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FLUSHING FLOW REQUIREMENTS OF 

MOUNTAIN STREAM CHANNELS 

ABSTRACT 

Maintenance of instream fisheries habitat downstream of water develop- 

ment projects has long been recognized as environmentally desirable. 

recently, concern has focused on the need for and the determination of 

flushing or channel maintenance flow releases. These high magnitude, short 

duration streamflow releases may mimic the natural runoff hydrograph and main- 

tain channel conveyance capacity and spawning and rearing habitats for fish. 

Increasing interest in transbasin water diversion in the Central Rocky 

Mountain Region has focused attention on the flushing flow requirements of 

steep, rough mountain channels. My objectives were to describe the historic 

response of such channel types to flow depletion, evaluate sediment dynamics 

within discrete habitat types, and develop criteria for flushing flow deter- 

mi nation. 

More 

A comparison of hydraul ic geometry and channel morphology above and 

below diversion structures on different channel types indicated that low 

gradient (< 1.5 percent) reaches responded to flow depletion by significantly 

reducing their depth, area and conveyance capacity. Regression equations were 

developed to estimate these responses. Steeper gradient reaches (> 1.5 

percent) maintained channel dimensions over extended time periods and are not 

as critical from the standpoint o f  flushing flow. 

Investigations of bed material and sediment transport characteristics at 

nine study reaches on four mountain streams indicated very low gradient pools 

(< 0.30 percent) are the critical habitat type for flushing flow studies. 

Within these habitats, analysis of bedload transport relations indicated that 

a threshold o f  flushing is reached at flows of about 12 times the average 

annual discharge, above which net pool scour occurs. Flushing flows should 



exceed this threshold for a duration dependent on the transport differential 

entering and exiting the pools during intermediate and low flow events. 

multiple regression model incorporating stream power, channel shape, bed 

material characteristics, and basin erodibility was developed to aid in 

predicting this bedload transport differential. To maintain spawning gravel 

recruitment through these steep, rough channels, a flow event in the range of 

the peak flood having a five-year recurrence interval appears to be required. 

A 
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CHAPTER ONE 

INTRO DUCT1 0 N 

The maintenance of suitable instream habitat downstream of water development projects in 

the western United States is recognized as environmentally desirable (Wesche and Rechard, 1 980). 

While "minimum" flow releases for fisheries are becoming more commonplace (Reiser e t  al, 1989), 

one topic being actively debated by water development interests and resource management 

agencies is the determination of channel maintenance or flushing flow requirements (Reiser et  al, 

1987). Such instream flows may mimic the natural spring snowmelt runoff hydrograph in the 

Central Rocky Mountain region, maintain conveyance capacity of stream channels by reducing 

aggradation and riparian encroachment (Rosgen et al, 1 9861, and preserve spawning, incubation 

and rearing habitats for fish populations. 

Given the quantities of project water typically requested for channel maintenance purposes, 

two basic questions have been raised. First, do different channel types physically respond to 

streamflow depletion a t  similar rates? If they respond differently, the magnitude and duration of 

flushing flow requirements may vary by channel type. Such information would aid in the 

identification of critical reaches for future channel maintenance flow studies. Second, can 

hydrologic thresholds be identified for different channel and habitat types which provide guidance 

for the determination of flushing flow regimes? From a management perspective the study of 

fluvial processes is inherently time and cost intensive and such thresholds could serve as criteria for 

the establishment of maintenance flows, thereby reducing the need for more detailed 

investigations. 

To address the two questions stated above, the goais of this research have been to: 1) 

determine the need for flushing flow releases on relatively steep, rough mountain stream channels; 
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and, 2) develop criteria upon which a methodology can be based for determining the proper 

magnitude and duration of such releases. The need for this research has been magnified by the 

State of Wyoming's plan for large scale water development of mountain watersheds by transbasin 

diversion. To achieve these goals, specific objectives have been to: 

1. Evaluate the need for flushing flow releases by stream channel type by describing 

and comparing the physical response of mountain stream channels in the Central 

Rocky Mountain region to flow depletion; 

Evaluate relative transport capabilities through discrete habitat types and provide 

insight regarding maintenance flow requirements by describing sediment transport 

and storage processes, both temporally and spatially, through steep, rough 

mountain channels under conditions of limited to abundant sediment supplies; 

Develop a bedload transport model, based upon an extensive field sampling 

program, applicable to the determination of flushing flow regimes for mountain 

stream channels. 

2. 

3. 

In the chapters which follow, the subheading "Stream Channel Response" refers to 

research activities and results related to Objective 1 . Likewise, the subheading "Sediment 

Dynamics" will refer to research pertaining to Objectives 2 and 3. 



CHAPTER TWO 

GOVERNING PRINCIPLES AND RELATED RESEARCH 

The investigation of flushing flow requirements for mountain stream channels is an 

interdisciplinary exercise. A synthesis of knowledge in the physical and biological sciences is required 

to approach the problem. Disciplines involved include not only hydrology, hydraulics and 

sedimentology, but also geomorphology, fisheries biology and botany. Given the breadth of these 

disciplines, this review will focus on the specific research objectives. For a more thorough discussion 

of the broader topics and a review of current methods used for flushing flow determination, the reader 

is directed to Reiser, Ramey, and Wesche (1 989). 

Stream Channel ResDonse 

Climate, geology, soils, land use and vegetation combine to determine the hydrologic and 

sediment regimes of rivers (Morisawa and Laflure, 1979). Correspondingly, the nature and quantity of 

the sediment and water conveyed largely determine the morphology of stable alluvial channels 

(Schumm, 1977). As river channels adjust to prevailing rates of water and sediment transport over 

time, an equilibrium condition can be reached between available energy and sediment load under the 

specific environmental conditions of a watershed. This state of equilibrium, however, does not imply 

a static condition. Rivers are constantly adjusting to seasonal and annual variations in water discharge 

and sediment load. Such adjustments are not aiways continuous but can occur in a complex manner 

after a threshold is reached (Schumm, 1977). While long-term changes in climate, geology, soiis and 

vegetation will ultimately affect channel dimensions, perturbations such as floods or alterations in land 

use can accelerate the adjustment process (Patrick et al, 1981). 

The state of equilibrium in river channels has been defined variously as dynamic equilibrium, 
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quasi-equilibrium, graded, regime, and steady state (Richards, 1 982). All such equilibrium concepts 

imply a balance between a river's transport capacity and the sediment supplied to it. Quasi-equilibrium 

has been defined as follows (Andrews, 1986): 

"Alluvial channels adjust over a period of years, so that the sediment supplied to the channel 
is transported with the available discharge. When there is no net accumulation or depletion of sediment 
in the bed, banks, or flood plain, the average hydraulic characteristics width, depth, velocity, 
roughness, slope, and channel pattern, through a reach of channel a t  a given discharge, will be nearly 
constant. Such river channels are in quasi-equilibrium. " 

Lane ( 1 955) presented the following qualitative relationship to illustrate the principle of channel 

equilibrium: 

where, q, is the unit bedload discharge; dm is mean sediment size; Qw is water discharge; and, S is 

slope of the channel bed. While Lane's relation is not dimensionally correct (the specific weight of 

water (lbs/h3) should be included on the right side of the proportionality), it does point out that a 

change in one variable in the proportionality requires an adjustment in one or more of the other ' 

variables to re-establish equilibrium. For example, if streamflow is decreased, the stream power ( a s )  

available for sediment transport is reduced. To maintain equilibrium and prevent aggradation, either 

channel slope must increase and/or sediment load and/or particle size must be reduced. This assumes 

the channel is alluvial and the system is energy limited. 

Expanding upon Lane's relationship, Schumm ( 1 969) developed the following proportionalities 

for Q, and q, based on quantitative relations developed for stable alluvial rivers in semiarid and 

subhumid regions: 

- W. d, L 
S 

and 

where, w is bankfull channel width; d is bankfull channel depth; L is meander wavelength; and, p is 

sinuosity. 

Combining these relations, Schumm (1 969) was able to qualitatively illustrate how an alluvial 
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river may adjust t o  achieve a new equilibrium when streamflow and sediment load are altered from 

their previous levels. 

The response of fluvial systems t o  various forms of river regulation has been documented by 

several researchers. Reduced channel capacity is a common adjustment to  f low depletion. Williams 

(1 978) documented the reduction in channel size of the North Platte and Platte Rivers in Nebraska in 

response t o  decreases in water discharge caused by dams and diversions. Average annual peak f low 

was reduced t o  10 t o  20 percent of pre-regulation conditions. As a result, channel width of the Platte 

near Grand Island decreased from 3400 to  870 ft from the late 1800's to 1962. Bray and Kellerhals 

(1 979) reported reduced channel capacity in the Peace River, Canada resulting from an estimated 

210,000 cfs reduction in spring flows. Also, because the tributary inflow of sediment has been 

unchanged, the mainstem is aggrading at major confluences. Gregory and Park (1  976) documented 

a 54 percent reduction in channel capacity on the River Tone, England, below the Clatworthy 

Reservoir. This reduction persisted for 6.8 miles downstream to  the point where the contributing 

watershed area was at least four times that of the area draining into the reservoir. Huang (1 977) 

examined changes in channel geometry and capacity due to dams on seven alluviai rivers in Kansas. 

He concluded the streams below the dams tended to  be narrower and deeper due to  degradation and 

increased channel roughness. Channel capacity tended to increase a t  sections near the dams due to  

reduced sediment loads, and to  decrease a t  sections below the degradation. 

Our ability t o  predict change based on the degree of flow regime alteration is limited (Simons 

and Milhous, 1981 1. Several quantitative approaches have been developed t o  describe the geomorphic 

processes that form stream channels and to  estimate the degree of morphologic adjustment that may 

occur due to  a given streamflow alteration. These approaches can be grouped into four categories, 

including physical models, mathematical models, sediment mass balance, and hydrauiic geometry and 

formative discharge relations (Platte River Hydrology Work Group, 1989). Each of these methods 

attempts t o  quantify interactions between channel shape, streamflow regime and sediment transport. 

While increasing attention is being given the first three approaches, this study has focused on the 

latter, hydraulic geometry and formative discharge. 
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Channel shaping occurs over a range of streamflows, the magnitude and duration of which are 

dependent on watershed factors and the temporal distribution of discharge. Channel dimensions are 

altered by erosion and deposition until the flow regime can be accommodated by the channel. The 

concept of formative discharge can be described as an index of these channel shaping flows and is 

typically represented by one of two quantifiable flow levels, the bankfull discharge or the effective 

discharge. Bankfull discharge is the flow at which water just begins to overtop the streambanks 

(Leopold e t  al, 1964). Wolman and Miller (1 960) observed that the bankfull discharge for sand bed 

channels appeared to dominate the channel formation process, having a suitable combination of 

magnitude and frequency of occurrence to control channel dimensions. The 1 &year return interval 

discharge calculated from the annual peak flow series has often been used as an estimator of bankfull 

discharge, although considerable variation has been observed due primarily to gradient and geology 

(Wolman and Leopold, 1957; Williams, 1978). 

The concept of effective discharge was first developed by Wolman and Miller (1 960) and 

further defined by Andrews (1 980). While large flood events are characterized by high sediment 

transport rates, their low frequency of occurrence limits their role in total sediment transport over the 

long term. As shown in Figure 1, intermediate discharges having a greater frequency of occurrence 

carry the largest portion of the sediment load despite their lower transport rates. This modal sediment 

transporting discharge that represents the range of discharges which carry the largest part of the load 

is the effective discharge. Andrews (1 980) studied gravel-cobble bed streams in Colorado and 

Wyoming and found that the computed effective discharges had recurrence intervals ranging from 

1.1 8 to 3.26 years. 

Hydraulic geometry can be defined as a set of empirical models, first devised by Leopold and 

Maddock (1 9531, which provides a quantitative description of stream behavior either a t  a particular 

cross-section, along a particular stream, or among similar streams (Knighton, 1 977). Simple power 

functions are considered to be a suitable expression of the relations between dependent variables such 

as width (w), depth (d), and velocity (v), and discharge (Q). These equations take the form: 
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figure 1. Definition of effective discharge. Relations between discharge and A) 
sediment transport rate; 6) frequency of occurrence; and C) product 
of frequency and transport rate. (from Andrews, 1980; after 
Wolman and Miller, 1960). 
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w = aQb 

d = cQ' 

v = kQm 

As discharge is the product of width, depth, and velocity, from continuity it follows that the sum of 

the exponents and the product of the coefficients should equal 1 .O. 

Hydraulic geometry developed at  a particular cross-section over a range of discharges is 

referred to as "at-a-station", while relations along a particular stream or between a group of 

streams are called "downstream" hydraulic geometry. For this latter type, the independent variable 

0 can be defined as the average annual discharge, bankfull discharge, the effective discharge, or 

some other estimate of formative discharge. 

Hydraulic geometry has been developed for numerous alluvial streams worldwide. Park 

(1 977) found considerable variation among exponents from streams of diverse climatic, 

physiographic and geologic environments, leading him to conclude equations of universal 

applicability were likely not feasible. Kellerhals (1 9821 suggested the best method to predict new 

channel dimensions following flow depletion was to investigate similar streams that experienced 

similar impacts. Likewise, Bovee (1 982) proposed the use of hydraulic geometry relations 

developed from similar streams to evaluate potential channel adjustments resulting from river 

regulation. The research undertaken for this project is based upon these conclusions and 

suggestions, as well as the lack of such information in the literature regarding steep, rough 

mountain stream channels. 

Sediment Ovnamics 

Two opposing forces interact to affect the motion of a sediment particle on a stream bed. 

These are the applied force resulting from the hydrodynamics of the flow (including the drag force 

in the direction of the flow and the lift force normal to the flow) and the resisting force associated 

with the submerged weight of the particle. If the applied forces exceed the resistance, the particle 
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is entrained. At the threshold of motion, the applied and resisting forces are in balance. 

The threshold of motion for sediment particles has been studied by numerous investigators 

since the 18th century. Research into threshold conditions has focused on two hydraulic 

properties of the streamflow, the critical mean velocity and the critical shear stress (tractive force). 

The critical velocity, often referred to as the permissible velocity, is defined as the maximum mean 

velocity of a channel that will not cause erosion of the channel boundary (Chang, 1988). Fortier 

and Scobey (1 926) published maximum permissible velocities for straight, low gradient canals 

having various boundary material compositions, while the ASCE Task Committee (1 967) developed 

graphical relations summarizing these data as weil as the work of Hjulstrom (1 935). Lane (1 955) 

presented correction factors which can be applied when water depths are less than 1 .O meter. 

The critical shear stress approach has received more attention from researchers than the 

critical velocity approach. Shields (1 936) was the first to quantitatively define the critical shear 

stress required for the entrainment of sediment particles. Under this approach, the hydrodynamic 

forces acting on a particle are equated with the force acting to keep the particle a t  rest. The 

controlling equation for the resisting force takes the form: 

re = W, - vw)d, 

while the equation for the hydrodynamic forces is: 

r, = ywRS, where; 

re = critical shear a t  incipient motion (Ibs/f??) 

T, = shear stress acting on channel bed (Ibs/v) 

y = specific weights of sediment (s) and water (w) (lbs/w) 

R = hydraulic radius of the stream cross-section (ft) 

S = energy slope (ft/ft) 

d, = particle size (ft) 

K = Shields' parameter or dimensionless shear stress. 

The constant K in the above equation is the dimensionless shear stress a t  incipient motion and is 

commonly referred to as the Shields' parameter. This assumes that the inertial forces are large in 
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relation to the viscous forces, such as encountered in natural streams having fully turbulent flow 

(high Reynolds numbers). K is not a constant for relatively high viscous forces (low Reynolds 

number). The often-used Shields diagram, as presented by Chang (1 9881, illustrates this variation 

of K. Shields (1 936) reported a constant value of 0.06 for K under hydrodynamically rough surface 

conditions such as encountered in gravel bed streams. This value, however, was developed using 

uniform bed particles. More recent research has tended to support somewhat lower K values when 

non-uniform grain size distributions have been studied (Shen and Lu, 1983; Odgaard, 1984). This 

reduction has been attributed to increased turbulence a t  the streambed associated with the largest 

particles present. Andrews (1983, reported a K value of 0.033 based on studies of 24 alluvial 

gravel-bed rivers in Colorado, while Milhous and Bradley (1 986) suggested a Shields' parameter of 

0.035 for gravel-bed mobilization to release trapped fine sediments. 

Sediment transport in streams is an important aspect of fluvial processes not only from the 

standpoint of river morphology and adjustment, but also for fisheries habitat. The quantity of 

sediment transported is related to the factors which control the supply of sediment as well as the 

factors which determine the carrying capacity of the stream. The former include land use in the 

watershed, vegetative cover, soil conditions, streambank stability, and precipitation characteristics, 

while the latter factors include discharge, slope, sediment size and particle size distribution. The 

sediment load in a stream is commonly categorized by the mode of transport. "Bedload" is defined 

as that part of the load moving on or near the streambed by rolling, saltation or sliding. The 

"suspended load", by definition, moves in suspension in the water column. That portion of the 

combined bedload and suspended load contributed by the channel boundary is termed the "bed- 

material load" (Chang, 1988). 

The field measurement of sediment discharge is a tedious, time-consuming exercise. 

Despite careful site selection and rigorous application of technique, results are often plagued by 

inherent spatial and temporal variability, both natural and procedural. Leopold (1 962) stated that 

the portion of the total load moving as bedload still could not be measured satisfactorily in real 

rivers under field conditions. Since the time of Leapold's statement, while considerable 
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experimentation and calibration research has led to the development of the Helley-Smith sampler 

(Emmett, 19801, the sampling of bedload remains a difficult operation requiring experienced 

operators to obtain reliable results (Chang, 1 988). 

Given the inherent problems associated with direct measurement of sediment discharge, 

numerous prediction models have been developed. In general, these formulae have been derived 

for noncohesive sediments under steady, uniform flow conditions and have relied upon empirical 

relations developed under flume and field conditions. Chang (1 988) classifies sediment transport 

formulae into three categories based upon the underlying hydrodynamic approach (shear stress, 

stream power, parametric) and the portion of the load considered (bedload, suspended load, bed- 

material load). 

A recent review of the literature indicated that of the numerous sediment transport models 

developed, only two have received somewhat widespread usage for flushing flow analysis (Reiser, 

et al, 1989). These are the Meyer-Peter and Muller (1 948) and the Parker, et al, (1 982) formulae. 

Both models rely on a shear stress approach to predict bedload transport in gravel-bed streams. 

Results with both have varied widely. 

The Meyer-Peter and Muller formula was developed on the basis of flume experiments using 

mixed and uniform sand particfes, natural gravels, coal particles, and barite particles having a 

specific gravity above 4. Sediment sizes ranged from 0.02 to 1.2 inches (0.5-30mm). The 

relationship was based on the assumption that the sediment transport process is governed by the 

same parameters that govern incipient motion. The original form of the equation is: 

( Q+,/Q) y, (KJKJ 312R S = ,047 ( y,- yw )dm + .2 5 ( yw /g ) 113q,2m 

where, 

0 = water discharge (ff/s) 

Q, = water discharge determining the bedload transport rate (fP/s) 

y, = specific weight of water (Ibs/ft3) 

y, = specific weight of the sediment (Ibs/ft3) 

KJK, = ratio of total bed shear utilized in mobilization 

! 

i 
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R = hydraulic radius (ft) 

S = energy slope (ft/ft) 

d, = mean diameter of the sediment (ft) 

g = gravitational constant (32.2 ft/s2) 

q, = bedload transport rate in submerged weight/time/width. 

K, is the Manning‘s n value, calculated from the velocity, hydraulic radius and slope of the channel, 

while K, is determined from the Strickler equation: 

K, = .034 doo’I6 

where dw is the bed particle size (ft) of which 90 percent by weight is finer. 

For practical application, the Meyer-Peter and Muller formula is often transformed to the 

following equation: 

qb = 8/plt2(TO - 
where, p is the fluid density, T, is the actual bed shear stress for flow conditions, and T, is the 

critical shear stress. 

The latter equation is in the form of many sediment transport functions which express the 

transport rate as a function of the excess shear stress on the channel boundary. Although the 

Meyer-Peter and Muller formula is often applied in gravel bed rivers, several investigators have 

reported poor agreement between predicted and observed transport rates for channel slopes above 

0.001 (Parker et al, 1982; Simon and Senturk, 1977). Doehring and Ethridge (1  978) concluded 

that traditional bedload formulae such as the Meyer-Peter and Muller equation may be undesirable 

for use in high energyhteep slope/limited sediment supply environments such as the mountain 

streams of the Northern Colorado Front Range. 

Parker ( 1  978; 1 979) developed a bedload transport formula which pertains specifically to 

gravel and coarser bed streams. Using 278 experimental and field data sets from an Oregon 

stream, Parker fit the data to the following relation: 

q* = (1 1 . 2 ) [ ( T *  - .03)/T’3]4*6 

where: 

. .  
. . .  

. .  . .  . _  
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= q/[d6"R'd60)''~1 

R' = submerged specific gravity of sediment (1.65) 4 

dso = grain size for which 50% is finer by weight 

q = volumetric bed load discharge per unit width 

r* = Shields' parameter = r/(pR'd,,). 

Although the Parker equation is relatively new and has not received widespread use, it does have 

the advantage of being specifically derived for gravekobble bed streams and is based on field 

data. 

Several studies have recently compared the predictions of sediment transport formulae with 

observed data (Alonso, 1 980; Brownlie, 1981 ; Yang, 1 986). Gomez and Church (1 989), based 

upon the results of testing 12 bedload transport equations including the Parker and the Meyer-Peter 

and Muller models, concluded that none of the studied formulae is capable of generally predicting 

bedioad transport in gravel bed rivers. Following a review of similar analyses, Chang (1 988) 

concluded that due to the enormous uncertainties (e.g ., hydrologic, geologic) of sediment 

transport, it is difficult to recommend any one equation for universal application. The user must 

clearly understand basic assumptions and physical limitations, and calibrate any selected equation 

with field data from the site of application. This need for calibration is the basis for this study. 



CHAPTER THREE 

DESCRIPTION OF STUDY AREA 

Bia Sandstone Creek Watershed 

The Big Sandstone Creek drainage was selected for study due to its natural, undeveloped 

character and its importance for future water development. Located on the west slope of the 

Sierra Madre Mountains of south-central Wyoming in the Upper Little Snake River watershed 

(Figure 2), Big Sandstone Creek has been considered for development under the proposed Fish 

Creek Collector System. Three stream reaches were selected for study: 1)  the North Fork of Big 

Sandstone Creek (NFBSC) near the proposed diversion; 2) the South Fork of Big Sandstone Creek 

(SFBSC) near the proposed diversion; and, 3) Big Sandstone Creek proper (BSC) immediately below 

the confluence of the North Fork and the South Fork. The relative locations of the three reaches 

are shown on Figure 3, while Figure 4 presents a typical view of BSC during spring snowmelt 

runoff. 

The North Fork study reach is located at an elevation of approximately 8660 feet above 

mean sea level (msl) in the north west quarter of Section 12, T14N, R87W. This forested 

watershed encompasses 2.28 sq. miles and has a mean basin elevation of 9520 feet. Average 

annual flow is estimated to be 3.6 cubic feet per second (cfs), while the gradient of the reach is 

2.8 percent. 

The South Fork study reach is located in the southwest quarter of Section 12, T14N, R87W 

at an elevation of approximately 8650 feet above msl. This watershed encompasses 2.95 sq. 

miles and has a mean basin elevation of 9540 feet. Average annual flow is estimated to  be 3.9 

cfs, while the gradient of the reach is approximately 3.4 percent. 

The Big Sandstone study reach is located 1200 feet below the confluence of the North and 
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Figure 2. Location map of the upper Little Snake River research area. 
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Figure 3. Location map of the three study reaches in the Big Sandstone Creek 
watershed. 
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Figure 4. Typical views of Big Sandstone Creek (upper photo) and North Fork 
of the Linte Snake River (lower photo) during snowmelt runoff. 

t 
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South Forks at  an elevation of approximately 8530 feet above msl in the northeast quarter of 

Section 1 1, T14N, R87W. At this location, Big Sandstone Creek drains 6.08 sq. miles and has a 

mean basin elevation of 9455 feet. Average annual flow is estimated to be 9.6 cfs, while the 

gradient of the reach is 1.6 percent. 

Game fish populations in the Big Sandstone Creek study reaches are presently 

predominated by brook trout (Salvelinus fontinalis). Historically these streams served as important 

habitats for the Colorado River cutthroat trout (Oncorhvnchus clarki pleuriticus Cope). 

Nonh Fork Little Snake River Watershed 

The North Fork of the Little Snake River (NFLS) is a steep, rough, regulated tributary of the 

Little Snake River located in the Green River sub-basin of the Colorado River basin in southwest and 

south-central Wyoming (Figure 2). The headwaters of the North Fork rise on the west slope of the 

Continental Divide a t  an elevation of 10,000 ft. and flow southwesterly 12 miles to the confluence 

with the Little Snake River at an elevation of 7,000 ft. Average gradient is 4.6 percent. A United 

States Geological Survey (U.S.G.S.) streamflow gaging station (#09251800) located 1.10 miles 

below the study area was in operation from 1957 to 1965 and recorded a maximum discharge of 

51 5 cubic feet per second (cfs) on June 7, 1957. Average discharge over the period of record was 

26 cfs. Prior to initial water diversion in the mid-1 960's, the North Fork hydrograph was typical of 

unregulated mountain streams in the Central Rocky Mountain region, with the majority of runoff 

occurring in the May to late-June period, the result of melting snowpack. 

The North Fork and its tributaries support the largest known, essentially-pure, naturaily- 

reproducing endemic population of Colorado River cutthroat trout (Binns, 1977). For this reason, 

management of the population is a high priority for the Wyoming Game and Fish Department. 

Transbasin diversion of water from the North Fork drainage has occurred since 1964 when 

the City of Cheyenne, Wyoming completed Stage I of its water development program. 

Approximately 8,000 acre-feet per year have been diverted (Banner Associates, Inc., 1 976). 

During 1983, construction began on Stage I I  collection facilities. When completed, a total of 
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23,000 acre-feet per year will be conveyed from the upper Little Snake drainage to the east slope 

of the Continental Divide (U.S.D.A., Forest Service, 1981 1. . 

The study area on the North Fork is located in Sections 26, 27, 33 and 34, of Township 13 

North, Range 85 West within the boundaries of Medicine Bow National Forest. Within the study 

reach of 2.0 miles, construction of a bridge and pipeline crossing was underway in the late summer 

of 1984 when heavy rains precipitated the sediment spill that led to the initiation of this study. 

Average gradient through this area is 4.2 percent and the predominant natural substrate is 

boulders, cobbles and gravels. Wesche, et al. (1 977) reported a mid-July 1976 water temperature 

range of 55 to 63OF, a total alkalinity range of 25 to 32 mg/l, a pH of 7.1, and clear water 

conditions for this section of the North Fork. lnstream flow recommendations developed by 

Wesche et  al. (1 977) called for a minimum flow of 3.0 cfs or the natural flow, whichever is less, 

and a three-day annual release of 60 cfs for flushing purposes during the spring runoff period. 

Seven study reaches were sampled within the NFLS study area (Figure 5). Reach 0, the 

uppermost reach at an elevation of 8960 ft, was located just upstream from the diversion 

structure, while Reach 6 served as the lowermost study site at  an elevation of 851 5 ft. A typical 

view of the NFLS during spring runoff is presented in Figure 4. 
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NORTH FORK LITTLE SNAKE RIVER 
FLUSHING FLOW STUDY AREA 

Figure 5. Location map of the North Fork tittle Snake River study reaches. 



CHAPTER FOUR 

METHODS 

Stream Channel Resnonse 

Preliminary mountain study stream selection was based on the presence of water diversion 

structures and the availability of streamflow and/or diversion records. Final selection was made in 

the field to assure that localized land use (e.g., highway construction, channelization, timbering) 

had not directly affected channel morphology. The study reach on each stream consisted of two 

study sites, one immediately above and one immediately below a diversion structure. Sites 

generally ranged from five to  seven channel widths in length and were located in straight stream 

sections. 

Oata were collected along ten equally spaced cross-sections at each study site and 

included mean bankfull width and depth, and channel slope. Based on these field data, bankfuli 

cross-sectional area, conveyance capacity and width-depth ratio were calculated for each site. 

Conveyance capacity was determined by the slope-area method described by Dalrymple and 

Benson (1 968). Density and species composition of the riparian zone vegetation were also 

recorded. Each stream reach was classified by channel type as an A (slope > 4%), B (slope 1.5 to 

4961, or c (slope < 1.5%) following Rosgen (1 985). 

The hydrologic record for each study reach was developed by one of two methods. For 

those study reaches where suitable streamflow records were available, flood frequency analysis 

using the log-Pearson Type 111 method (Linsley et  al, 1975) was performed to  determine the peak 

discharge having a recurrence interval of two years. This discharge, termed QP2, is often 

considered to be an indicator of channel forming flow based upon its magnitude and availability. 

Qz was also selected because for reaches where flow records were unavailable, the basin 
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characteristics method of Lowham (1 976) could be applied. This method is widely accepted in 

Wyoming and predicts only peak flood events. Diversion records, provided by the Wyoming State 

Engineer’s Office, the Denver Water Board, and the C i v  of Cheyenne, were analyzed to determine 

the percent of flow reduction experienced at the downstream site within each reach. 

Following preliminary analysis of the mountain stream reaches, additional low gradient (C 

type channel) reaches on several foothill and basin streams in Wyoming were selected for study 

and measured. Measurements made were the same as for the mountain streams. Where larger 

diversion structures were present, measurements were made a t  sites immediately upstream and 

downstream. Where numerous small diversions were present through a longer reach, sites were 

selected beginning at the upper end of the reach and progressed downstream to assess cumulative 

effects of flow depletion. 

Sediment OvnamicS 

Big Sandstone Creek 

The three Big Sandstone Creek study reaches were selected in early July 1986 based upon 

1 ) their representation of general channel geometry, hydrologic, hydraulic, and sediment 

characteristics, 2) their location in relation to the proposed diversion system, 3) the presence of a 

diversity of fish habitat types, and 4) the absence of significant land use effects. 

Hydrology 

Two recording streamflow gaging stations were installed during early July, 1986, one at 

the North Fork study reach and one on the South Fork. Each station consisted of a stilling well 

constructed from perforated plastic pipe, a Leopold and Stevens Type F water stage recorder, a 

steel recorder platform and an outside staff gage. A rating curve for each gage station was 

developed following standard U.S. Geological Survey procedures (Buchanan and Somers, 1 969). 

The gage stations were operated from July to September, 1986; April to September, 1987; and 

May through June, 1988. No attempt was made to operate the stations through the winter 
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months due to their remote locations. A staff gage was installed a t  a rated cross-section in the Big 

Sandstone reach and daily records were developed by corretation analysis with the recording 

stations. All streamflow records are entered onto the Water Resources Data System (WRDS) 

maintained by the Wyoming Water Research Center at the University of Wyoming. 

As no long-term streamgage records are available for Big Sandstone Creek, it was 

necessary to estimate the average annual discharge (Q,) at  each reach following the procedures of 

Lowham (1 976). Application of the channel geometry method resulted in exceptionally high 

estimates while the basin characteristics estimates were felt to be too low based upon our limited 

gage record. As a result, the two estimates for each reach were averaged. As these average 

values agreed quite closely with the model estimates of average annual flow reported by Stone and 

Webster (1 986), they were selected for use. 

Hydraulic Geometry 

Four cross-channel transects were established in the North Fork and South Fork study 

reaches to evaluate hydraulic characteristics over a wide range of streamflow conditions. Five 

such transects were established at the Big Sandstone reach. Measurements of water depth and 

mean velocity were made at approximately 20 locations along each transect a t  a series of low, 

moderate and high discharges. These data, in conjunction with measurements of top width (W), 

were then used to develop power function relationships with stream discharge (a) for the 

following hydraulic variables: 

D (mean water depth, feet) 

V (mean water velocity, Wsec) 

W (wetted top width, feet) 

W/D (width to depth ratio, Wft) 

All mean velocity measurements were made at 0.6 of depth with Marsh-Birney current meters. 

Water surface slope was measured with a surveyor’s level and rod over each transect for a range 

of flow conditions. 
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Sediment 

The primary sampling units for sediment transport and storage were the 13 transects 

described above. Suspended sediment samples were taken with USDH-48 samplers using the 

Equal Transit Rate (ETR) technique described by Guy and Norman (1970). Bedload transport was 

measured using a Helley-Smith sampler, with each sample being composed of a t  least 20 

subsamples, each of one minute duration. While sediment transport samples were taken a t  each 

transect over a range of discharges and locations on the runoff hydrograph during the spring and 

summer of 1987 and 1988, sampling emphasis was focused on the uppermost and lowermost 

transects in each reach to attempt to define sediment import and export from a reach perspective. 

The particle size distribution of stored sediment in each reach was sampled four times over 

the course of the study. Three core samples were taken in the vicinity of each transect at each 

sampling time using a six-inch diameter McNeil sampler following techniques described by Reiser 

and Wesche (1 977). Coring depth was a maximum of six inches and a minimum of four inches, 

dependent upon the depth of underlying boulders and bedrock. The quantity of stored sediment in 

each reach was estimated four times during the study. Depth of deposition was measured at 20 

locations along each transect a t  each sampling time by driving a graduated steel rod into the bed 

until bedrock or boulder was encountered. 

Laboratory analysis of all sediment samples was conducted a t  the Watershed Laboratory of 

the Range Management Department, College of Agriculture, University of Wyoming. Suspended 

sediment samples were analyzed by the filtration method (US. Geological Survey, 1977), with 

results reported in mg/l. Suspended load discharge (0,) in tons/day was calculated using the 

equation: 

Q, = ,0027 C,Q, 

where, 

C, = sediment concentration in mg/l 

9y = water discharge in cfs 

and ,0027 is a conversion constant 
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All bedload samples were oven dried for 24 hours at  140°F, dry sieved and weighed. Bedload 

discharge (Q,) in tons per day was then calculated directly based upon the weight of the sample, 

the width of the sampler orifice, the top width of the transect at  the time of sampling, the number 

of subsamples taken across the transect, and the total sampling time. 

Bed material core samples were also oven dried for a t  least 24 hours a t  140°F, dry sieved 

and weighed. Particle size distributions were then plotted on log probability paper to determine the 

ds4, d60, and dld values (those particle diameters for which 84, 50 and 16 percent, respectively, of 

the sample is finer than by weight) and the gradation coefficient (G = 1/2 ($Jds0 + d,,/d,J), as 

described by Simons and Senturk (1977). 

North Fork of Little Snake River 

During the fall of 1984, four reaches were selected for study in cooperation with personnel 

from the Wyoming Game and Fish Department and the U.S. Forest Service. Reach 1, the 

uppermost site below the diversion, was located just above the confluence of Second Creek, 

approximately 1,200 ft. upstream from the North Fork bridge and pipeline crossing. Reach 1 

served as the control above the construction area from which much of the sediment spill 

originated. Reaches 2,3 and 4 were located sequentially below the North Fork crossing area and 

were within the zone of immediate deposition from the spill. Given the intensive nature of the 

sampling, study reaches were kept short in length, with Reach 2 being the longest, 50 feet. 

During Fall 1985, three additional study reaches were established. Reach 0, located above 

the diversion, was selected to represent unregulated hydrologic and hydraulic conditions, while 

Reaches 5 and 6 were added to evaluate migration of the sediment spill downstream. With the 

addition of Reach 0 to the design, Reach 1 was deleted from further sampling in the spring of 

1986. 

Hydrology 

Three recording streamflow gage stations were installed within the study area in 1985 to 
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monitor the North Fork hydrograph. These stations were of the same design described previously 

for Big Sandstone Creek and were located at Reaches 0, 3 and 6 (Figure 5). The gages were 

operated seasonally through June, 1 988, with stage-discharge relations updated annually. 

Given the brief historic streamflow record avaiiable for the NFLS, it was necessary t o  

estimate discharge characteristics for the study reaches following the procedures of Lowham 

(1 976). The channei geometry method showed the best agreement with the available records and 

was selected for further analysis. 

Hydraulic Geometry 

Four cross-channel transects were established at each NFLS study reach t o  evaluate 

hydraulic characteristics over a wide range of streamflow conditions. Field measurement and 

analysis followed the procedures previously described for the Big Sandstone Creek reaches. 

Sediment 

The primary sampling units for sediment transport and storage on the NFLS were the cross- 

channei transects described above. Sampling and analysis procedures for bedload transport, 

suspended load transport, and quantity and distribution of stored bed material were the same as 

those described for the Big Sandstone Creek reaches. Fieid sampling began in the late fall of 1984 

and ended in June, 1988. 



CHAPTER FIVE 

RESULTS 

Stream Channel Resoonse 

Field measurements of channel characteristics were made a t  39 study sites on 19 streams 

in southern Wyoming and northern Colorado. From this group, 20 comparisons above and below 

diversion structures were made. Site elevations ranged from 7,480 to 10,060 feet above sea level. 

Diversion structures ranged in age from 12 to 106 years and depleted streamflows from 17 to 90 

percent. Descriptions of the mountain study sites are provided in Table A-1 of the Appendix. 

The responses of 20 mountain stream reaches to flow depletion are summarized in Table 1. 

For the higher gradient study reaches (A and 8 types), paired t-tests comparing bankfull channel 

characteristics above and below diversion structures indicated no significant differences for mean 

width, depth, width-depth ratio, cross-sectional area and conveyance capacity. These steeper 

channels had maintained their physical dimensions over an average time of diversion exceeding 35 

years and an estimated average flow reduction of 70 percent, as shown on Figure 6. 

Low gradient C channels responded more to flow depletion than did the A and 6 types. 

Mean channel depth, cross-sectional area and conveyance capacity were significantly reduced 

below diversion structures that averaged 66 years of age and depleted flow by 46 percent. 

Aggradation and encroachment by streamside vegetation were observed at  most of these study 

sites. Watershed characteristics undoubtedly contributed to this response. As shown on Table 2, 

the C channel types were generally located lower within their respective watersheds, the result 

being a more favorable climate for vegetation establishment, a reduced rate of incoming accretion 

. .  
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Table 1. Comparison of bankfuil channei characteristics above 
and below diversion structures on 20 mountain stream 
reaches, by channel type, using paired t-tests. 

CHANNEL T l P E  

A 8 C 

Above Below Above Below Above Below 

Number of 7 
Pairs Sarnpied 

Mean Width 10.5 
(ft) 

Mean Depth 
(ft) 

Width-Depth 
Ratio 

7 6 

10.0 15.4 15.5 21.5 18.3 

1.29 1.31 1.30 1.33 1.90 1.43' 

8.6 7.9 11.0 10.4 11.4 12.4 

Mean Cross- 13.5 13.9 23.9 25.1 43.1 28.01 

(W 
Seaion Area 

Conveyance 
Capaciw W/s) 

133 141 166 197 253 83' 

' Significant difference between means at a = .05 
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Figure 6. Response of the North Fork Little Snake River to streamflow 
depletion. Age of the diversion structure is 24 years and flow 
reduction is 68 percent. 
Umer: Moderate gradient (E) channel above diversion (width = 10.1 

Lower: Moderate gradient (8) channel below diversion (width = 
ft; depth = 1 .Oft). 

10.5ft: depth = Loft). 
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Table 2. Watershed characteristics above the 20 mountain 
stream teaches. 

A 
CHANNEL 7YPE 

B C 

Mean Elevation 
of Sites (ft) 

Mean Orainage 
Area (sq. mile) 

Average Main 
Channel Length 
(miles)’ 

Mean Basin 
Elevation (ft) 

Average Main 
Channei 
SIooe (%I1 

9,566 

3.6 

3.0 

10,669 

8,973 8,605 

10.9 

4.9 

9,979 

20.6 

7.0 

9,968 

1 t.3 9.4 5.9 

From headwaters downstream to study reaches 

. - .  
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flow from snowmek runoff, an increased sediment supply, and a reduction in sediment transpon 

capability. 

Qualitative comparisons of riparian vegetation density and type were made above and 

below each of the mountain diversion structures. Trends in vegetation response to  f low depletion 

are summarized in Table 3. In 75 percent of the cases, no change or an increasing trend in piant 

density was observed below diversion structures. Of the 15 cases where a decrease in plant 

density was noted, 9 (60 percent) occurred in the C channel type where the riparian area was 

increasing due to channel encroachment. 

Low Gradient Streams 

Based upon the observations made of mountain stream response to  flow depietion, 

measurements were made on additional low gradient channels. Foothill and basin streams 

investigated were the Laramie River, New Fork River, Owl Creek and Gooseberry Creek, as 

described in Table A-2. With the inclusion of these streams, the number of paired observations for 

C channels was increased to  15. The results of statistical anaiysis comparing channel 

characteristics above and below diversion structures are presented in Table 4. 

Results using this larger sample were similar to  those for the mountain streams. Mean 

channel width was significantly reduced by 26 percent, mean depth by 14 percent, mean cross- 

sectionai area by 32 percent, and mean conveyance capacity by 55 percent. Flow depleted sites 

had a reduced width-depth ratio, although this difference was not statistically significant. These 

results indicate the sample of C channels was responding to flow depletion by reducing channel 

dimensions, as shown on Figure 7. 

Based upon these findings, attempts were made to develop statistical relations that could 

be used to estimate the response of C channel types to  flow depletion. Both muitiple and single 

regression approaches were followed. Best results were obtained using power fit regression with 

Qe2 as the independent variable and the various channel dimensions as the dependent variables. 

The form of the equation is: 
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. .  

Table 3. Trends in riparian vegetation response to fiow 
depietion in 20 mountain stream reaches. 

Veaetation ResDonse 1 

Vegetation Type (Number of Streams) 

Canopy Shrub Grass 

+ 3 6 2 

4 5 6 

0 

Total 

13 9 12 
- - - 
20 20 20 

1 

+ indicates increase in plant density below diversion. 

- indicates decrease in plant density beiow diversion. 

0 indicates no change in piant density beiow diversion. 
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Table 4. Comparison of bankfuil channel characxeristics above 
and below diversion stntctures for C channel types 
(n =D 15). 

Mean Width 
(ft) 

Mean Depth 
(ft) 

Width-Depth 
Ratio 

Mean Cross- 
Section 
Area (*I 

Conveyance 
Capacity 
(ff 1s) 

LO CAT1 ON 

Above 

32.3 

2.2 

14.4 

86.4 

270.0 

Below 
Diversion 

23.8l 

1.9’ 

12.5 

58.4’ 

122.6l 

Significant difference between means at a = .05. 

. .  . 





35 

where, 

Y = channel characteristic 

a = coefficient 

b = exoonent 

Table 5 summarizes the coefficients, exponents and correlation coefficients for mean width, depth, 

area and conveyance capacity. 

The regression equations presented above can be used to estimate the physical response of 

a low gradient stream channel in Wyoming to water development. For example, suppose that a 

planned diversion structure will reduce the QeZ of a stream reach by 75 percent. If we use the 

subscripts p and a to denote present and altered conditions, the following relationship can be 

deveioped for estimating the new channel depth (d,): 

did, = (QJQJb 

3: 0.750-3'" 

d, = 0.91 d, 

Thus if d, is 2.0 ft., we would estimate d, to be 1.81 ft. A similar approach could be followed to 

estimate relative changes for other channel characteristics. 

Multiple regression analysis incorporating age of diversion structure as an independent 

variable was attempted. The predictive ability of the resultant equations however, was no greater 

than for the relationships presented above. Stream channels do not respond immediately to flow 

depletion. A number of years must pass for a new equilibrium condition to be achieved. However, 

given the age distribution of diversion structures at our study reaches (only 1 diversion was less 

than 50 years old), we can only assume that most of the depleted sites had reached equiiibrium. 

As a result, the age variable explained M e  of the variation observed in channel dimensions. 
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Table 5. Power fit regression relations between channel 
characteristics and Qp2 for C type channels in the 
Central Rocky Mountain region (n = 21 1. 

Coefficient Exponent Correlation 
Coefficient 

a b r 

Mean Width (ft) 3.01 5 0.395 0.77’ 

Mean Depth (ft) 0.303 0.338 0.87’ 

0.85’ Mean Cross-Section 0.9 14 0.732 
Area (ft) 

Conveyance Capacity 4.999 0.628 0.78’ 
(f?/S) 

’ Significant at a = .05 

. .  
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Sediment Ovnamtcs 

Hydrology 

Estimated streamfiow characteristics for the NFLS and BSC study reaches are presented in 

Table 6. Average annual discharge ranges from 3.6 cfs a t  North Fork BSC to 14.1 cfs a t  NFLS 

Reach 6, while estimated two-year peak flow events range from 59 to 193 cfs. Eased upon the 

dimensionless annuai flow duration curve developed by Stone and Webster (1 986) for the west 

slope of the Continental Divide within the Medicine Bow National Forest (Figure 8), average annual 

discharge is equalled or exceeded approximately 18.5 percent of the time for the study streams. 

Stream gage stations installed on the NFCS were operated from 1985 to 1987 and on BSC 

during 1987 and 1988. Typically, gages were placed in operation early in the spring prior to 

snowmelt runoff and discontinued in the late summer or fall. The mean daily discharge records 

from the NFLS Reach 3 and the North Fork 8% stations for the study period are presented in 

Figures 9 and 10, respectively. The NRS records reflect some upstream water withdrawal by the 

City of Cheyenne, while the BSC hydrographs represent the natural runoff pattern. 

Based upon Soil Conservation Service snowcourse records, snowpacks during 1985 and 

1987 were below normal, 1988 was near normal, and 1986 was above normal. These conditions 

are reflected in the hydrographs presented. During 1985, mean daily flow peaked a t  7.1 times the 

average annual discharge (0,) on the NRS, while in 1986 the mean daily peak of 240 cfs was 

21.4 times Qu. At the Nonh Fork BSC station, peak mean daily discharges were 41 cfs in 1987 

and 53 cfs in 1988, 1 1.4 and 14.7 times am, respectively. Baseflow conditions during the late 

summer and early fall on the study streams typically ranged from 15 to 25 percent of OM. 

Hydraulic Geometry and Channel Morphology 

As described in Chapter 4, study reaches were selected to represent typical habitat conditions 
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Table 6. Estimated streamffow characteristics for the Big Sandstone Creek (BSC) and North Fork 
Ljttfe Snake River (NFLS) study reacnes. 

Study Reach Q, ( f f /s)  Q p 2  (W/s) 

North Fork BSC 
South Fork BSC 
BSC 

NFLS Reach 0 
NFLS Reach 2 
NFLS Reach 3 
NFLS Reach 4 
NFLS Reach 5 
NFLS Reach 6 

3.6 
3.9 
9.6 

7.5 
11.2 
11.2 
11.2 
12.3 
14.1 

59 
64 
135 

116 
160 
160 
160 
173 
193 

Q, = Average annual discharge 

Q.pz = Peak flood flow having a two-year recurrence intervai 
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Figure 8. flow duration cunm for west slope streams within Medicine Bow 
National Forest (from, Stone and Webstet, 1986). 



NORTH FORK OF LITTLE SNAKE RIVER 
REACHES 2,3,4 

z 
4 

Y 

1986 1967 

Figure 9. Mean daily hydrograph for Reaches 2, 3, and 4 of North Fork Little 
Snake River, 1985 to 1987. 



Figure 10. Mean daily hydrooraph for the North Fork of Big Sandstone Creek, 
spring 1987 and 1988. 

! 
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encountered within the study streams. On the NFLS, Reach 2 represented the steep gradient (greater 

than 4.0 percent), boulder strewn, riffle-cascade habitat common to the upper Little Snake drainage. 

Reaches 4, 5, and 6 were lower gradient (less than 1 .O percent), had finer bed material, and contained 

pooi habitat utilized by Colorado cutthroat trout for rearing and spawning. Reach 3 was characterized 

by a moderate gradient (2.5 percent) and a boulder-cobble bed. Reach 0, located above both the 

diversion smcmre and the site of the 1984 sediment spiil, was representative of the meadow habitat 

common in the headwaters of the NFLS and was utilized by cutthroat for spawning and rearing. 

Gradient through Reach 0 was mild (less than 1 .O percent) and the bed material was primariiy gravel 

with interspersed small boulders and cobble. 

The South Fork BSC study reach was similar to NRS Reach 2, having a steep gradient (3.4 

percent) and a rough channel boundary. Both the N o d  Fork BSC and BSC reaches were more 

moderate in gradient (2.8 and 1.6 percent, respectively) and exhibited greater habitat diversity, 

incfuding both rearing and spawning habitats. Bed material was composed primarily of gravels 

interspersed with cobbles and small boulders. 

Hydraulic geometry relations were developed to describe the dimensional variation of top width, 

mean depth, mean velocity, and width to depth ratio with discharge a t  each transect within each study 

reach. These reiations are presented in Tables 7 to 15 for an upper and a lower transem within each 

reach. Water surface slope within each reach was typically greater a t  the upper vansects than a t  the 

lower, as indicated on Table 16. In general, the channels of the NFLS and BSC can be described as 

straight, shallow, relatively wide in relation to their depth, and rectangular in shape. Width to  depth 

ratio is inversely related to discharge and directly related to channel gradient. Mean depth and mean 

velocity show greater variation with discharge than does top width, while depth variation is greater 

in steeper sections and velocity variation with discharge is greater a t  locations having more moderate 

slopes. 
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Table 7. Hydraulic Geometry Relations for kinsects 1 and 4, Nonh Fork Littie Snake River 
(NFtS) Stuay Reacn 0. 

Hydtauiic Parameter Units Equation : Transect 

Stream Width tW) Feet 

Feet Mean Oeoth (01 

Mean Velocity (v) Ft/sec 

Width to  Oeprir Ratio (WID) Ftf Ft 

W = 9.9 
W = 6.7 Ows'* 

0 = 0.29 QwZJO 
0 = 0.22 Ow'- 

V = 0.35 Qw532 
V = 0.68 Qw"' 

WID = 34.3 Q w - ~ "  
W/O = 30.2 Q w - " ~  

i 
4 

1 
4 

1 
4 

1 
4 

' Qw = streamifow in V,'s 
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Table 8. Hydraulic Geometry Relations for Transects 1 and 4, Norm Fork Littte Snake River 
(NFLS) Stuay Reach 2. 

Hydrautic Parameter Units Equation; T m  

Stream Width tw) 

Mean Velocity CV) 

Feet W = 76.0 Qw'" 
W = 24.4 QWz' 

Feet 0 = 0.15 Qw*" 
0 = 0.07 QwSo' 

Ftfsec V = 0.42 Q W . ' ~  
V = 0.59 

Width t o  OepM Rabo (WID] F tfFt WID = 108.1 aW=3" 

WID = 355.3 Ow--"' 

1 
4 

1 
4 

1 
4 

' Ow = strearnitow in ?/s 

1 
4 



4 5  

.. 

Table 9. Hydraulic Geometry Relations for Transems 1 and 4, North Fork Little Snake River 
(NFLSI Study Reach 3. 

Hydraulic Parameter Units Equation * Tfansect 

Stream Width (W) 

Mean Depth (0) 

Mean Velocity (V) 

Feet W = 20.4 OWss8 
W = 20.0 Qw''' 

Feet 0 = 0.15 QW5" 

0 = 0.26 OwJm 

Ft/sec V = 0.33 Q W ' O '  

v = 0.1 9 

Width to Depth Ratio (WID) Ft/Ft WID = 136.1 aW--*6@ 

WJD = 76.0 Q W - . ~ '  

1 
4 

1 
4 

1 
4 

1 
4 

' Qw = streamffow in ft% 

.. . . 
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Table 10. Hydrauiic Geometry reiations for Transects 1 and 4, Norm fork Littie Snake River 
(NFLSI Study Reach 4. 

Hydraulic Parameter Units Equation' TranSen 

Stream Width (w) 

Mean Velocio/ (V) 

Feet w = 15.1 aw;s2 
W = 18.9 Q w ' ~  

Feet D = 0.42 Q w ' ~ ' ~  
0 = 0.15 Ows3' 

Ftisec V = 0.1 6 ad3' 
V = 0.35 QW"' 

Width to Death Ratio (w/D) FtfFt WiD = 35.8 Qw-.;" 
WiD = 125.1 Qw'"" 

i 
4 

1 
4 

1 
4 

1 
4 

' QW = streamiiow in V / s  
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Table 1 I .  Hydraulic Geometry Relations for Transea 1 and 4, Nonn Fork Linfe Snake River 
(N~LSI Sway Ream 5. 

Hydrauiic Parameter Units Equarion: TranSea 

Stream Width (W) 

Mean Depth (01 

Mean Veiocio/ tV) 

Feet w = 16.4 aw:33 
w = 13.9 Qw-;6s 

Feet 0 = 0.30 QwGW 
o = 0.10 aw.727 

Ft/sec v = 0.20 aw4'O' 
V = 0.72 

width to Depth Ration W O )  Ftf Ft WID = 54.2 Qw-;'' 
W/D = 139.0 Q w . ~ ' ~  

1 
4 

1 
4 

1 
4 

1 
4 

Qw = srrearnifow in f?/s 



Table 12. Hydraulic Geomeny Relations for Transects 1 and 4, North Fork Littfe Snake River 
(NFLS) Study Reach 6. 

Hydrautic Parameter Units Equation' Transect 

Stream Width (W) 

Mean Depth (0) 

Mean Velocity (V) 

Feet W = 15.7 Qwab1 
W = 14.5 QW"' 

Feet 

Ft/sec 

D = 0.26 QwU6 
D = 0.1 6 QWS0' 

V = 0.25 Q w ~  
V = 0.43 Owam 

1 
4 

1 
4 

1 
4 

1 
4 

' Qw = streamfiow in fY/s 

. .  
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Table 13. Hydraulic Geometry Reiations for Transems 1 m a  3, Nortn Fork of Big Sanustone 
Creek Stuay Ream. 

Hydraulic Parameter Units Equation: Transect 

Stream Width (W) 

Mean Depth (0) 

Mean Veiocity (V) 

Feet W = 11.8Q&" 
w = 10.8 QW= 

Feet 0 = 0.21 QwfO' 
0 = 0.26 QWzo 

Feedsec V = 0.40 OW"* 
V = 0.36 Ows6' 

~ i d t t i  to  Oeoth Ratio W D 1  F t/Ft WID = 56.0 Ow--2a 
WID = 41.4 Qw-* 

1 
3 

i 
3 

1 
3 

1 
3 

' Ow = streamftow in f?/s 

. .  
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Table 14. Hydrautic Geometry Relations for Transects 1 and 4,  sou^ ForK of Big Sandstone 
Creek Swdv Aeacn. 

Hydraulic Parameter Units Equation' Transect 

Stream Width tW1 

Mean Oepth (01 

Mean Veiociw (v) 

Feet W = 74.0 UW~Oo 
w = 7.7 QW'=*s 

Feet 0 = 0.31 QW:" 
0 = 0.26 QW"" 

Ftisec V = 0.23 Qwsm 
V = 0.50 QWas 

Width to Oepth Ratio (W/O) WFt W/D = 45.6 QW-.~'' 
WJD = 29.4 Q W - ~ ~  

1 
4 

t 
4 

1 
4 

1 
4 

' Qw = saeamitow in W!s 

. .  . .  
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Table 15. 

Hydrautic Parameter Units Equadon: TranSea 

stmm width (W 

Mean Depth (01 

Mean Velocity (V) 

Feet w = 18.5 a#' 
W = 23.0 ad'' 

Feet 

F tfsec 

D = 0.17 QwS7 
D = 0.25 QW"' 

V = 0.31 QW4*' 
V = 0.1 7 QwSB' 

4 

I 
4 

t 
4 

1 
4 

' Qw = sueamifow in fP/s 

. .  
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Table 16. Mean water surface slope by transect and reach on the North Fork tittle Snake River 
(NFLS) and Big Sandstone Creek (BSCI. 

Stream Reach Transects Water Surface SIope (% 1 

NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
NFLS 
BSC 
BSC 
BSC 
BSC 
BSC 
BSC 

0 
2 
2 
3 
3 
4 
4 
5 
5 
6 
6 

Nonh Fork 
North Fork 
Nonh Fork 
South Fork 
Mainstem 
Mainstem 

0.85 
3.7 
6.0 
1.5 
3.4 
0.1 1 
0.98 
0.27 
1.7 
0.42 
1 .o 
0.58 
2.4 
4.6 
3.4 
1.4 
2.7 
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Bed Material Characteristics 

.- 

Bed material characteristics were evaluated spatially and temporally between and within 

study reacnes by the measurement of stored materiai quantity (deposition depth) and its particfe 

size distribution (from core sample analysis). Stored material is here considered the sand, gravel 

and small cobble panicles (as defined by the sediment grade scale proposed by  the American 

Geophysical Union and described by Chang, 19881 which were in temporary storage within the 

study reaches and subject to transport. These panicles are differentiated from the large cobbles, 

boulders and bedrock which underlay the channel and are not subject t o  frequent transport. Trends 

in the quantity of stored material for the study streams and reaches are presented in Figures 1 1, 12 

and 13 and summarized in Table 17. Trends in the median panicle size a t  each reach over the 

course of the study are presented in Figures 14, 15, and 1 6 and summarized in Table 18. The 

panicle size distributions for three sampling dates at NFLS Reaches 0, 4, 5, and 6, and the three 

BSC reaches are presented in Figures A-1 to A-7 of the Appendix. 

The quantity of stored sediment in the study reaches generafly varied inversely with channel 

slope and was relatively stable over time. NFLS Reach 2 and South Fork 8SC, the steepest 

sections, averaged 38 and 59 mm of deposited materiai with coefficients of variation of 24 and 22 

percent, respectively. On the NFLS, Reaches 4 and 5 consistentiy stored tbe largest amounts of 

finer material due t o  their low gradients and location just beiow the site of the 1984 sediment spill. 

Quantities in storage were simiiar to those within the unimpacted Noah Fork ESC and BSC 

reaches. Variabiiity over time was afso quite similar between these reaches. Deposition quantity at 

NFLS Reaches 0 and 6 compared favorably, averaging 60 mm at the upsueam site and 6 4  rnm at 

the downstream site over the three year sampling period. These similarities suggest the sediment 

wave resulting from the 1984 spill had not yet migrated downstream to Reach 6 and that 

approximately 60 mrn may be the natural stable depth of stored material in such NFLS pool 

habitats. The fail 1984 deposition depth in Reach 4, 53 mm, measured prior to the redistribution of 



126 

100 

76 

60 

26 

0 

BED MATERIAL DEPOSITION 
DEPOSITION DEPTH(mm) 

.... 

.... I 1 . . .  

.... ..... ................................................ ........ ....... 

.................................................. ........... 

REACH 2 n REACH s REACH 4 

X-AXIS MA 19 YEAR AH0 JULIAN DATE 

BED MATERIAL DEPOSITION 
DEPOSITlON DEPTNmm) 
..................................................................................................................... /A,. ................................................................. . . . . . . . . . . . . . . .  

REACH 2 =REACH 9 REACH 4 

x-Axia DATA is YEAR AND JULIAN DATE 

Figure 11. Depth of stored sediment at Reaches 2, 3, and 4, North Fork Little 
Snake River, 1984 to 1988. 
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Figure 12. Depth of stored sediment at Reaches 0, 5, and 6, North Fork Little 
Snake River, 1985 to 1988. 
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Table 17. Comparison of means, standard deviations and coefficients of variation for deposition 
depth (mm) at the Nonh Fork Little Snake River (NFLS) and Big Sandstone Creek (BSC) 
study reaches. 

Stream 
Reach 

Sample Mean St. Deviation Coefficient of 
Sire ' (mm) (mml Variation ( %) 

NFLS-RO 
N FLS-R 2 
NFCS-R3 
NFLS-R4 
NFLS-R5 
N FLS-R 6 

NFBSC 
SFBSC 
BSC 

7 
18 
18 
20 
10 
a 
6 
6 
6 

60.0 
37.7 
63.1 
97.1 

64.4 
128.5 

126.0 

1 1  9.0 
58.7 

14.4 
8.9 

11.2 
23.9 
25.0 
15.6 

22.7 
13.1 
11.1 

24 
24 
18 
25 
19 
24 

18 
22 
9 

' Each sample represents 80 measurements 
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Figure 14. Median particle size of stored sediment at Reaches 4, 5,and 6, North 
Fork Little Snake River, 1984 to 1988. 
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Figure 15. Median particle site of stored sediment at Reaches 0, 2, and 3, 
North Fork Little Snake River, 1984 to 1987. 
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Tabie 18. Comparison of means, standard deviations and coefficients of variation for median bed 
material panicle size (mm) at the North Fork Little Snake River (NFLS) and Big 
Sandstone Creek (BSC) study reacnes. 

Stream 
Reach 

Sample Mean St. Deviation Coefficient of 
Size ’ (mm) (mm) Variation ( % 1 

N FLS-RO 
N FLS-R2 
NFLS-R3 
NFLS-R4 
N FLS-R 5 
NFLS-R6 

NFBSC 
SFBSC 
BSC 

7 
10 
10 
1 1  
8 
7 

4 
4 
4 

31.9 
22.2 

10.5 
20.0 
23.5 

18.8 

24.5 
33.0 
24.2 

8.7 
6.4 
7.6 
5.9 
7.9 
1.5 

4.0 
6.1 
2. I 

27 
29 
40 
5 6  
40 
6 

16 
18 
9 

Each sample represents 12 McNeil core samples 
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the spill materiaj by spring runoff discharges, also supports this hypothesis. 

As summarized in Table 18, the median particle site of stored sediment was largest and 

coefficients of variation were smallest in the unimpacted study reaches. These included NFLS 

Reaches 0 and 6, and the three BSC reaches. Within the impacted reaches, median particle size 

was directly related to  gradient. Comparison of the particle size distributions presented in figures 

~ - 1  to A-7 reinforces these findings. The proportion of sand particles (less than 2.0 mm diameter) 

in the bed material was consistently higher in NFLS Reaches 4 and 5 than in the unimpacted 

reaches, ranging up to  38 percent by weight in Reach 4. Overail, the panicle size distributions of 

stored material at the unimpacted reaches compared favorably with the distributions used by trout 

for spawning elsewhere on the Medicine BOW National Forest (Figure A-8, Appendix), as 

determined by Reiser and Wesche (1 977). 

Trial flushing flow releases were made on the NFLS during 1985 and 1986 to mitigate the 

effects of the 1984 sediment spill. AS the City of Cheyenne does not have storage capacity in 

association with their west slope coiiection system, the releases entailed allowing the natural peak 

runoff flows to bypass the diversion structure. i h e  1985 hydrograph was of sufficient magnitude 

and duration to move the spill material into Reach 4, and initiate transpon downstream. Deposition 

depth vaned from 136 mm in mid-May down to a post-flush low of 88 mm in early July. Median 

panicle size remained constant during this period. As shown on figure 1 t , late season baseflows 

during the fall and winter of 1985-86 appeared to serve an imponant role in pool filling. By May 

1986, deposition depth had again increased to 139 mm at Reach 4. The large spring runoff of 

1986 was of sufficient magnitude and duration to scour 75 mm of material from the streambed at 

Reach 4 and increase median particle size. However, the duration was not sufficient to  move the 

spill cornpietely through Reach 5, as indicated by the observed increase in stored material and the 

reduction in particle size. Wesche et a1 (1 987) provides a detailed description of these flow releases 

and the bed material response. 

The above observations point out several aspects of stream behavior which should be 

considered in flushing flow studies. First, the greatest variability in bed material characteristics 
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occurred within low gradient impacted reaches. Such stream sections are critical in the design and 

conduct of maintenance flow studies. Steeoer reaches are more stable in regard to bed material 

characteristics. Second, while the magnitude of the f low event is important in the mobilization of 

stored material, the duration of the event must be given careful consideration to assure transport 

O u t  of critical habitat reaches. Multiple study reaches are needed to confirm this. Third, baseflow 

contributes to pool aggradation and should not be overlooked in the deveiopment of 

recommendations. Fourth, the bed material needs to be evaluated not only from the standpoint of 

quantity, but also particle size distribution. Depth of stored material alone may not reflect habitat 

qualiw. Finally, short-term sampling, which determines immediate responses, may lead t o  

erroneous conclusions regarding the degree of success achieved by a particular f low event. In the 

case of  mitigative flow releases, several years may be necessary to  assure objectives are met. 

Sediment Transpon 

A major thrust of this study has been to investigate sediment transpon processes in steep, 

rough mountain stream channels. During the four-year field study period, 642  bedload and 735 

suspended load sediment transport samples were taken at the NFLS and BSC study reaches. 

Stream conditions varied widely during sampling. Discharge varied from approximately 0.6 to 162 

cfs (0.1 5 to 18.1 Q,) and channel gradients at sampling cross-sections ranged from 0.1 1 to 6.0 

percent. Sampling times were from early spring (April) prior to peak snowmelt runoff through the 

late fall (October). As previously mentioned, sampling effort focused on one upstream and one 

downstream transect within each reach, although numerous samples were collected at intermediate 

transects and are included as appropriate in the analysis. 

The power function reiations developed between bedioad and suspended load discharge and 

streamilow for an upper and a lower transect at each study reach are presented in Tables 19 and 

20. Regression statistics are also included. Scatter plots of the data, including the best-fit lines and 

95 percent confidence belts about this line, are presented on figures A-9 to  A-82 of the Appendix 



Table 19. Relations of bedload (OBJ and suspended load (a,) transport (tondday) to discharge (Ow, ft%) at the six North Fork Little 
Snake River (NFLS) study reaches. 

Reach - Sample St. Error of Coeff. of Corr. 
Transect Size Equation Regr. Coeff. Coeff. (r) F1 Prob>F Deter. (R2) 

RO - 1 

RO - 4 

R2 - 1 

20 
20 

0.18 
0.12 

0.85 
0.89 

0.92 
0.94 

101.3 
146.5 

,000 1 
.ooo 1 

0.96 
0.94 

186.1 
11 2.9 

.0001 

.ooo 1 
0.14 
0.16 

0.93 
0.88 

17 
17 

Q,, = .0001QW2.67 
Q S L  = .0i0Qwi**' 

0.42 
0.1 9 

0.75 
0.75 

0.86 
0.87 

38.3 
30.0 

,000 1 
.0003 

15 
12 

OgL = . O O O ~ Q W ~ . ~ ~  
QsL = . 0 0 3 Q ~ ' * ~ '  

0.28 
0.13 

0.87 
0.87 

0.93 
0.93 

80.1 
145.7 

.ooo 1 
,000 1 

14 
26 

RZ - 4 

R 3  - 1 

R3 - 4 

R4 - 1 

R4 - 4 

R5 - 1 

0.30 
0.1 8 

0.70 
0.77 

0.88 
0.88 

38.8 
39.7 

.0001 

.0001 
13 
14 

a,, = . o o o o ~ Q ~ ~ . ~ '  
Q,, = . 0 0 6 Q ~ ' * ' ~  

0.29 
0.1 8 

0.90 
0.82 

0.95 
0.91 

94.2 
51.7 

.ooo 1 

.ooo 1 
13 
13 

0.18 
0.09 

0.78 
0.79 

0.88 
0.89 

150.2 
208.5 

.0001 

.ooo 1 
45 
59 

0.31 
0.1 8 

0.45 
0.79 

0.67 
0.89 

18.7 
71.7 

25 
21 

,0002 
.ooo 1 

0.16 
0.1 1 

0.87 
0.78 

0.93 
0.89 

35 
42 

222.7 
146.0 

.ooo 1 

.ooo 1 



Table 19 Continued. 

Reach- Sample St. Error of Cocff. of Corr . 
Transect Size Equation Regr. Coeff. Deter. (R') Cocf f .  ( c )  F' Prob>F 

R5 - 4 

H 6 -  1 

R 6  - 4 

15 Q,, = .019Qw'.26 0.36 
13 as, = .oioaw1.17 0.23 

21 a,, = . 0 0 0 1 ~ ~ ~ - @ ~  0.22 
29 CIS, = .006Q~'. ' '  0.14 

13 Q,, = .0003Q~'~''"O 0.28 
14 as, = .002aw'.86 0.21 

0.64 
0 .71  

0.80 
0.81 

0.79 
0.84 

14.2 .0024 
27.0 ,0003 

0.80 
0.84 

0.90 77.4 .0001 
0.90 113.3 ,0001 

0.89 41.9 .0001 
0.9 1 61.6 .0001 



Table 20. Relations of bedload (aBL) and suspended load (0,) transport (tons/day) to discharge (Ow, ft3/s) at the North Fork (NF), South 
Fork (SF) and Big Sandstone Creek (BSC) study reaches. 

Sample St. Error of Coeff. of Corr. 
Coeff. (r) F' Prob > F Reach-Transect Size Equation Regr. Coeff. Deter. (R2) 

NFBSC - 1 26 aBL = . O O O ~ ~ W ~ - ~ ~  0.21 
24 asL = .oioow1.21 0.21 

NFBSC - 3 20 Q,, = . 0 0 0 5 Q ~ ~ . ' ~  0.30 
16 QsL = e007Q W' .36 0.30 

SFBSC - 1 23 0 6 ,  = .008Qw0*'' 0.36 
26 a,, = .013aw1.~3 0.10 

SFBSC - 4 17 a,, = .002awo.*' 0.48 
23 as, = .OIOOW~.~' 0.16 

ESC - 1 

BSC - 4 

27 QBL = . O ~ Z Q W ' . ~ ~  0.1 5 
30 Q,, = . 0 0 8 0 ~ ' . ~ ~  0.14 

23 a,, = . 0 0 0 9 Q ~ ' * ~ ~  0.33 
27 Qs, = . 0 0 5 Q ~ ' * ~ '  0.15 

0.80 
0.59 

0.74 
0.65 

0.1 7 
0.82 

0.16 
0.72 

0.80 
0.73 

0.58 
0.76 

0.90 96.7 .0001 
0.77 31.7 ,0001 

0.86 51.4 .0001 
0.81 25.9 .0002 

0.4 1 4.2 .0527 
0.9 1 112.8 .0001 

0.40 2.8 ,1136 
0.85 54.0 ,0001 

0.90 101.2 ,0001 
0.85 75.9 .0001 

0.76 28.5 .0001 
0.87 78.8 ,0001 

I Ho: B = 0 
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for each transect sampled. 

In ati cases, the relationship between sediment discharge and streamflow was positive. 

With the exception of two transects, ail COfrehtl O n  coefficients were statistically significant and the 

sfopes of the best-fit lines were significantly different than 0 (P< =0.05). The t w o  exceptions were 

for bedload discharge at Transects 1 and 4 within the steep, rough South Fork BSC study reach. 

Within reacnes, exponents were typically higher for bedload discharge than for suspended load 

discharge ( I  5 of 16 cases, excluding South Fork BSCI, while coefficients were higher for 

suspended load (1 5 of 1 6 cases). These results indicate bedload predominates total load a t  higher 

streamftows, while the suspended fraction predominates at lower discharges. 

The concept of channel maintenance impiies a balance shouid exist between the sediment 

supplied to a stream reach and the sediment transponed through that reach. To evaluate this 

concept, annual sediment budgets were developed for the critical lower gradient study reaches 

based upon tbe sediment transpon relations presented in Tables 19 and 20, the estimated average 

annual discharges contained in Table 6, and the flow duration curve shown in Figure 8. These 

budgets are presented in Tables 21 to 26 for NFLS Reaches 0, 4, 5, and 6, and the Nonh Fork 6SC 

and BSC Reaches, respectively. With the exception of NFLS Reach 4, the estimated differences 

between sediment imponed to a reach and exponed from that reach ranged from 0.3 to  7.5 

percent. These results indicate that given a natural flow regime, the reaches would remain in 

balance and thus in a condition of quasi-equilibrium. The impon-expon difference at Reach 4 was 

20.4 percent, indicating a trend toward aggradation and suggesting that transport capabiiity is less 

than sediment suppiy, likely a result of the excess sediment loading which occurred. 

The concept of effective discnarge discussed in Chapter 2 is germane t o  an understanding 

of channel maintenance requirements. The results presented in Tables 21 to 26 indicate that the 

effective discharges for the two mountain streams investigated consistently range from about 8 to 

10 times the average annual discharge. While the transpon rates for this range of flows is less than 

for higher discharges, their availabiiitv over a water year enhances their contribution to  total 

sediment transpon. The distri bution of bedload and suspended load transport, exgressed as percent 
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Table 21. Total Annual Bedload (811 and Susoended Load 61) sediment budget for Reach 0, 
Nonh Fork Linie Snake River (NFLSI. 

Transect 1 

#Days Qw Total Total 
Present BL (tons) St (tons) 

186.0 
7 77 .O 
156.0 
141.0 

96 
74.2 
57.8 

6.4 

1.9 
1.4 
1.3 
<t.3 

1 26.8 

21 .a 

2.8 

,0365 
.lo95 
.I 825 
.365 
1.095 

3.65 
10.95 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 - 127 
365 

t .a25 

1.10 
2.83 
4.00 
6.66 
16.51 
7 6.65 
20.90 
40.00 
22.60 
2.5 7 
0.56 
0.28 
0.1 6 
0.14 
0.22 
135.1 

Totat Annual Load: 21 5.6 tons 

0.43 
1.15 
1.67 

7.39 
8.1 9 
17.22 
23.32 
18.56 
3.07 
0.91 
0.52 
0.33 
0.30 
0.5r 
80.5 

2.88 

Transect 4 

Total Total 
EL (tonsi SL (tons) 

1.06 
2.70 
3.77 
6.22 
15.25 
14.94 
18.28 
34.05 
17.66 
1.70 
0.35 
0.17 
0.09 
0.08 
9.1 2 
116.4 

0.68 
1.78 
2.55 
4.3 1 
10.84 
11.40 
14.89 
29.56 
19.64 
2.59 
0.66 
0.35 
0.27 
0.1 8 - 0.30 
99.9 

216.3 tons 
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Table 22. Totat annual bedioad ( B t l  and suspended load (SL) sediment budget for Aeach 4, Nonh 
Fork Litde Snake River (NRSI. 

Transect 1 

OW # Days Qw Total Total 
(ft%) Present 8L (tons) St (tonsi 

278.0 .0365 0.95 0.62 
255.0 .lo95 2.35 1.67 
233.0 .la25 3.22 2.48 
21 0.6 ,365 5.1 6 4.35 
189.3 1.095 12.30 11.40 
143.4 1 .a25 11.10 13.30 
110.9 3.65 1 2.70 19.00 
86.2 10.95 21.90 41.20 
32.5 36.5 8.60 39.1 0 
9.5 36.5 0.58 8.00 
4.3 36.5 0.10 2-88 
2.8 36.5 0.04 1.65 
2.1 36.5 0.02 1.14 
1.9 36.5 0.02 1 .oo 

127 0.02 1.94 4.9 - 
365 79.1 149.7 

Total Annual Load: 228.8 tons 

Transecx 4 

Total Totat 
8L (tons) SL (tonsl 

0.5 1 
1.37 
2.03 
3.53 
9.1 7 
10.49 
14.80 
31 5 4  

5.27 
1.80 
1 .oo 

0.59 
1.14 
111.9 

27.98 

0.68 

- 

1 .Of 
2.66 

6.62 
16.90 

25.03 
51.24 

6.02 
1.81 
0.94 
0.6 1 
0.52 
0.94 
175.5 

3.86 

i 8.48 

38.89 

287.4 tons 

. .  
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Transem 1 

Qw # Days Qw Total Total 
(fefsl Present EL( tons 1 SL (tons) 

Transect 4 

Total Total 
81 (tons) SL (tonsf 

305.0 
280.4 
255.8 
231.2 
207.9 
157.4- 
121 .a 
94.7 
35.7 
10.5 
4.7 
3. I 
2.3 
2.1 
c2.1 

.0365 
,1095 
.1825 
.365 
1.095 

3.65 
10.95 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 
127 
365 

I .a25 

Total Annual Load: 

2.24 
5.53 
7.44 
11.76 
27.50 
24.00 
26.40 
44.10 
15.1 0 
0.87 
0.1 3 
0.05 
0.03 
0.02 
0.03 
165.2 

327.3 tons 

0.66 
1.78 
2.64 
4.64 
12.1 6 
14.23 
20.56 
44.81 
43.3 1 
9.1 7 
3.30 
1.33 
1.19 
0.91 
1.44 
162.1 
- 

0.87 
2.34 
3.47 
6.1 2 
16.10 

27.10 
60.20 
59.20 
12.80 
4.70 

1.90 
1.70 
3.41 
221.6 

18.20 

2.80 

0.29 

1.20 
2.13 
5.64 
6.80 
10.10 
22.50 
24.00 
5.72 
2.23 
1.37 
0.97 
0.87 

86.4 

0.80 

I .7a 

308.0 tons 
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Tabie 24. Total annual beaload (EL1 and suspended load (SL) sediment budget for Reach 6, Noah 
Fork Linfe Snake River (NFLSI. 

ow 
W / S )  

Transect 1 

#Days Qw Total Total 
Present EL (tons) St (tons) 

347.2 
321.5 
293.3 
265. I 
238.3 
180.5 

108.6 
139.6 

40.9 
12.0 
5.4 
3.5 
2.7 
2.4 
< 2.4 

,0365 
,1095 
A825 
,365 
1.095 
1.825 
3.65 
10.95 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 - 127 
365 

Total Annual Load: 

0.52 
1.35 
I .aa 
3.08 

8.71 

7.49 
7.22 

15.92 
7.74 
0.69 
0.1 4 
0.06 
0.04 
0.03 
0.04 
54.9 

250.6 tons 

1.02 
2.75 
4.0 1 
6.92 
17.76 
19.76 
27.1 8 
56.57 
45.50 
7.63 
2.39 
1.27 
0.87 
0.73 
1.37 
197.5 

Transect 4 

Total Total 
BL (tons) SL (tonst 

0.46 
1.21 
1.71 
2.86 
7.06 
7.13 
8.97 
17.10 
9.78 
1.07 
0.25 
0.1 2 
0.07 
0.06 
0.70 
58.0 

237.9 tons 

1.22 
3.22 
4.60 
7.79 
19.57 
20.58 
26.88 
53.1 9 
35.12 
4.60 
1.22 
0.60 
0.39 
0.32 
0.56 
179.9 

. . . .  . .  
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Table 25. Total annual bedload (BL) and suspended load (SL) sediment budget for the Nonh Fork 
Big Sandstone Creek study reach. 

Transect ? 

Qw # Days Ow Total Total 
(W/S) Present BL (tons) SL (tons) 

Transect 3 

Total Total 
BL (tons) SL (tons) 

89.3 
82.1 
75.0 
67.8 
60.7 
46. 1 
35.7 
27.7 
10.4 
3.0 
1.4 
0.89 
0.68 
0.61 
e0.61 

,0365 
.lo95 
,1825 
,365 
1.095 
1.825 
3.65 
10.95 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 
127 
365 

Total Annual Load: 48.2 tons 

0 .28  
0.71 
0.98 
1.60 
3.81 
3.59 
4.23 
7.52 
3.30 
0.25 
0.05 
0.02 
0.01 
0.01 
0.01 
26.37 

0.08 
0 . 2 2  
0.32 
0.57 
1.50 
1.79 
2.63 
5.81 
5.93 
1.32 
0.53 
0.30 
0.22 
0.1 9 
- 0.40 
21.81 

0.23 

0.80 
1.28 
3.04 
2.83 
3.29 
5.77 
2.41 
0.1 7 
0.03 
0.01 
0.01 
0.01 
0 
20.46 

0.58 
0.1 1 
0.30 
0.44 
0.76 
1.96 
2.25 

6.76 
5.96 
1.10 
0.39 
0.21 
0.1 5 
0.13 - 0.25 
24.12 

3.1 a 

44.6 tons 
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Tabie 26. Total annual bedload (EL) and suspended load (SL) sediment budget for the Big 
Sandstone Creek study reach. 

Qw 
(ftjfsl 

Transect 1 

# Days ow Totat Total 
Present EL. (tons1 SL (tons) 

238.0 

i 80.9 

i 22.8 

73.8 

21 3.0 
200.0 

161.9 

95.2 

27.6 
8.1 
3.7 
2.4 
1.8 
1.6 
4 . 6  

.0365 
,1095 
.t 825 
.365 
1.095 

3.65 
10.95 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 
127 
365 

i .a25 

Total Annual Load: 

0.33 
0.88 
I .2a 
2.1 9 
5.55 
6.06 
8.22 
16.69 
12.36 
1.89 
0.57 
0.29 
0.1 9 
0.1 6 
0.29 
56.95 

0.20 
0.55 
0.82 
1.46 
3.83 
4.60 
6.81 
15.10 
1 5.70 
3.67 
1.46 
0.86 
0.63 
0.55 
1.12 
57.36 

114.3 

Transect 4 

Totat Total 
E l  (tonst SL (tonsf 

0.48 
1.25 

2.98 
7.36 
7.57 
9.70 
18.66 
11.16 
1.31 
0.34 
0.1 5 
0.10 
0.08 
0.1 5 
63.07 

1.78 

0.26 
0.71 
1.04 
1.83 
4.74 

7.84 
16.79 
15.25 
3.01 
1.07 
0.60 
0.42 
0.36 
0.70 
60.10 

5.48 

123.2 tons 

. .  
C .  

. .  _ . .  .. . .  . . .  . . .  . .  
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of total annual ioad, over a range of stteamflows, normalized by average annual discharge, at  a 

series of cross-sections are presented in Figures 17 to 24. These plots, similar t o  flow duration 

curves, indicate the Q50 (that flow above which 50 percent of the  sediment load is transported) 

ranges from 8.5 to 14.5 times 0, for bedload and from 8.0 to 10.0 times Q, for suspended load. 

A t  steeg gradient cross-sections (greater than 3.0 Percent) 90 percent of the bedload is transported 

by flows of a magnitude 8.0 Q, or larger, while for moderate and low gradient transects (less than 

3.0 percent gradient), 0, varied from 3.0 to 7.5 & For suspended load, Qso typically w a s  lower 

than for bedload, ranging from about 1 t O  4 times Q U O  These findings suggest the importance of a 

range of flow conditions for channel maintenance purposes, the need to  consider deveiopment 

project effects on the total hydrograph, and the greater streamflow requirements necessary to  

maintain bedload transport processes. 

The maintenance of stream channel conditions and the quality of the available spawning 

and rearing habitat for salmonids depends in large measure on the abiiity of the  streamffow to 

mobiiize and transport stored bed material. The process of gravel recruitment to spawning bars 

must be maintained and finer sediments which may impact survival-to-emergence of deveioping 

embryos and reduce habitat diversity within pools need to be periodically flushed. To evaluate 

these aspects of channel (and habitat) maintenance, bedload transport relations entering and 

exiting the NFLS and BSC study were compared. AS presented in Figures 25 to  28, several 

mechanisms appear t o  be involved. Statistical comparison of the  regression exponents within NRS 

Reaches 0, 2, 3, and 6 and the two BsC reaches indicates no significant differences b e w e e n  the 

slopes of the best-fit lines (p c = 0.05). These resuits suggest that bedload transport occurs a t  

similar rates through the reaches Over the entire range of flows and the suppiy of sediment limits 

transport. For NFLS Reacms 4 and 5 however, the exponents are significantly different. Within 

these impacted pool habitats, aggradation occurs at lower discharges and scour a t  higher flows. 

The crossover point of the two lines indicates the initiation of net pool scour, or threshold of pool 

flushing. Within each of these reaches, the crossover occurs a t  approximately 12 times OM, or 85 

percent of the  estimated peak flood flow having a two-year recurrence intervat. 
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Figure 17. Percent total annua1 bedioad versus normalized streamflow for low 
gradient transects, North Fork Linfe Snake River. 
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Figure 19. Percent total annual bedload versus normatired streamtiow for steep 
gradient transects, Nonh Fork Little Snake River. 
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Figure 21. Percent total annual suspended load versus normalized streamflow 
for low gradient transects, Nonh Fork Little Snake River. 
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Figure 22. Percent total annual suspended load versus normalized streamflow 
for moderate gradient transects, Nonh Fork Little Snake River. 
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The particle size distribution of the bedload is also relevant to  the maintenance of habitat 

quality. The median particle size in the bedload has been plotted against streamflow normalized by 

average annuai discharge for cross-sections of differing water surface slopes, as shown in Figure 

29. The correlation coefficients for these power function relations were statistically significant at  

p <  =0.05 and F-tests indicated the slopes of the best-fit lines were significantly different than 0. 

The relations for BSC represent natural conditions, with only slight differences observed over the 

gradient ranges. Fine gravels (greater than 2 mm diameter) began to  predominate the bedload as 

discharge exceeded 4Q,. The dSo began to approach 10 mm when flow exceeded 1 3Qm. The 

influence of the sediment spill is reflected in the NFLS data, especially at the lower gradient 

transects. The relationship representing the steep gradient cross-sections was similar to those for 

BSC, suggesting that fine sediments from the spill were rapidly flushed. In the lower gradient 

sections, fine gravels did not predominate the bedload until flow exceeded 100, suggesting 

significant flow events would be required to transport large amounts of gravel through these 

reaches. 

Bedload Transport Modelling 

A bedload transport model was developed for steep, rough mountain stream channels 

utilizing the data derived from the intensive field studies described previously in Chapters 4 and 5. 

Model development was based upon three criteria. First, the model had to account for a statistically 

significant portion of the variation within the field measured bedload discharge values. Second, the 

model had to consist of easily measured independent variables which could be collected as part of 

a routine fishery habitat analysis. finally, from the physical process standpoint, the model variables 

had to  be logical. 

Field investigations were designed to incorporate a range of sediment, hydrologic and 

hydraulic conditions typically encountered in streams of the Central Rocky Mountain region which 

provide native habitat for Colorado River cutthroat trout. Table 27 presents the range of dependent 
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Table 27. Range of independent and dependent variables used in the stepwise multiple 
regression analysis of bedload transport data from the North Fork Little Snake River 
(NFLS) and Big Sandstone Creek (BSC) watersheds. 

Variabie Range 

Unit Bedload Discharge (q,) Ibs/ft/dav 

Water Discharge (Q,) W/S 

Unit Water Oischarge (QM ft% 

Nonnaiized Water Discharge (QfOM> 

Top Width W(ft) 

Width to Depth Ratio (W/D) 

Deposition Depth (Dd) rnm 

Median bed material size (d6J rnm 

Transponability Index (TI Dd/dso 

Drainage Oensity (OD) rniies/miiesz 

Water Surface Slope (S) % 

0.1 - 3240 

0.6 - 162 

0.1 - 6.2 

0.2 - 18.1 

6.1 - 33.9 
7.9 - 216.4 

3 - 232 
0.9 - 79 
0.24 - 223.3 
1.48 - 2.77 

0.1 1 - 6.0 

. . .  
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and independent variables included in the analysis. As this subspecies inhabits steep, low order, 

headwater streams on the west slope of the Continental Divide (Baxter and Simon, 1970), 

conditions encountered in the two study streams are representative of such habitats. 

Stepwise multiple linear regression (SAS Institute, Inc., 1 985)  was the statistical procedure 

used for model development. All variables underwent logarithmic transformation to  increase the 

accounted for variance following inspection of normal probability and residual plots. The units of 

bedload discharge, pounds (dry weight) Per foot of width per day (Ibs/ft/dav), were selected for the 

dependent variabie to conform with most other published bedload transpon models. 

Independent variables were seiected, within the limits of the database, t o  represent the 

variety of physical parameters Wpicaiiy associated with transpon processes. Stream discharge, Q,, 

was represented by two variables, unit discharge (4, in cfs per foot of width) and the 

dimensionless f low parameter, Q/Q, (Q normalized by average annual discharge). These, as well 

as other hydrauiic parameters such as Sheat stress, unit stream power, mean cross-section 

velocity, mean bottom veiocity, mean depth, maximum depth, and channel gradient were 

considered as measures of the stream energy available for sediment transpon. Due to strong co- 

linearity between these variables however, ail except Q/ft, QfQw, and slope (S) were deleted - 

early in the analysis. 

Three channel shape parameters were considered in the early stages of analysis, stream 

width (W), stream depth (DI and the ratio of width to depth (W/D1. Because it is two dimensional 

and theref ore unitless, WID was considered the preferred shape parameter. 

The availability of the bed material for transport was considered from the aspect of 

deposition depth (Dd) and the median panicfe size (dS0). As it was physicaily impossible to measure 

these characxerisucs at the time each bedload sample was taken, they were estimated from bed 

material data collected on the nearesf sampling day. They were combined into one dimensionless 

variable , Dd/dSO, termed a " transponability" index, for model development purposes. 

While the water discharge variables reflect the size of the drainage basins, one additional 

parameter was felt necessary to consider the geology of the watersheds. Based upon the findings 
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of Doehring and Ethridge (1 979), drainage density (DD), the ratio of stream channel length to 

drainage area, was selected to represent the developed stream networks. For the purposes of this 

study, drainage density was measured from 7.5 minute topographic maps. All stream channels, 

both perennial and ephemerai, which appeared as "blue lines" on the maps were measured after 

their headwaters were extended to the drainage divide. High values of DD typically represent areas 

of highly erodible rock and soil, while low values reflect materials of low erodibility. Drainage 

density also indicates the length of streambanks along which erosion can occur. 

The multiple regression model which explained the greatest amount of variation in unit 

bedload discharge contained five statistically significant independent variables. These inciuded unit 

water discharge (Q,/ft), drainage density (DD), width to depth ratio, the transportabiiity index (T), 

and slope (S). The equation takes the form: 

q, = 0.3 5 (Q/ft) ' (D D)3.36(W/D)o.66(T)o.48( S)Os3' 

This model explained 65 percent of the variation within the bedload transport samples (n = 642) 

collected at 37 cross-sections within 9 study reaches on 4 streams. The correlation coefficient, 

0.81, was statistically significant a t  P< = 0.0001 and F-tests indicate all exponents are 

significantly different than 0. Table 28 summarizes the regression statistics, while Figures 30 and 

31 present scatter plots of the predicted and measured values, the best-fit line, and 95 percent 

confidence belts. 

The five-variable model included parameters which represented stream power (QJftS), 

channel shape, bed material characteristics, and basin erodibility. While these are ail logical from 

the standpoint of physicai processes, it is apparent from Table 28 that the dominant variables are 

unit water discharge and drainage density. These combined accounted for 62 percent of the 

observed variation, the equation taking the form: 

q m  = 1.07 (QJft)'*B*(DD)3*"0 

Standard errors of these regression coefficients were slightly reduced from the five variable model, 

0.06 for QJft and 0.37 for DD. Considering practical application, the advantages of this latter 

model are apparent. Drainage density is easily measured from topographic maps, while streamfiow 



Table 28. Stepwise multiple regression statistics for the analysis of unit bedload discharge (Ibs/ft/day) in the North Fork Little Snake River 
(NFLS) and Big Sandstone Creek (BSC) (nZ642). 

Independent 
Variable 

Regression 
Coefficient (b) 

St. Error of Partial Model 
Regr. Coeff. R2 R2 F' f%ob>F 

Unit Water Discharge 2.1 1 
(OWMI,  ft2/s) 

Drainage Density 3.36 
(OD, miles/rniles2) 

Width to Depth Ratio 0.65 
(W/D, f t / f t l  

Transportability Index 0.48 
IT, Dd/dJ 

Water Surface Slope 0.37 
(S, ft/ft) 

0.10 

0.44 

0.21 

0.08 

0.09 

0.57 0.57 045.4 

0.05 0.62 84.5 

0.01 0.63 16.4 

0.01 0.64 16.8 

0.01 0.65 18.5 

,0001 

.0001 

.oo 1 

,000 1 

,000 1 

' Ho: 8 = 0 

I 
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and width are routineiy measured habitat characteristics. Given the wide prediction belts associated 

with both models, it is unlikeiy the increased effon required ta measure deposition depth, panicle 

size distribution and slope would be cost effective for general applications. However, the five- 

variable model may be more sensitive for assessing relative transpon between Ctoss-sections for 

flushing flow determinations. Additional testing and refinement of the models will bener evaluate 

these considerations. 

.. . . .  . . . _ .  . _  . .  
. .  . . . .  - 

. - . . . . . . . . ..I . . _  . . .  . _ .  



CHAPTER SIX 

SUMMARY AND CONCLUSIONS 

The goals of this research were twofold. The first was to evaluate the need for flushing 

flow releases through different channel types by investigating morphologic response of mountain 

streams to  flow depletion. The second goai was to develop criteria for establishing flushing flow 

requirements of mountain stream channels by investigating the dynamics of sediment transpon and 

storage in relation to the hydrologic regime. 

Study results indicate that ail mountain stream channels do not respond in the same manner 

to streamfiow depletion. No significant differences were observed in bankfull channel width, depth, 

area, and conveyance capacity when comparing above and below diversion structures on steep 

(slope > 4 percent) and moderate (slope 1.5 to  4.0 percent) gradient reaches. Average time of 

diversion was 35 years and mean reduction in peak flood flow was estimated t o  be 70 percent. 

Channel dimensions on low gradient reaches, however, responded to  sneamflow depletion by 

significantly reducing their depth, area, and conveyance capacity. These latter results suppon the 

findings of Williams (1 9781, Gregory and Park (1 976) and Bray and Kellerhals (1 979) on larger, 

alluvial rivers. 

Theresuits from this broad scale study suggest that high eievation, steep gradient 

channels, where stream power is high, sediment loadings low and growing seasons short, are 

better able to maintain their channel dimensions with reduced flow regimes over extended time 

periods. in such sediment-limited conditions, available stream power appears to  be sufficient, even 

under depieted flow conditions, to maintain a relative sediment transpon balance through reaches 

of moderate gradient. Wesche ( 1 989) developed sediment mass curves for the Big Sandstone 

study reach based upon the 1987 and 1988 spring runoff hydrographs and a simulated water 
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develooment scenario. As shown in Figures 32 and 33, sand transport was maintained in below 

normal and near normal water years, suggesting aggradation; channel encroachment by riparian 

vegetation, and reduction in habitat quality by fine sediment intrusion likely would not occur. This 

assumes that construction-related erosion control is effective, sediment loadings remain constant, 

and streamtiow accretion below the diversion structures is not otherwise affected. 

The resuits of the sediment dynamics ponion of the study provide suppon for and allow 

refinement of the findings discussed above. Bed material characteristics were most favorable from 

a fisheries habitat perspective in the unimpacted and the steeper impacted reacnes. NFLS Reaches 

0 and 6 provide a comparison of conditions in lower gradient reacnes (less than 1 .O percentl, 

neither of which were impacted by the sediment spill. However, the flow regime through Reach 6 

had been influenced by the City of Cheyenne’s Stage l project since the eariy 1960’s. Stored bed 

material quantity and composition were quite stable and verv simiiar between the reacnes. 

Sediment transport and budset analyses indicated both reaches were stable, passing through about 

the same amount of material delivered to them. Despite the long period of streamifow depletion 

during which about 8000 acre-ft per year were removed from the upper NFLS, Reacn 6 showed no 

signs of aggradation and channei encroachment, despite its iow graaient. These findings suggest 

that the 1.5 percent slope criterion indicated above may be too high for a C wpe channel located 

within a much longer section of  higher gradient B channei. 

The criticai reaches for determining flushing flow requirements within steep, rough 

mountain channels such as NFLS and BSC are those having very low water surface slopes. The log- 

step pooi habitats within NFLS Reaches 4 and 5, where graaients are less than 0.30 percent, act 

as sediment traps within the svstem and are most affected by development activities which 

increase loadings and reduce streamflow. As discussed in Chapter 5, a threshold of flushing was 

identified within these reacnes at which net pool scour is initiated. Beiow this crossover point, sand 

predominates the bedload transpon from the steeper reaches into the pools up to a flow range of 

about 3QM. From 3Q, up to about 12Q,, finer gravels predominate the pool inflow. Above 

1 2QUr coarser gravels (>  8 mm) comprise over 50 percent of the bedload entering the pool. A t  
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Figure 33. Sediment mass curves for Transects I and 5, Big Sandstone Creek, 
for 1988 spring runoff with simulated water development. 
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the pool exit, sand predominates the bedload for flows under 1 OQ,, with fine gravels comprising a 

more significant ponion a t  higher flow ranges. Above 12Q,,'net pool scour occurs, with coarser 

graveis replacing the sand and finer graveis which are exiting. These findings suggest a phased 

bedload transport process, such a s  that proposed by Jackson and Beschta (1 9821, wherein 

transoort does not always involve the full range of pamcle sizes avaiiable. 

As discussed in Chapter 5, the maintenance of Spawning gravel recruitment processes can 

be an important requirement of a flushing flow regime. Sidle (1  9881, based upon research in a 

riffle-pool-riffle sequence of a small Alaskan Sueam, estimated that a flood equai to  or exceeding 

the event having a 5-year recurrence interval was  needed to trigger the scour of coarse gravel (> 8 

mmr. If the  assumption is made that a median spawning panicle size of about 12.5 mm is adequate 

for the small Colorado River cutthroat which inhabit the study streams, Figure 29 indicates this 

panicle size does not begin to  predominate the bedoad in steeper reaches until flow approaches 

20Qu. Eased upon nine samples collected a t  NFLS Reach 4, fransect 1, a t  ffows ranging from 12 

to 1 SQ, only about 10 percent of the bedload leaving the pool w a s  greater than 12.5 mm, 

suggesting higher discharges are required for significam spawning gravel transport through the - 

pool. The instantaneous QP5 for this section of the NFLS estimated bay the Lowham (1 976) 

procedure is 249 cfs. The peak mean daily discharge recorded a t  the NFLS Reach 3 gage station 

during 1 9 8 6  was  240 cfs (21.4QM), a f h v  likely in excess of the 5-year fiood event and one 

which just began to  spiil out of the  active channel banks. In response to this evenr, meaian particle 

size in Reach 4 increased from 5 t o  23 mm, a s  presented on Figure 14. These results, coupled 

with the findings of Sidle t-19881, suggest periodic flow events in this range are likely necessary for 

longterm spawning gravel recruitment through such river systems. 

Further evidence in support Of the threshold concept and the need for periodic large flood 

events is provided by the flushing flow study undenaken on Oeaaman Creek (Wesche, 1987 and 

1988). Deadman Creek is a major tributaw of the NFLS which enters the mainstem approximately i 

0.1 miles below Reach 6. A diversion structure failure during the spring 1986 resulted in an 

estimated 261 cubic yards of embankment fill entering the channel. Applying methods and criteria 

. .  .. . . .  
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deveioped on the NFLS and BSC, the critical study reach was identified as a log-step pool similar 

hydraulically to NFLS Reach 4. Reach gradient was 0.25 percent, deposition depth was 104 mm, 

and median particle size of stored material was 5.5 mm. Based upon the identified flushing 

threshold of 1 20, and estimates of flow characteristics developed from the Lowham (1 976) 

procedure, a plot of normalized discharge versus the net sediment export rate from the pool was 

constructed. This plot then served as the basis for determining the magnitude and duration of the 

required flushing event. Dye dilution procedures were used to assure the time-of-travel would be 

sufficient to transport mobilized finer sediments through the important Colorado River cutthroat 

trout habitats of the upper NFLS. The recommended flow regime released during the spring of 

1988 included a peak discharge of 60 cfs, estimated to be the flood event having a 5-year 

recurrence interval. Following release of the flushing regime, mean deposition depth decreased from 

105 mm to 65 mm and median particle size increased from 5.5 to 20.5 mm, conditions simiiar to 

the response observed at NFLS Reach 4. 

Flushing or channel maintenance flow regimes can be a powerful management tool. 

However, before studies are undertaken to determine site-specific requirements, management goals 

need to be clarified. If the objective is only to maintain channel conveyance capacity within steep, 

rough mountain streams, the results of this study indicate such channels wiil maintain themselves 

for extended time periods, assuming sediment loadings remain reiatively low and accretion flows 

below diversion structures are not affected. Studies should focus on criticai low gradient reaches 

where aggradation and encroachment appear more likely to occur. The development of longitudinal 

profiles from topographic maps for streams to be affected by a particular water development 

project wiil rapidly allow identification of reaches most likely to be impacted. The regression 

equations presented in Chapter 5 can be used to estimate potential channel response, based upon 

anticipated streamflow depletions. Within these critical reaches, studies should focus on defining 

inflow and outflow sediment transpoa capabilities. 

Should management goals include the preservation of habitat for important salmonid 

species within steep, rough mountain channels, critical reaches should include very low gradient 
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pools such as were investigated during this study. To maintain this habitat type, study resuits 

suggest flushing flow releases should exceed 120, for a sufficient period of time to export 

accumulated finer sediments and achieve desired net scour. The flushing duration will be dependent 

on the differential transgort races entering and exiting the pools, based on the magnitude and 

duration of intermediate and low flow events. The frepuency of the flushing event shouid be based 

on the rate of pool aggradation and its effect on habitat quality. The five-variable bedload transpan 

model presented in Chapter 5 should be useful for evaluating these transport rates and determining 

the duration of the flushing flow required above the threshold level. To maintain gravel recruitment 

processes, diversion structures should allow sediments to be bypassed and a shon-term event 

equivalent to the flood having a 5-year recurrence internal should be released as avaiiabie. 

. - .  _. .  . . . .  . .  . - <  
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Tublu A- 1. Oeticripiioir ol iliu motcniuirr titroein study bitus. 

€&tit l id iuJ 

Oivurbion ’ % (W (II l  Suction Capacity 

Out0 Hodticlion’ Moan Meon Mutrii 
Of I l k  a,, Width Depth Cross- 

Area (It’) I f  t’ ls) Struarn Ilr Situ 

Lerernie River -Above Potrdre Tuririel 
Larsrnie River-Below Poudre Tunnel 

1820 

1890 

1882 

1063 

26.2 
23 27.3 

2.6 
2.0 

63.0 
64.6 

266 
87 

26.0 
44 26.2 

2 .o 
2.0 

60.0 
62.4 

237 
364 

North Fork Encampment-Above Wolfard Canal 
North Fork Encsrnpnrenl-Below Wolfard Canal 

10.8 
17 21.3 

2.6 
1.6 

49.6 
32.0 

Cow Creek-Above Pilson Ditchtrs 
Cow Creek- Above Pilson Ditches 

4 2 1  
181 

N. Fork Little Snake-Above Cheyenne Div. 
N. Fork Little Snake-Below Cheyenne Div. 
N. Fork Little Snake-Below Clieyerirre Div. 

10.1 
68 10.6 
68 8.1 

1 .o 
1 .o 
1 .o 

10.1 
10.6 
8.1 

36 
69 
2 2  

1020 

1000 

27.0 
21 30.4 

2.0 
2.0 

South Brush Creek-Above Supply Canal 
South Brush Creek-Below Supply Canal 

66.8 
60.8 

602 
666 

29 1 
44 

Noah Brush Creek-Above Supply Cenel 
North Brush Creek-Below Supply Canal 

29.8 
72 19.6 

2.0 
1.6 

69.6 
29.2 

Vasquez Creek-Above Diversion 
Vasquez Creek-Below Diversion 

1936 26.4 1.9 60.2 
70 17.6 1.3 22.9 

335 
82 

Fraser River-Above Diversion 
Frsser River-Below Diversion 

1936 17.6 1.6 
28 18.1 1.3 

26.4 
23.6 

167 
102 

Fool Creek- Above Oiversiori 
Fool Creek- Below Diversion 

1966 6.0 0.8 
90 6.2 0.8 

4 .O 
6.0 

18 
36 

Sl. Louis Crecrk-Above Oivorsion 1966 19.2 1.3 26.0 164 
SI. Louis Creak-Below Diversion 67 21.6 1.4 30.2 193 

F 
r * 



Mean Mean Est ima t B d Reduction' Mean Dste 
of In Q,, Wiclr h Duprh Cross Conveyanccr 

Divursiori O h  (JI) Ill) Suction Capacity 
Aree(ft') Area(l13/6) Strtrrrrn & Site 

East St. Louis Creek-Above Diversion 1866 7.6 1.9 14.4 178 
East St. Loiris Creek-Bulow Oiversion 80 8.2 1.2 9.8 7d  

We61 St. Louis Creek-Above Diversion 
West SI. Louis Creek-Below Diversion 

1066 

1076 

1876 

1048 

1848 

7.3 
80 6.8 

0.0 
0.8 

6.6 
6.2 

37 
21 

2.2 
79 2.0 

0.8 
0.7 

1.8 
1.4 

10 
6 

Little Cabin Creek-Above Diversion 
Lit 11s Ce bln Ct ee k -B elo w Diversion 

16.1 
76 11.8 

1.t 
1.3 

17.7 
16.6 

87 
a2  

Cabin Creek-Above Diversion 
Csbin Creek - Below Diversion 

North Fork Rerich Creek-Above Divrrrsion 
Norah Fork Ranch Creek-Below Diversion 

10.1 
68 9.0 

0.0 
0.8 

9.1 
7.2 

28 
64 

16.7 
66 13.8 

1.2 
2 .o 

Middle Fork Ranch Creek-Above Diversion 
Middle Fork Ranch Creek-Below Diversion 

18.8 
27.6 

106 
31 2 

South Fork flanch Creek-Above Diversion 
South Fork flsnch Creek-Below Diversion 

1848 

1848 

1072 

0.7 1.4 
66 8.4 1.6 

13.6 110  
14.1 142 

11.0 1.6 
66 10.0 1.6 

. Rsnch Creek-Above Diversion 
Ranch Creek-Below Diversion 

17.6 262 
16.0 200 

Chapman Gulch-Above Divursion 
Chspman Gulch-Below divorslon 

14.1 1.2 
00 13.6 1.3 

16.9 142 
17.6 167 

'Flood flow having a rociirronce inrorvel of two yuars. 



Table A-2. Ouscripiiori 01 looiti i l l  and basin slroarn sitrtly siius. 

OUIU 
ol 

Divurbiori 

Reduciioir' Moan Muen Muan Esiiritcritid 

O h  (111 ( f t l  Suction Capacity 
In Q,.a Wictrh Depth Cross- CauupIull 

Area (It ') If P / S l  Struurn 81 Siiu 

66.6 
14 68.4 
36 48.9 

Laramie River-Above Pionuer Canal 
Laramie River-Below Pioneer Canal 
Laramie Hiver-Noar Lararnio, W 

1879 

1003 

4.6 
4.6 
4 .O 

296.2 
307.8 
106.6 

630 
669 
190 

46.8 
27 30.7 
02 16.6 
70 33.6 
t 18' 42.Q 

2.3 
2.0 
1.2 
1.3 
2.4 

106.3 
61.4 
19.8 
43.6 
103.0 

282 
204 
67 
76 

2U7 

New Fork River-Barlow Rtriich 
New Fork River-Noblo Ranch 
New Fork River-Leopold Cabin 
New Fork River-Murdock Ranch 
New Fork River-Bolow Duck Crucrk 

Owl  Creek-Below Confluence of North & South Fork6 
Owl Creek-at County Bridue 
Owl Creek-near moirth 

1 000 28.4 
16.1 
13.2 

1.6 
2.0 
1.8 

42.2 
32.2 
21.1 

190 
84 
34 

1010 Gooseberry Creek-near Highway 43 1 Bridge 
Goomberry Creek-tit Killifish fxclosirre 
Gooeeberry Creek-Near Larkin Lane Bridge 

17.0 
12.3 
7.6 

1.4 
1.4 
1.4 

23.8 
17.2 
10.6 

61 
El 

2 0  

'Flood f low h a v i t r ~  u two-veer recurrence interval. 

a t indicatos percent increase in QV2 over roferunce site. 
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Figure A - 1. Bed material particle size distribution for Reach 0, North Fork Little 
Snake River. 
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Figure A - 2. Bed material particle size distribution for Reach 4, North Fork Little 
Snake River. 
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Figure A - 3. Bed material particle size distribution for Reach 5 ,  North Fork Little 
Snake River. 
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Figure A - 4. Bed material particle size distribution for Reach 6, North Fork Little 
Snake River. 
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FiQure A - 5. Bed material particle size distribution for North Fork BiQ Sandstone 
Creek. 
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Figure A - 6. Bed material particle size distribution for South Fork Big Sandstone 
Creek. 
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Figure A - 7. Bed material particle distribution for Big Sandstone Creek. 
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FiOure A - 8. Size distribution of bed material particles in Brown Trout and Brook 
Trout redds, Medicine Bow National Forest, Wyoming. 
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Figure A 9. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, Reach 0, North Fork Little Snake River. 
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Figure A - 10. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Reach 0, North Fork Little Snake River. 
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F i W e  A - 11  Relation of bedload discharQe to water discharge, with 95 percent 
coritidence belts, at Transect 3, Reach 0, North Fork Little Snake River. 
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Figure A - 12. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at -Jransect 4, Reach 0, North Fork Little Snake River. 
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Figure A - 13. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, Reach 2, North Fork Little Snake River. 
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Figure A - 14. Relation of bedload discharge to water discharge, with 95 percent 
corifidence belts, at Transect 2, Reach 2, North Fork Little Snake River. 
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Figure A - 15. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, Reach 2, North Fork Little Snake River. 
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Figure A - 16. Relation of bedload discharOe to water discharge, with 95 percent 
confidence belts, at Transect 4, Reach 2, North Fork Little Snake River. 
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FiOure A - 17. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, Reach 3, North Fork Little Snake River. 
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Figure A - 18. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Reach 3, North Fork Little Snake River. 
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Figure A - 19. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, Reach 3, North Fork Little Snake River. 
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FiOure A - 20. Relation of bedload discharoe to water discharge, with 95 percent 
confidence belts, at Transect 4, Reach 3, North Fork Little Snake River. 
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Figure A - 21. Relation of bedload discharQe to water discharge, with 95 percent 
confidence belts, at  Transect 1, Reach 4, North Fork Little Snake River. 
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FiQure A - 22. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Reach 4,  North Fork Little Snake River. 
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FiOure A - 23. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, Reach 4, North Fork Little Snake River. 
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FiOure A - 24. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 4, Reach 4, North Fork l i t t le Snake River. 
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Figure A - 25. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1 I Reach 5, North Fork Little Snake River. 
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Figure A - 26. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Reach 5, North Fork Little Snake River. 
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Figure A - 27. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, Reach 5, North Fork Little Snake River. 
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Fioure A - 28. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 4, Reach 5 ,  North Fork Little Snake River. 
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Figure A - 29. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, Reach 6, North Fork Little Snake River. 
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Figure A - 30. Relation of bedioad discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Reach 6, North Fork Little Snake River. 
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Figure A - 31. Relation of bedload discharge to water discharae, with 95 percent 
confidence belts, at Transect 3, Reach 6, North Fork Little Snake Hiver. 
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Figure A - 32. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 4, Reach 6, North Fork Little Snake River. 
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Figure A - 33. Relation of bedload discharge to water discharQe, with 95 percent 
confidence belts, at Transect 1, North Fork of BiQ Sandstone Creek. 
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Figure A - 34. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, North Fork of Big Sandstone Creek. 
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Figure A - 35. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, North Fork of Big Sandstone Creek. 
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Figure A - 36. Relation of bedload discharge to water discharoe, with 95 percent 
confidence belts, at Transect 4, North Fork of Big Sandstone Creek. 



Big Sandsbone cleek 
REACHm2 TRANSECT-1 

qr-7 -r-r - f -  

-1 0 t 2 

Log10 Wabr Dlrchargr (cfs) 

Figure A - 37. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, South Fork of Big Sandstone Creek. 



Figure A - 38. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, South Fark of Big Sandstone Creek. 
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Figure A - 39. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, South Fork of Big Sandstone Creek. 
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Figure A - 40. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 4, South Fork of Big Sandstone Creek. 



Figure A - 41. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 1, Big Sandstone Creek. 

Big Sandstme creek 
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Figure A - 42. Relatior, of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 2, Big Sandstone Creek. 



Figure A - 43. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 3, Big Sandstone Creek. 
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Figure A - 44. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 4, Big Sandstone Creek. 



Figure A - 45. Relation of bedload discharge to water discharge, with 95 percent 
confidence belts, at Transect 5 ,  Big Sandstone Creek. 
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Figure A - 46. Relation of suspended sediment load discharge to water discharoe, 
with 95 percent confidence belts, at Transect 1, Reach 0, North Fork 
Little Snake River. 





Figure A - 48. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 0, North Fork 
Little Snake River. 
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FiQure A - 49, Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, Reach 0, North Fork 
Little Snake River. 
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Figure A - 3 0 .  Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 1, Reach 2, North Fork 
Little Snake River. 
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Figure A - 51. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 2, Reach 2, North Fork 
Little Snake River. 
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Figure A - 52. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 2, North Fork 
Little Snake River. 
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Figure A - 54. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 1, Reach 3, North Fork 
Little Snake River. 
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FiQure A - 55 .  Relation of suspended sediment load discharge to water discharee, 
with 95 percent confidence belts, at  Transect 2, Reach 3, North Fork 
Little Snake River. 
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Figure A - 56. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 3, North Fork 
Little Snake River. 



0 1 2 3 -1 

Log1 0 Watar Dischorgo (cfs) 
J 

Figure A - 57. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, Reach 3, North Fork 
Little Snake River. 
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Figure A - 58. Relation of suspended sediment load discharoe to water discharge, 
with 95 percent confidence belts, at Transect 1, Reach 4, North Fork 
Little Snake River. 
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Figure A - 59. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 2, Reach 4, North Fork 
Little Snake River. 
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Figure A - 60. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 4, North Fork 
Little Snake River. 



Figure A - 61. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, Reach 4, North Fork 
Little Snake River. 
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Figure A - 62. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 1, Reach 5, North Fork 
Little Snake River. 
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Figure A - 63. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 2, Reach 5 ,  North Fork 
Little Snake River. 
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Figure A - 64. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 5, North Fork 
Little Snake River. 
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Figure A - 65. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, Reach 5, North Fork 
Little Snake River. 
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FiQure A - 66. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 1, Reach 6, North Fork 
Little Snake River. 
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Figure A - 67. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 2, Reach 6, North Fork 
Little Snake River. 



-1 

North Fark W e  Snake Rivler 
REACH-6 TRANSECb3 

0 1 2 

Log1 0 Water Dlschorge (cis) 

Figure A - 68. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Reach 6, North Fork 
Little Snake River. 
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Figure A - 69. Relation of suspended sediment load discharoe to water discharge, 
with 95 percent confidence belts, at Transect 4, Reach 6, North Fork 
Little Snake River. 
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Figure A - 70. Relation of suspended sediment load discharue to water discharge, 
with 95 percent confidence belts, at Transect 1, North Fork of Big 
Sandstone Creek. 
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Figure A - 72. Relation of suspended sediment load dischargje to water discharge, 
with 95 percent confidence belts, at Transect 3, North Fork of Big 
Sandstone Creek. 
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Figure A - 73. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, North Fork of Big 
Sandstone Creek. 
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Figure A - 74. Relation of suspended sediment load discharge to water discharge, 
with 95 percent ConfidenC8 belts, at Transect 1, South Fork of Big 
Sandstone Creek. 
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Figure A - 76. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, South Fork of Big 
Sandstone Creek. 
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Figure A - 77. Relation of suspended sediment load discharQe to water discharQe, 
with 95 percent confidence belts, at Transect 4, South Fork of Bio 
Sandstone Creek. 
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FiOure A - 78. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 1 , Big Sandstone Creek. 



Figure A - 79. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 2, Big Sandstone Creek. 
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Figure A - 80. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 3, Big Sandstone Creek, 
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Figure A - 81. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 4, Big Sandstone Creek. 
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Figure A - 82. Relation of suspended sediment load discharge to water discharge, 
with 95 percent confidence belts, at Transect 5, Big Sandstone Creek. 




