during the high peak 
discharges of 2006 and 2008 (fig. 8). However, because this bar 
surface can be inundated by discharges as low as 343 ft3/s, it is 
possible that fine sediment was removed and gravels were sorted 
and redeposited by discharges less than the 2006 and 2008 peak 
discharges. These geomorphic and sedimentologic observations 
indicate that the large discharges of 2006 and 2008 had minimal 

effect on channel geometry at most locations in the monitoring 
reaches and that these reaches have been relatively stable under 
the flow regime since 2001.

The channel geometry was similar in reaches 1 and 2 at 
low and medium discharges, but cross-section geometries and 
the wetted areas at higher discharges were somewhat differ-
ent (figs. 9–12). Results from model simulations indicated that 
flood-plain areas were inundated by the high (697 ft3/s) and out-
of-bank flood (928 and 968 ft3/s) discharges (figs. 14 and 19). 
Differences in inundation areas between reaches 1 and 2 at com-
parable high and flood discharges could be due to geomorphic 
differences in flood-plain topography, or incision of the channel 
in reach 1 to some unknown degree since construction of the 
Ritschard Dam and Wolford Mountain Reservoir, or increased 
roughness from the reach 2 boulder structures sufficient to 
increase water-surface elevation for these discharges. The valley 
floor is narrow in reach 1, and a high scarp at the distal margin 
of an alluvial fan on the east side of the valley prevents flooding 
in this area (figs. 2 and 14). Conversely, reach 2 is unconfined, 
and low-relief surfaces and former channel segments facilitate 
inundation (figs. 2 and 19).

Model simulations of bed shear stress generally indicated 
high values in areas of the greatest depth or velocity, such as 
in meander bends (where depths were greater) and in steeper 
gradient areas (where velocities were greater). Simulated 

Figure 18. Longitudinal profile of measured and predicted water-surface elevations from Muddy Creek reach 2, at 44, 343, 
697, and 968 cubic feet per second.
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high shear-stress areas in reach 1 generally occurred from the 
vicinity of cross section 4 to the end of the modeled reach 
downstream from cross section 5 (figs. 3 and 16). The simu-
lated high bed shear stress near cross section 4 was a result of 
the greater local depths at each reference discharge (figs. 14C 
and D), whereas the high bed shear stress near cross section 5 
was a result of steeper gradient (fig. 13). Simulated high shear-
stress areas in reach 2 followed the same general distribution 
as in reach 1. The greatest bed shear stresses in reach 2 were 
in the vicinity of cross section 9 (figs. 21C and D) where the 
gradient was the steepest (fig. 18).

Contrary to the general form of bed shear stress, (rep-
resented by the duBoys equation, τo = γDS) where shear 
stress (τo) is proportional to depth (D) and slope (S), is the 
FaSTMECH calculation of bed shear stress, where shear 
stress is proportional to velocity in the down-channel and 
cross-channel directions (Berenbrock and Tranmer, 2008, 
equation 3). Although great depths were observed near cross 
section 13 in reach 2 (figs. 19C and D), bed shear stress 
remained relatively low in these deep areas (figs. 21C and D) 
because velocities were low (figs. 20C and D). The highest 
bed shear stresses near cross section 13 occurred at high and 
out-of-bank discharges on an adjacent point bar (figs. 21C 
and D) where flow depths were shallow (figs. 19C and D) but 
where velocities were great relative to velocities in the deeper 
part of cross section 13 (figs. 20C and D). Onsite observa-
tions of the point bar near cross section 13 after the 2008 
peak discharge supported the simulated bed shear stress for 
high- and out-of-bank discharges. The point bar consisted of 
reworked gravel, whereas the adjacent pool was filled with a 
thick layer of fine, unconsolidated sediment.

Locally high bed shear stresses at 44 and 343 ft3/s were 
created by boulder structures, such as cross-vane 11.1 (figs. 4, 
6, 21A, and 21B), that were designed to converge flow paths 
and accelerate velocities (figs. 23A and B). The effects of 
these boulder structures on local bed shear stress appear to 
be diminished at higher discharges and greater flow depths 
(figs. 21C and D), although the effect on velocity appears to 
propagate downstream (fig. 23C and D). Effects of boulder 
riprap along banks in meandering sections of reach 2 were not 
evaluated; however, bank retreat in reach 1, where banks were 
not protected by riprap, was relatively minor except at cross 
section 6.

The potential for sediment mobility, or sediment entrain-
ment, is represented by sediment-transport strength (TS) in 
FaSTMECH. Simulated TS values less than 1 are indicative 
of hydraulic conditions that are insufficient for widespread 
entrainment of the streambed d50 sediment-particle size, 
whereas TS values greater than 1 are indicative of widespread 
sediment mobility of that particle size. TS values were less 
than 1 for the streambed d50 in most areas of reaches 1 and 2 
for low, middle, and high discharges, as indicated by the blue 
colors in figures 17A, B, C, and 22A, B, and C. Sediment-
transport strength conditions greater than 1 (green and yellow 
colors) developed for the out-of-bank discharge simulations in 

limited streambed areas, generally where the channel gradi-
ent was greatest (figs. 17D and 22D). The model simulations 
indicate that widespread entrainment of the streambed d50 
occurs only in isolated subreaches at discharges slightly above 
bankfull conditions in reaches 1 and 2. The finer, alternate bar 
gravels at cross sections 10 and 12 (fig. 8) are mobilized by 
lesser discharges than those needed to mobilize the coarser 
streambed gravels (simulations with bar d50 are not shown in 
this report).

Variations in TS, where mobile subreaches alternate 
with immobile subreaches, could have resulted in sediment 
redistribution, median particle-size variation, and alluvial bar 
development observed in the modeled reaches. Examples in 
Muddy Creek reach 2 include the locally deep pools down-
stream from boulder cross vanes (fig. 23), gravel accumulation 
on the upstream side of most cross vanes (fig. 6), streambed 
aggradation in previously excavated, reconfigured cross sec-
tions (figs. 11 and 12), and gravel sorting and accumulation in 
alluvial bars at cross sections 10 and 12 (fig. 8).

The small areas of potential streambed mobility 
identified by the model simulations indicate that the Muddy 
Creek channel in reaches 1 and 2 is relatively stable at 
discharges up to and slightly greater than the approximate 
“bankfull” discharge. This conclusion is supported by cross-
section surveys in 2003, 2006, and 2008 that show little or no 
geomorphic change in response to out-of-bank flood events in 
2006 and 2008 (figs. 9–12, and cross-section surveys on the 
RCMAP Web site: http://co.water.usgs.gov/projects/rcmap/
MuddyCreek/indexmuddycreek.html, accessed April 28, 2010).

Constructed boulder features in reach 2 have been moni-
tored since their installation in 2003. Riprapped banks in reach 
2 meander bends did not retreat during the monitoring period, 
as indicated by replicate surveys in 2003, 2006, and 2008 
at cross sections 8, 11, 12, and 13 (see RCMAP Web site). 
By contrast, the meander bend at cross section 15 was not 
protected with riprap and has retreated approximately 1.2 m 
since 2003.

Boulder cross vanes redirected and concentrated dis-
charge (shown by the velocity vectors at cross vane 11.1 in 
figure 23) in all simulations and created locally high shear-
stress areas in reach 2 (figs. 21A and B). Onsite observa-
tions indicated a deepening and coarsening of the streambed 
immediately downstream from the cross vanes. These con-
ditions generally favor specific aquatic organisms, such as 
salmonids and their food supply (Hickman and Raleigh, 1982; 
Raleigh and others, 1986). The cross-vane contribution to 
lateral channel stability in reach 2 could not be determined 
from the available data because cross vanes in the simulation 
reach all were constructed in conjunction with an adjacent 
riprapped bank.

The minor geomorphic changes from 2001 to 2008 in 
the reach 2 channel were comparable in scale and location 
to the minor changes in reach 1 during the same time period, 
indicating that the flow-directing boulder structures and the 
streambank riprap might not have been necessary to maintain 
the channel pattern and position in reach 2.

http://co.water.usgs.gov/projects/rcmap/MuddyCreek/indexmuddycreek.html
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Figure 19. Muddy Creek Reach 2 FaSTMECH model solutions for depth with discharge of (A) 1.25 cubic 
meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet per second), 
(C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second (968 cubic 
feet per second).
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Figure 19—Continued. Muddy Creek Reach 2 FaSTMECH model solutions for depth with discharge of 
(A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second 
(968 cubic feet per second). 
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Figure 20. Muddy Creek Reach 2 FaSTMECH model solutions for velocity with discharge of (A) 1.25 cubic 
meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet per second), 
(C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second (968 cubic 
feet per second).
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Figure 20—Continued. Muddy Creek Reach 2 FaSTMECH model solutions for velocity with discharge of 
(A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second 
(968 cubic feet per second).
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Figure 21. Muddy Creek Reach 2 FaSTMECH model solutions for bed shear stress with discharge of 
(A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second 
(968 cubic feet per second).
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Figure 21—Continued. Muddy Creek Reach 2 FaSTMECH model solutions for bed shear stress with discharge 
of (A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic 
feet per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters 
per second (968 cubic feet per second).
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Figure 22. Muddy Creek Reach 2 FaSTMECH model solutions for sediment-transport strength with discharge 
of (A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second (343 cubic feet 
per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic meters per second 
(968 cubic feet per second).
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Figure 22—Continued. Muddy Creek Reach 2 FaSTMECH model solutions for sediment-transport strength 
with discharge of (A) 1.25 cubic meters per second (44 cubic feet per second), (B) 9.71 cubic meters per second 
(343 cubic feet per second), (C) 19.7 cubic meters per second (697 cubic feet per second), and (D) 27.4 cubic 
meters per second (968 cubic feet per second).
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Figure 23. FaSTMECH model solution for Muddy Creek showing depth and velocity vectors at boulder cross 
vane near cross section 11 with discharge of (A) 1.25 cubic meters per second (44 cubic feet per second), 
(B) 9.71 cubic meters per second (343 cubic feet per second), (C) 19.7 cubic meters per second (697 cubic feet 
per second), and (D) 27.4 cubic meters per second (968 cubic feet per second).
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Figure 23—Continued. FaSTMECH model solution for Muddy Creek showing depth and velocity vectors at 
boulder cross vane near cross section 11 with discharge of (A) 1.25 cubic meters per second (44 cubic feet per 
second), (B) 9.71 cubic meters per second (343 cubic feet per second), (C) 19.7 cubic meters per second (697 cubic 
feet per second), and (D) 27.4 cubic meters per second (968 cubic feet per second).
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Summary
Muddy Creek near Kremmling, Colorado, is a regulated, 

meandering, gravel-bed stream where selected “natural-channel 
design” methods were used in 2003 in an attempt to stabilize 
a short reach of the channel and enhance aquatic habitat. This 
reconfigured reach (reach 2) and an upstream control reach 
where no channel modifications were performed (reach 1) were 
analyzed during 2001–2008 as part of the USGS Reconfigured 
Channel Monitoring and Assessment Program (RCMAP). 
The Muddy Creek monitoring program was conducted by the 
U.S. Geological Survey from 2001 to 2008, in cooperation with 
the Colorado River Water Conservation District, and the stream-
flow modeling and analysis were conducted in 2008 in coopera-
tion with the Colorado River Water Conservation District and 
the Colorado Water Conservation Board.

The goals of the Muddy Creek study were to (1) moni-
tor and quantify geomorphic changes in Muddy Creek related 
to controlled streamflow releases from an upstream reservoir, 
(2) compare geomorphic changes in a reach that was recon-
figured using the natural-channel design approach (reach 2) 
with changes in an unaltered control reach (reach 1), and 
(3) simulate hydraulic conditions in both reaches for a range 
of discharges and examine the function of natural-channel 
design boulder structures in a meandering gravel-bed stream. 
The purpose of this report is to describe geomorphic charac-
teristics, simulations of hydraulic conditions, and potential 
for geomorphic changes in the unaltered (control) reach and 
nearby reconfigured reach of Muddy Creek.

Streamflow in Muddy Creek has been regulated by Wolford 
Mountain Reservoir since 1995. Annual peak discharges ranged 
from 217 to 968 ft3/s during the monitoring period. A reference 
bankfull discharge was not determined for the monitoring reaches 
because the flow is regulated; however, the annual flood peaks in 
2006 (917 ft3/s) and 2008 (968 ft3/s) were well above relict bank 
and point-bar surfaces that likely were established before 1995.

Reconfiguration activities in 2003 that altered the chan-
nel in reach 2 included excavating and lowering the streambed 
in some locations, constructing flow-directing “cross-vanes,” 
“rock vanes,” and boulder clusters in several places, installing 
boulder riprap and log crib work along the concave streambanks 
of some meander bends, and decreasing the banks from nearly 
vertical to a lesser angle by regrading. The channel pattern 
(sinuosity, meander radius of curvature, meander wavelength, 
and channel alignment) was not altered.

Standard geomorphic methods were used to quantify and 
monitor channel cross-section and sediment-size character-
istics periodically, and these measurements were augmented 
with oblique photography from monumented locations. Minor 
changes in channel geometry at monitored cross sections were 
measured between 2001 and 2008 in the control reach and 
between 2003 and 2008 in the reconfigured reach. Exceptions 
to this observation included approximately 2.5 m of lateral ero-
sion in a meander bend at cross section 6 and lateral erosion of 
an alluvial fan forming a vertical scarp between cross sections 
4 and 5 in the control reach. Also, some streambed locations 

in reach 2, excavated during reconfiguration, have aggraded 
to their former elevations, and alluvial-bar gravel might have 
become better sorted and winnowed of sand-size sediment. 
Replicate cross-section plots, sediment-size distribution plots, 
and photographs from the Muddy Creek study area can be 
viewed on the RCMAP Web site: http://co.water.usgs.gov/
projects/rcmap/MuddyCreek/indexmuddycreek.html (accessed 
April 28, 2010). Water-surface elevations were surveyed for 
multiple discharges in 2008, including the annual peak. Cor-
responding discharges were determined from a nearby USGS 
streamflow-gaging station (09041400 Muddy Creek below 
Wolford Mountain Reservoir near Kremmling, Colorado) and 
from rating curves developed with acoustic Doppler current 
profiler (ADCP) and acoustic Doppler velocity meter (ADVM) 
measurements in reaches 1 and 2.

Multidimensional streamflow modeling was used to 
evaluate the hydraulic conditions of Muddy Creek in reaches 1 
and 2 and to provide insight to geomorphic changes observed 
since 2001. Application of the USGS MD_SWMS framework 
and FaSTMECH computational models to Muddy Creek also 
provided an opportunity to gain insight and understanding of 
the hydraulic conditions in a previously unsimulated fluvial 
setting, that of a reconfigured channel fitted with flow-directing 
boulder structures commonly used in the “natural-channel 
design” approach.

The computational streamflow models were calibrated with 
surveyed water-surface elevations and the corresponding dis-
charges measured in the two modeled reaches for low, medium, 
high, and out-of-bank discharges. Discharge simulations pro-
duced 2-dimensional solutions for flow depth, velocity, bed shear 
stress, and sediment-transport strength. Modeled areas of high 
bed shear stress in each discharge simulation generally occurred 
in areas of the greatest depth and velocity, such as in meander 
bends (where depths were greater) and in steeper gradient areas 
(where velocities were greater).

The transport strength solution represented the potential 
for sediment entrainment and transport but did not simulate the 
cumulative effects of streambed evolution over time. Simulated 
sediment transport strength indicated that widespread entrainment 
of the streambed median particle size likely will occur only in iso-
lated subreaches at discharges slightly above bankfull conditions 
in reaches 1 and 2. Finer grained, alternate bar gravels at cross 
sections 10 and 12, are mobilized by lesser discharges than those 
needed to mobilize the coarser gravels and cobbles that compose 
the streambed elsewhere. Onsite observations after the 2008 peak 
discharge generally supported model simulations indicating sedi-
ment mobility in small areas predominantly at high and out-of-
bank discharges. The small areas of potential streambed mobility 
identified by model simulations indicate that the Muddy Creek 
channel in reaches 1 and 2 is relatively stable at discharges up to 
and slightly greater than the approximate “bankfull” discharge.

Boulder cross vanes of the type used in “natural-channel 
design” reconfiguration projects redirected and concentrated dis-
charge at all simulated discharges and created locally high shear-
stress areas in reach 2. However, the boulder structures’ contribu-
tion to channel stability in reach 2 could not be determined from 
the available data. The minor channel geomorphic changes from 
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2001 to 2008 in reach 2 were comparable to the minor changes in 
reach 1 during the same time period, indicating that these boulder 
structures might not have been necessary to maintain the channel 
pattern and position of Muddy Creek in reach 2.
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