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Sierra Nevada, during the 1978 snowmelt period.
Bedload was measured using a modified flume, and the
addition of bedload and suspended sediment was con-
sidered to be the total sediment. Empirical equations
were developed to predict suspended sediment, bedload,
and total sediment, in units of both yield and produc-
tion rate. Mean channel slope, channel area, maximum
discharge/minimum discharge ratio, and width/depth
ratio were found to be statistically significant in
the predictive equations.

Another predictive equation was developed to
explain the suspended sediment/total sediment ratio.
Geology and energy of the flowing water were the main
variables wused. The Meyer, Peter 8 Muller (1948) and
the Einstein (1980) bedload formulas were found to
overestimate the observed values by up to three orders

of magnitude.
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INTRODUCTION

Sediment transport and sediment yield have been
studied for over 100 years. Sediment 1is made up of
tv.'o fractions: fine material in suspension and larger
material traveling along the streambed. This defines
suspended sediment and bedload, respectively. Total
sediment is expressed as the sum of these two fractions

Predicting sediment yield has been approached
from two directions. The classical approach is to use
sediment transport principles to predict sediment yield
Over time, the formulas hate evolved around different
principles. The central theme changed from shear
stress relationships (du Boys, 1879) to discharge re-
lationships (Schoklitsch, 1914, 1934, 1943; Gilbert,
1914; and Meyer-Peter, 1934) to 1lift force relation-
ships (Kalinske, 1947; Meyer, Peter 6 Muller, 1948;
Einstein, 1942, 1950; and Colby, 1954).

The other method of study has been to try to
define the source of sediment and erosion processes.
Empirical regression equations are used where the
variables attempt to define meterologic, geologic,
geomorphic, vegetative, and land use characteristics.
The study of these variables 1is recent (Anderson, 1954,
1957, 1970; Wischmeir, et. al., 1958; Schumm $ Haley,
1961; Jansen § Painter, 1974; Brown § Skau, 1975;

and Robinson, 197.6). These equations are usually



limited to regions similar to.where they were developed.
However, Lhe watershed characteristics that they repre-
sent can be used as criteria for selecting future
predictive equations,

Many of these equations are designed to predict the
total sediment yield. Often times, bedload is not
actually measured but is estimated by .use of predictive
equations. Predicted bedload usually accounts for 3 to
78 percent of the total sediment (Hindell, 1975;
Robinson, 1976; Ward, 1976; Gerson, 1977; and Fisher,
1978)

Actual measurements of bedload in mountainous
streams 1is difficult and has rarely been achieved
(Milhous, 1973). Usually suspended sediment is measured
and bedload is estimated.

It was not until 1943 that a depth-integrating
suspended sediment sampler was perfected (Graf, 1971).
Bedload samplers have evolved in many forms. The drop-
bucket or scoop-bucket takes instantaneous samples over
a small area of the stream or river. Catch basins
usually allow for a full capture of the bedload, however
it does not allow for short period sampling; i.e.,
hourly or even daily. A basket type collector has
been found to be useful on smooth bottomed streams.
However, 1its accuracy on gravel-bottomed streams has

not been verified. On small streams, a flume may be



used to carry the entire capacity of the stream over
a slot to drop the bediocoad into a capture device.

This study concentrates on mountainous streams
of the east-central Sierra Nevada. Initial studies
(Morris, Skau, and Vitale, 1959; Brown, 1972; Howe,
1972; Brown, Howe, and Skau, 1973; Brown, Skau and
Read, 1974; Brown, Lohrey, and Skau, 1977; and Lohrey,
1977) concentrated on relating watershed characteristics
to dissolved nutrients and suspended sediments. Sampling
of the total sediment load was studied by Fisher (1978).
Objectives

There are two main objectives:
1.) to develop empirical regression equations that
explain the variance found in sediment yield, the
sediment production rate, and the suspended sediment/
total sediment ratio and
2.) to explore the applicability of established
bedload formula in mountainous streams of the study area.

The empirical equations that were used attempt to
explain the dependent variables, sediment yield or
sediment production rate, by giving a-numerical rating
on known variables that represent chosen meterologic,
geomorphic, and vegetative principles. The different
principles may be explained by several variables; i.e.,
a high peak- discharge, a variable representing stream

energy, may be explained by drainage density or bifurcation



ratio (Branson, Gifford § Owen, 1972). Either drainage
density or bifurcation ratio may be used to modify

peak discharge. However, using both drainage density
and bifurcation ratio would be redundant. One year
drainage density may combine with peak discharge in such
a way that the variance of the dependent variable is
explained better than the combination of bifurcation
ratio and peak discharge. The next year it may be
reversed. Therefore, the criteria used in selecting
the independent variables is as important as the varia-
bles themselves.

To achieve the objectives, suspended sediment and
bedload were monitored and documented within the study
area. Sediment yield is defined as the "total amount
of eroded material which does complete the journey
from source to a downstream control point." (Chow, 1964) .
The dimensions for sediment yield are mass per unit
time. Sediment production rate 1is defined as sediment
yield per unit of drainage area (Chow, 1964). Sediment
production rate has dimensions of mass per unit time
per unit length squared. The production rate allows
for comparisons between watersheds of differing size.

Several authors have used established bedioad
formula in mountainous streams. The second objective

of this study is to explore the applicability of two of



the more commonly used bedload formula: Meyer-Peter §
Muller (1948) and Einstein (1950). The United States
Geological Survey has used the Meyer-Peter 7 Muller
formula for predicting bedload yield for several years.
Einstein’s formula is the classical equation using the
tractive force concept to predict bedload yield.

STUDY AREA

The Sierra Nevadas are a young mountain system
located on the eastern side of California. The system,
running in a north-south trend, has a history of
granitic uplift, followed by extensive volcanic activity.
This study covers an area approximately 170 kilometers
(100 miles) long and 40 kilometers (25 miles) wide,
crossing the California-Nevada border, bounded on the
north by Reno, Nevada and on the south near Bridgeport,
California. (See Figure 1.). Three rivers, the Truckee,
the Carson, and the Walker Rivers, drain the area. These
basins headwater in the steeply sloping eastern front of
the Sierra Nevada. The research watersheds range in
elevation from 1700 meters (5600 feet) to 3780 meters
(12,400 feet).

Vegetation of these watersheds includes pinyon pine
(Pinus monophyVia) and western Jjuniper (Juniperus
occidentalis) at lower elevations. Jeffrey pine (Pinus
Jeffrey), Ponderosa pine (Pinus ponderosa), lodgepole

pine (Pinus contorta), and white fir (Ah'ves coneotov) arc
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found at moderate elevations. Red fir (Abies magnified),
mountain hemlock (Tanga mertensia), western white pine
(Finns montiaola) , and bristlecone pine (Finns aristata).
are found at higher elevations. Sagebrush (Artemisia),
bitterbrush (Purshia tridentata), and manzanita
(Arctostaphylos patula) are the dominant species found

in most of the non-forested areas. The timberline is
around 3050 meters (10,000 feet).

The history of the area includes logging, grazing,
and mining. Mining has been largely discontinued while
grazing and logging have been severely reduced. The
effects of one or more of these land uses can be seen
in all of the research watersheds. Annual precipitation
varies from 1.78 meter? (60 inches) at the highest elevation
about 0.51 meters (20 inches) 1in the foothills. About
75 to 95 percent of the stream runoff is derived from
the snowpack (Brown 6 Skau, 1975).

Water use has historically been for agriculture
and livestock watering. However, recent development of
the area and reduction of grazing have switched the
primary water uses to domestic, fisheries, and agri-
culture. A switch to domestic use and recent emphasis
on water quality dramatizes the importance of the study
of sediments.

information gained in this study can be used to

estimate total sediment yield of the east-central portion



of the Sierra Nevada. Recent growth of the area has
sent urban sprawl to the foothills of the mountains.
The headwater areas are being affected by more intense
foot and recreational vehicle traffic.

Sediment has been measured in all water supplies,
both undisturbed and man-controlled. In excess quanti-
ties, sediment impairs recreation, increases cost for
water control projects, and can be harmful to aquatic
life. Sediment decreases both the capacity and the use-
ful life of a reservoir. Therefore, sediment is consid-
ered as a pollutant (National Water Commission, 1973).
Man's activity usually increases the sediment load in
streams. However, before this can be verified, the
stream load for undisturbed areas must be measured and
documented. A thorough knowledge of how and from v.'here
sediment 1is derived may influence planners and developers

to avoid problem areas.

METHODOLOGY
Site Selection

Watersheds were selected on the basis of perennial
flow, diversity and representativeness of geologic and

geomorphic characteristics, and absence of upstream

diversions. The watersheds have from first to fourth

order streams, and a-reas range from 1.61 km. (0.62 mi. )
2 . 2 . .

to 39.86 km. (15.43 mi. ). Sampling points were located

at the outlet of each watershed.



The total sediment study started in the spring
cf 1977, wusing six watersheds. An unusually dry
winter and spring caused the study to be extended
through the spring snowmelt of 1978. The data base
was also extended to include sixteen watersheds. One
sampling site wmas abandoned when high flows destroyed
the gaging site. It is on the 1978 snowmelt data that
most of the analysis was based.
Data Collection

Snowmelt data collection for 1978 was started in
early April, on a weekly basis, and was continued
through August. The sampling period ranged from 77 to
121 days, depending upon how long it took for the snow
to melt off each watershed in question. Daily samples
are composed of three to five separate instantaneous
samples spaced throughout the day. This procedure
concentrates on measuring near the daily peak discharge.
During the summer months, bi-weekly sampling replaced
weekly sampling. This period was far into the recession
limb of the annual hydrograph where very little loss of
accuracy 1is thought to occur due to length of time be-

tween samples.

Sediment Load
Total sediment data was collected using a flume-'
type structure, developed and described by John Fisher

(Fisher, 1978). The flume installation on Thomas Creek
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is shown in Figure 2. The structure smoothly funnels
the entire flow of the stream over a slot where the
bedload is piped to an accessible outlet where the
bedloaa 1is captured using an 0.08 mm mesh sleeve and
transferred to storage containers. Loss of bedload
in the transfer process 1is assumed to be less than 5
percent by weight> based upon field observations.
Sampling times varied from 5 seconds to 120 seconds,
depending upon flow conditions and the amount of sedi-
ment. The most common sample length was 30 seconds.

Suspended sediment samples were taken using a
U.S. DH-48 depth integrating sampler. Depth integrating
samplers obtain the average concentration of the
suspended sediment throughout the sampling cross-section.
Concentration 1is expressed in dimensions of mass per
unit volume. All samples, both bedload and suspended
sediment concentration, were triplicated to insure a
representative data base. "Flume" suspended sediment
concentrations were taken at the downstream end of the
flume after the bedload had dropped out. The sum of
"flume" suspended sediment yield and bedload yield is
considered to equal the total sediment yield.

It was found that under high flows some of the
bedload was caught up in the turbulence over the slot
and was not captured. Later modifications of the

Fisher flume solved this problem by building a trough






through which the bedload can travel and by increasing

the width of the slot to two inches. The flume 1is

designed to handle flows of up to 2.26 m3/'sec. (BO ffVsec,).

Values for total sediment and "flume" suspended
sediments were compared to a suspended sediment sample
taken Jjust upstream of the flume. Suspended sediment
concentration taken at this upstream site is defined as
the "natural" suspended sediment. The purpose of this
sample 1is twofold. First, the "flume" suspended sediment
sample was dominated by mere turbulence than in normal
stream cross-section. Thus, 1in order to get more repre-
sentative data for comparing suspended sediment concentra-
tions documented by other authors, a natural cross-section
had to be used. Secondly, an estimate of the percent of
the total sediment measured by suspended sediment alone
can be obtained. This information can be combined with
measured suspended sediment data now available for the
east-central Sierra Nevada to arrive at a more accurate
idea of the total sediment yield.

The sampling site of the "natural" suspended
sediment was also used as the cross-section for discharge
readings. These measurements were taken after the "flume"
suspended sediment and bedload measurements were taken.

A Price or pygmy current meter, depending upon flow
conditions, was used to estimate the discharge.

. Each watershed wa-s field surveyed -to inventory and

12



rate the perennial and ephemeral channels that flowed
during the 19/8 snowmelt period. A modified version
of the classification developed by Lohrey (1977) was
used. The inventory for each site included geology,
slope, estimated snowmelt flow, stream channel and upper
bank sediment composition, stability of the stream
channel, vegetation, and mass wasting of the area. The
survey also noted sediment traps, i.e., lakes and
diffuse meadows, as well as sediment and water source
areas. (See appendix A).
Laboratory Analysis

Suspended sediment concentrations for both the
"flume" and the "natural" samples were obtained using
the standardized procedure explained by Lohrey (1977).
Suspended sediment yield values were obtained by multi-
plying concentration times its associated discharge
to derive values in units of Kg/day (lb/day). Daily
sediment hydrographs of yield values were planimetered
to obtain daily values which were then used as points
on a snowmelt sediment hydrograph. The snowmelt sediment
hydrcgraph was planimetered to obtain the total yield of
sediment. Representative sediment hydrographs for both
daily and snowmelt periods can be seen in Figures 2 and 3.
Associate values for "flume" and "natural" suspended
sediment, bedload, and total sediment are labeled.

An. assumption was made that the snowmelt sediment
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yield approximates the annual sediment yield. Field
observations show that very little sediment is trans-
ported during the fall and winter months (Howe, -1972).
Not only are the concentrations of the:suspended sediment
greatly reduced, an average of 200 mg/1 during the
snowmelt period versus 7mg/l during the fall and winter,
but the streamflow discharges are also reduced. Hnder
low streamflow discharges, gravelled stream beds are
protected by an armored layer (Milhous, 1973).

Eedload ivas dried in an oven at 60°C for 24 hours
and weighed to an accuracy of 0.1 grams. Again, daily
sediment hydrographs and snowmelt sediment hydrographs
were produced.

Total sediment yield is considered to be equal
to the sum of the "flume" suspended sediment yield
and bedload yield. The area planimetered under each
watershed's snowmelt sediment hydrograph is assumed to
represent the annual sediment yield for that particular
watershed, in units of Kg/year. Sediment production
rate 1is defined as sediment yield per unit area of the
watershed. Concentrations were not expressed because
of the difficulty in determining concentrations of
bedload.

After drying and weighing, the bedload was sieved
using standard'techniques (AASHO, 1970) in a RO-TAP

sieve shaker. Log - log graphs of grain size diameter



vs. cummulative percent by weight were developed. Two
grain size diameters were obtained: grain size where

65 percent by weight is finer and where 50 percent is
finer by weight. This is defined as and respec-
tively. These two sizes, along with depth, width, and
slope of the channel section were used to predict bed-

load using the Meyer-Peter § Muller and Einstein's

bedload equations.

Data Analysis

Sediment yield is controlled bv the interaction
and inter-dependence of many variables. Many variables
can be expected to have high dependence on each other;
for example, channel length and watershed area. Other
variables show more independent characteristics, although
separately each will often have an influence in pre-
dicting sediment yield. Frequently, it. takes the
combination of several of these variables to form a
more realistic prediction of sediment yield. The use of
a reverse step-wise regression analysis has been used in
earlier studies (Howe, 1972; Brown, 1972; Brown, Howe,
and SV.au, 1973). Its use has been found to be applicable
to watershed processes involving water quality (Anderson,
1954; Brown, Howe, and Skau, 3.973; Hindall, 1976 ; and
Robinson, 1976),

The reverse, step--vise regression was used 1in this

analysis to develop predictive equations for sediment
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yield and sediment production rates of suspended
sediments, bedload, and total sediment. A seventh
predictive equation was derived to predict the sus-

pended sediment/total sediment ratio.

Independent Variables

The thirteen independent variables used in this
analysis are listed in Table 1. The criteria for
selection of the variables is often times as important
as the variables themselves. It was found that wvari-
ables describing the energy of the flowing water,
stability of the stream channel, and source of the sedi-
ment explains the variation that occurs in sediment
yield. Two other criteria fox selection of variables
were also considered. They are annual precipitation
and land use. An assumption was made that the annual
precipitation varied very little in the study area
during the study period. No major land use activities
were present in any of the study watersheds. One or
more of the criteria considered for selecting variables,
energy of the flowing water, stability of the stream
channel, source of the sediment, annual precipitation,
and land use has been found to be useful in other areas
for predicting sediment yield (Anderson, 1954, 1970;
Robinson, 1976; .and Gerson, 1977). These variables are
easily measured by an on-site investigation with the

aid of a topographic map. The methodology for measuring



Table 1. Independent Variables Used
Variables Mean
1. Channel Area (Km") 53.99
2. Mean Channel Slope (%) 12.0
3. Peak Width/Depth Ratio 12.9
4. Max/Min Discharge Ratio 27
5. Streamflow (mm) 193.9
6 . Peak Discharge mﬁ/sec) 0.54
/« Peak Depth of Flow (m) 0.66
8. Drainage Density mu/mi?) 2.29
9. Mean Bifurcation Ratio 4.3
10. % of Basin Bare of
Vegetation 8
11. % Hard Geology 60
12 . Mean Grain Size,
by weight (mm) 1.74
13. Elevation of Sampling

Point (m) 2066

Minimum Maximum
12.02 116.20
7.2 20.0
2.8 26.6
4 116
7.6 543.8
0.07 1.64
0.39 1.06
1.18 4.87
1.0 5.5
1 45
1 100
0.38 4.90
1725 2806

IS



each variable along with the wvalues obtained in the
study area can be found in Appendix B.

Several of the wvariables are based upon an on-site
stream inventory. Even variables as elementary as
drainage density were found to be different when the
values obtained using a standard U.S. Geological Survey
topographic map were compared to values obtained from
an on-site survey. The simple correlation found when
comparing the drainage densities obtained when using
the two methods was 0.11. A stream survey measures
the' stream reaches that showed evidence of streamflew.

An attempt was made to use the Forest Service
Stream Reach Inventory (Pfankuch, 1975). It was found
not to be statistically significant when correlated
with any of the dependent variables. Based on use of
the Forest Service inventory, it appears that the stream
in this study area are too small to be adequately re-
presented by the inventory.

Several geologic and soil variables were tried
although none were found to be statistically significant.
One reason for this may be that geologic and soil maps
for the study area are usually broad in their coverage.
They often do not give the detail necessary to separate
geologically similar .but erosively dissimilar rock and
soil type. For example, on a geologic map there is

usually no distinction made between andesite and
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and hydrothermally altered andasite or rhyolite,
rhyolitic pyroclastics, and indurated rhyolite. Inter-
bedding of the material and closeness of contacts make
such detailed mapping difficult. However, their erosive
properties are greatly different.

A list of variables found to show statistical
significance when correlated with the dependent variables

can be found in Appendix C.

RESULTS AND DISCUSSION

Predictive equations showing strong statistical
significance have been developed for sediment yield
and sediment production rate by using variables that
explain energy of the flowing water, stream channel
stability, and source of the sediment. The general

form of the equation is as follows:

n
In Y = Y a + b-x.
i-1
where:
Y - dependent variable
a = constant
b = regression coefficient
x = independent variable
n = number of independent variables used.
Several dependent variables were used. They are

suspended sediment yield and production rate, bedload
yield and production rate, total sediment yield and
production rates, and suspended sediment/total sediment

ratio. Total sediment is considered to equal the sum of



"flume" suspended sediment and bedload. Values of
yield and production rates for "natural" suspended
sediment represent B suspended sediment as a dependent
variable. Statistical information for the predictive
equations based on the seven dependent variables are
listed in Tables 2 through 5.

The multiple correlation coefficient, R , repre-
sents the fraction of the variation in the dependent
variable explained by the equation. Large simple
correlation coefficients are used to detect important
independent variables. The 't' wvalues provide a guide-
line as to the relative importance of the independent
variable. The standard error of the estimate is
abbreviated "SEE". If the regression equation is
explaining a large part of the wvariation, the standard
error of the equation will be less than the standard
deviation of the dependent variable (Haan, 1977).

There are four variables found to be important in
predicting both sediment yield and sediment production
rate. These variables are maximum discharge/minimum
discharge ratio; mean channel slope, peak width/depth
ratio, and channel area. Others are used in combination
in predicting the different dependent variables.

The maximum discharge/minimum discharge ratio
explains how much the peak discharge deviates from

basef lowr. The higher the ratio, the more concentrated



Table 2. Statistical
Equations

Ln Total Yield

R*R 0.9606**
SEE 0.332
Constant = 2.6781

Re
Variable Co

Channel Area

Mean Channel Slope
W/D Ratio -1
Streamflow Ln

Max/Min Discharge

Ln Total Production
R*R = 0.868*
SEE = 0.658
Constant = 0.2839

Variable

Streamflov; Ln

W/D Ratio

Mean Channel Slope
Max/Min Discharge
Channel Area

Depth of Flow -

** Statistically significant at the 99%
* Statistically significant at the 95%

Information for Total gediment

Std.

gression
efficient

.0128

-.1772

.3464
.7830
.0146

Rate

Std.

Regression

Mean
Dev.

Simple
Correlation

Coefficient

L1277 **
.518 *
.355
272
.676%

Mean =
Dev.

Simple
Correlation

4.842
1.452

2.588
1.362

t-value

.5bh**
.5h**
.86**
L28%%
.53**

Coefficient Coefficient t -value

1.2815
-.1734
-.1407
.0237
.0091
9.1395

.618%
.408
.340
CTTTHx
.321
.513*

level.
level.

LT1x*
.04*~*
.59%
.94%
.8 3%
.83



Table 5. Statistical Information for Suspended Sediment
Equations

In Suspended Sediment Yield

0.962-%* Mean = 4.389
SEE = 0.341 Std. Dev. = 1.396
Constant = 0.4367
Simple
Regression Correlation
Variable Coefficient Coefficient t-value
Channel Area .0125 .647%* 9.02*%*
.Streamflow Ln 1.0835 .466 7.11*x%
Mean Channel Slope -.1518 -.473 5.54%%
W/D Ratio -.1171 .488 4,95%*
Max/Min Discharge .0079 .698% 1.86
Ln Suspended Sediment Production Rate
R*R = 0.912*%* Mean = 2.110
SEE = 0.518 Std. Dev. = 1.400
Constant =-2.3936
Simple
Regression Correlation
Variable Coefficient Coefficient t-value
Streamflow ILn 1.0151 .786%** 4.55%%
Bifurcation Ratio -.32-84 -.330 -3.01 **
Channel Area .0078 .204 3.42%%
Max/Min Discharge .0117 .754%% 1.79
W/D Ratio -.0364 .485 1.15

**Statistically significant at the 99V level.
* Statistically significant at the 95% level.



fable 4. Statistical Information for Bedload Equations

Ln Bedload Yield

R*R = 0.927*%* Mean = 3.120

SEE 0.594 Std. Dev. = 1.659
Constant - 6.2931

Simple
Regression Correlation

Variable Coefficient Coefficient t-value
Channel Area .0144 704 % 6 .88**
W/D Ratio -.1552 LI11 —4,41**
Mean Channel Slope -.1909 -.5901~%* -4, 31**
Peak Disch. Ln .7829 .432 3.34%%
Bifurcation Ratio -.2992 .052 -2.56%*
Ln Bedload Production Rate

R*R = (0.899*%* Mean = 0.847

SEE = 0.594 Std. Dev. = 1.410

Simple
Regression Correlation

Variable Coefficient Coefficient t-value
Bifurcation Ratio -.7889 -.373 -4 .,70%*%*
Channel Area .0105 .390 4,13*%*
Max/Min Discharge .0258 .572% 3.96%%
W/D Ratio -.1220 .187 -3.27%*
% Bare .0565 -.233 2 .88**

kk Statistically significant at the 99% level..
k Statistically significant at the 95% level.



the streamflow is. The more water that is concentrated
over a short period of time, the higher the energy of
that water and the more sediment 1is transported. Also,
baseflow often does not have the needed energy to
transport sediment. Therefore, the higher the difference
between peak discharge and baseflow, the higher the
probability of sediment transport. When defining
maximum discharge/minimum discharge ratio, the minimum
discharge was terminated at 0.50 cfs. This was done

to avoid the problem of streams turning ephemeral in
dry years.

In the study area, the snowmelt period contributes
the greatest bulk of suspended sediments, about 90 percent
(Skau and Brown, unpublished). This was also noted in
small streams 1in the Rocky Mountains of west-central
Alberta (-Nanson, 1974). The effects of concentrated
streamflows can also be seen in intense summer rainfalls
and floods.

Floods not only have the obvious effects on greatly
increasing sediment carried downstream by the flood
(McPherson and Rannie, 1969; Anderson, 1970), but the
watershed characteristics in regard to sediment supply
are changed for a number of years after the flood.
Suspended sediment concentrations were found to be 2 to 3.7
times greater after the flood than before in sixteen

northern California watersheds (Anderson, 1970). Flood



damage was found to effect fragile higher elevations
of the watershed three times more severely than the
lower elevations (Anderson, 1970).

Mean channel slope was used to represent the
energy of the flowing water. The negative correlation

can be explained if one looks closely at the steep

stream sections. Steep reaches often flow over bedrock
and boulders. These areas are very poor sediment
sources. Also, steeper sections have a step-like

profile which causes much of the available energy to
be dissipated. Channel sections with lesser slopes
are usually in areas of deeper soils and smoother
channel profile. Milder slopes, 5 to 15 percent, may
provide the best combination of energy and sediment
source to produce highest sediment yields
The peak width/depth ratio has a positive simple
correlation. Channel capacity, over time, adjusts to
the sice and streamflow of the watershed above the reach.
The 1ift force acting on the channel sediments is in part
associated with depth of flow. Lift force can be broken
into two components: pressure effects from the velocity
gradient impinging on particles lying on the streambed,
and momentary upward velocity components of turbulence.
The former component is defined as the Bernouli 1lift.
Bernouli 1ift is maximized in shallow, rapid flow.

Particle motion is initiated in streams of this type at
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sliear stresses lower than predicted. At greater depth
of fhows, Bernouli 1lift exerts a smaller influence on
rai. tide motion (Baxer and Ritter, 19751. The Forest
Service Stream Reach Inventory uses this variable to
rate the stability of a stream reach.

When the peak width/depth ratio is combined in a
multiple regression matrix, a negative correlation
coefficient results. This may be due to inter-correla-
tion among the independent variables.

Using the wvariable source concept, it 1is seldom
that rainfall intensity exceeds infiltration in
forested areas (Hewlett and Troendle, 1975). Because
of this, true overland flow is rarely seen. The main,
contributing area of sediment is the stream channel
network. The portion of the channel network that has
had water flowing in it during the past year is defined
as the channel area. Therefore, the wvariable "channel
area” expresses the source of the sediment. The larger
the channel area, the larger the available supply of
sediment.

In mountainous areas, streambank erosion accounts
for the largest part of the total sediment source.
Values range from 054 percent in the mountain and valleys
of western Oregon (Anderson, 1954) to an estimated 66 to
90 percent 1in the intermountain areas of the west
(Robinson, 19706) . Streambank erosion is caused by cutting

and cave-ins of the streambank, soil encroachment on
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channel banks (up to 15 percent of the total sediment
yield as defined by Anderson, 1970), and mass wasting.
Streambank erosion in agricultural lands has been
estimated at only 26 percent of the total sediment
source (Robinson, 1976).

These four variables: maximum discharge/minimum
discharge ratio, mean channel slope, width/depth ratio,
and channel area, alternate as to which one is most
statistically significant in explaining the variance
of the dependent variable. The fact that all four
variables are consistent in the predictive equations
is very encouraging from the viewpoint of understanding
sediment yield.

Streamflow is always an important variable when
trying to explain sediment transport. The more water
available, the higher the probability of sediment trans-
port (Anderson, 1954; Hindall, 1976).

The mean bifurcation ratio relays an idea of the
drainage pattern. A high bifurcation ratio, 1like drainage
density, indicates infiltration rates and capacities of
the soil are low. This causes water to concentrate in
the stream channels gquicker, causing higher peak flows

(Branson, Gifford, and Owen, 1972).

Suspended Sediment/Total Sediment Ratio
A predictive equation that describes the suspended

sediment/total sediment ratio 1is the first step toward
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obtaining a working estimate of the total sediment
\ield without actually measuring bedload. The equation
described in table 5 attempts to explain complex .inter-
actions between suspended sediment and bedload even
though the equation does not meet the requirements to
be statistically significant at the 95 percent level.
Most of the variables used in this equation can be
obtained in the same manner as in the other equations.
However, some new variables have been introduced. Again,
the methodology used to obtain values for the new
variables can be found in Appendix E.

Hard geology is defined as volcanics, except pyro-
clastics, and glaciated gravities. Differences between
glaciated, and nonglaciated granites is important in
mountainous terrain. Erosion has been accelerated since
the original granitic uplifts some 160 million years
ago. Granites are noted for their rapid decomposition.
Glaciation removes most of the accululated material.
The amount of material moved can be seen in glacial
moraines and areas of glacial till. The result is that
glaciation leaves an area of glaciated granites with
less of a sediment source than an area of nonglaciated
granites.

Different geologies not only have different
erosivity indexes (Anderson, 1954; Thompson and White,

1964; and Bailey, 1973), but they also tend to form



lable 5. Statistical Information for Suspended Sediment/
Total Sediment Ratio Equation

Suspended Sediment/Total Sediment Ratio

R*R = 0.732"% Mean = 67.00

SEE = 16.542 Std. Dev. = 24.163
Constant = 237.64

Simple-
Regression Correlation

Variable Coefficient Coefficient t-value
Peak Discharge Ln -42.726 .233 -3.48%*
% Hard Geology .976 .604%* 3.48%x%*
Mean Grain Size 19.137 .014 2.55%
Elev. at Sampling Pnt. -.0240 .212 -2.55%
Streamflow Loge 30.028 .486 2.40%*
Drainage Density -17.97 .242 -2.28

"*Statistically.significant at the 99% level.
* Statistically significant at the 95% level.
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different sized material (Bailey, 1973). Volcanics tend
to form finer paitides while granitics' often weather
into coarse sands and gravels. It is easier for a fine
sized particle to stay in suspension that a -larger
particle. The implication is that the higher the per-
centage of fine material, the higher the probability
that suspended sediment makes up a large percentage of
the total sediment. This accounts for the positive
simple correlation of % Hard Geology.

The higher streamflows have a higher probability
of transporting sediment. This has been stated in
previous discussions, but it is also demonstrated with
a positive simple correlation for both streamflow and
peak discharge. It must be remembered that suspended
sediment concentrations are multiplied by stream
discharge to obtain sediment yield. Because of this,
streamflow is automatically weighted toward suspended
sediments.

The study area has a history of limestone and
sandstone deposition, uplifted and metamorphosed by
granitic blocks. Extensive Pliocene and Pleistocene
volcanics cut through and topped the granite blocks,
leaving the area with metamarine, metasedimentary and/or
volcanic rocks in the higher elevations. Granitics
appear on the surface as the result of erosion. The

higher the elevation, the higher the percentage of hard



geology. Again, hard geology will tend to weather into
finer material which has higher probability of being
transported in the suspended phase.

The correlation of drainage density with the
suspended sediment/total sediment ratio shows a trend
along the same lines as geology. Higher drainage
densities are associated with more impermeable
material, wusually harder geology (Branson, Gifford,
and Owen, 1972).

Explanation of variables is based on the simple
correlation coefficients. The variables act to modify
each other which may change the sign of the regression
coefficient as compared to the simple correlation
coefficient. Two groups of variables can be separated
when explaining the suspended sediment/total sediment
ratios: those that describe the energy of the flowing
water and geology. Geology determines both the source
of the sediment as well as the stability of the stream
channel. Again, the same criteria that was used for
predicting sediment has shown to be useful for predicting

the suspended sediment/total sediment ratio.

Applicability of Bedload Formulas

The predictive equations discussed were calibrated
by direct determination of 'the total sediment. Direct
determination is always difficult and often impossible

due to lack of time, funds, or expertise. Bedload



formula are often used to estimate the amount of bed-
load tianspoited (McPherson, 197.1, 1974; Robinson, 1976).
It has bcv.n assumed that at least an "order of magnitude"
approximation can be made using accepted formulas

(Dunne and Leopold, 1978). The Meyer, Peter $ Muller
(1948) and the Einstein (1950) bedload formulas were

used 1in this study in combination with measured bedload
to check this assumption.

All bedload and total load equations give the -
maximum capacity of sediment that can be carried under
a given hydraulic condition. Therefore the actual
bedload transport may be less than the transporting
capacity. Formulas should be selected that were
developed or adapted to areas of similar geography to
that of the study area.

The Meyer, Peter £ Muller equation was studied be-
cause of 1its increasing popularity within the U.S.
Geological Survey and with other researchers, both
in Europe (Graf, 1971) and in America (McPherson, 1971).
Also, Meyer and Peter researched this equation in
alpine and subalpine rivers (Graf, 1971). The working
equations for both the Meyer, Peter, 8 Muller (1948) and
the Einstein (1950) Dbedload formulas can be found in

Appendix D.

Observed rates of bedload transport for the Sierra

Nevada study area ranged from 0.001 Kg/sec. (0.001 1b/sec.]j



to 0.150 Kg/sec. (0.068 1b/sec.) with a mean of 0.022 Kg/sec

(0.010 1b/sec.). Observed rates on the East fork River,
Wyoming, were found to range from.0.008 Kg/sec. (0.004 1b/
sec.) to 2.84 Kg/sec. (1.29 1b/sec.) with a mean of 0.600
Kg/sec. (0.28 1b/sec.) (Leopold § Emmett, 1976). Both

sets of observed rates show low bedload yield. Predictive

values for the Sierra Nevada study area using the Meyer,
Peter ff Muller formula ranged from 10.8 Kg/sec. (4.91
1b/sec.) to 818.2 Kg/sec. (371.9 1b/sec.) with a mean of
187 Kg/sec. (85 1b/sec.). Therefore, the predictive
values are three orders of magnitude higher than the
observed wvalues.

The high predicted values were largely the result
of the high stream slopes found in the study area. Stream
slope was used as an approximation of the energy slope.
In mountainous areas this approximation does not hold.
Streams are usually very turbulent, in part due to the
stair-stepped profile of the channel. This profile
can be seen even 1in the lower reaches of the channel.
Turbulence releases some of the energy of the flowing
water, reducing the energy slope but not the stream
slope. Therefore, the stream slope 1is greater than the
energy slope which may explain the over prediction found
with use of the bedload formula.

Using the idea of over estimating the energy slope,

this study used observed bedload to find predictive slopes.



ihe resulling slopes vary in a narrow range ground 0 0005
This approaches the stream slope of many rivers where

the strengtn of keci.load. formulas have been shown. Furthe
studies are needed to determine an adequate approximation
of the energy slope in mountainous areas.

Einstein's bedload formula relies on a relationship
between a discharge parameter and a parameter that
defines the intensity of bedload transport. To obtain
the discharge parameter, grain size diameter is divided
by slope and depth. A high slope causes the value of
the discharge parameter to be too low to be used in the
relationship. Again, the energy slope was approximated
by the stream slope.

Stream slope was measured by taking the average
slope of a 15 meter (50 foot) section while the energy
slope should be measured precisely at each cross-section.
Therefore, a better method of estimating energy slope is
needed. Use of bedload formulas in mountainous areas
should be approached with caution.

Although the Meyer, Peter § Muller equation grossly
over-predicts bedload yield, the formula is better at
predicting the shape of the sediment hydrograph. Figure
5 shows predicted versus observed snowmelt sediment
hydrograph for a typical drainage basin. It appears taat
most of the bedload is transported during the short
period of time of- high discharges. Investigations on

gravel bottomed streams have reported an armored layer
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Figure 5. Observed versus predicted bedload.
the differences in the scales used.
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that controls bedload transport. The armored layer

prevents sand and finer material of che bed from being
entrained in the flow unless the armoring particles are
first moved (Milhous, 1973). Breakdown of the armored

layer usually involves higher wvelocities.

SUMMARY AND CONCLUSION

Daily samples of suspended sediment and bedload
were taken on fifteen small watersheds on the east
side of the Sierra Nevada. Monitoring was done on a
weekly basis during the 1978 snowmelt period. Bedload
was measured using a modified flume. The sum of
bedload and suspended sediment was considered to equal
the total sediment.

Analysis of the data included developing empirical
equations for sediment yield and production rates as
well as testing the applicability of other predictive
equations. The developed predictive equations include
estimates of suspended sediment, bedload, and total
sediment. Watershed characteristics were found to explain
a statistically significant amount of the wvariation
found in the observed variables. The watershed character-
istics describe the energy of the flowing water, stability
of the stream channel, and source of the sediments. Each
reflect an obvious though complex relationship with
sediment yield. Quantifying the variables was achieved

through a mixture of geomorphic and streamfiow characteristics



33

The most powerful variables, in terms of explaining
sediment yield, were channel area, maximum discharge/
minimum discharge ratio, mean channel slope, and
width/depth ratio. An on-site investigation is a
requisite for determination of many of the variables.
Different watershed characteristics were found to aid in
predicting the suspended sediment/total sediment ratio.
Energy of the flowing water as well as geology were
found to explain most of the variation shown in the
observed variables.

The Meyer, Peter § Muller (1348) and Einstein
(1950) bedload formulas xtre found to over-estimate the
observed bed'load values by up to three orders of mag-
nitude. The high predictive values are largely the
result of assuming the stream slope approximates the
energy slope. This approximation is not valid in moun-
tainous areas where the stream slope is greater than the
energy slope. Until a better method ai: estimating the
energy slops 1is achieved, use of bedload formulas should
be approached with caution.

Use of the developed predictive equations is limited
to the small area of study. Howrver, the basic criteria
for choosing the independent variables should be wvalid
in most mountainous areas. The total sediment yield
data collection will be continued for at least two moie
years and should provide verification of the developed

equations or derivation of better equations.
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Dato Time Crew

PERENNIAL STREAM CLASSIFI CATION

Stream i i Channel
Tributary Site Cradient
Snourtclt flow (.1 ft) Roughness Geology
Mcur (Scale to size oh channel) 1) Hard volcanics _
Depth 1/4 * Smooth 2) Soft volcanics
Depth 1/2 Intermediate 3) Hard granitics
Depth 3/4 LiOSily turbulent (riTries 4) Soft granitics
and pools)_ .
S) Alluvium
Channel Bottom
Ccmocsition *Angularity
Boulders & bedrock (i‘- ) * 1) Sharp edcas + corners, plant surfaces
' roughened
Cubbies & Rock (2¢-1') 2  2) Rounded edges + corners, plane
. . surfaces roughened
Gravel (0.1"-2.0") . 3) Well-rounded in all dimensions,

eplane surfaces smooth
Fine sand, silt &£ clay

Stability (inorganics)
Fine dead organic

1) Particles packed, resist dis-

Live vegetation lodgement when kicked
2) Moderately packed, some
grass & forhs riislodgement when kicked .
shrubs 3) Umnat;h}c{i:t&egﬁ moves easily
General
Source Area Sediment Traps

Veg. type _ Area drains into lake
Veg. density size of lake (acres)
Area _ _ (acres) Area drains into meadow
Slope flow in channel wm

flow diffuses

Other size (acres)



Perennial Stream Classification,

Composition
Boulders &£ bedrock
Cobbles & rock (2“-1")
Gravel (0.1—2.0™)
Fine sand, silt, clay

Fine ut-3d organic debris

Live vegetation

grass & forbs

shrubs
Sioae Left Right
0-33 '
37-G5
55+
Composition

Souliers £ Bedrock (V- )
Cojt/ies & rock (2"-V)
travel (0.V'-2.0")
Fine sard, silt, clay

Fine dead organic debris

Live vegetation
crass & forbs
shrubs

Left

lower Ranks

Left Pight

Upuer Bank

liass Hasting

Cutting Left
1) Little cr none (<1075
2) Intermediate '
3) Kearly continuous (<75»)
Left

page 2

Stabili ty

1) Particles packed, resist
dislodgement when kicked

2) Moderately packed, sone
dislodgement when kicked

3) Unconsolidatedi moves e

easily when walked on

1) tlo evidence of occurrence

2) Infrequent or small slumps

3) Frequent slumps,

peak flow carries

away new material

4) Mass wasting extensive - large

area affected
Right

1)

2)

3)

Stability (inorganics) Left

surface strongly resis-
tant; 2sn

surface moderately
resistant

surface not aggre-
gate; single grain

Right

Eight

Richt
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Crew

-.EPHEMERAL STREAM CLAssiFTrATrn.-i FO03;;

Strear.: . —Tributary Site Channel Gradient
Sncvrrielt flew (.1 ft) Roughness Geology
(Scale to size of channel) 1) Hard volcanics
Depth 1/4 Smooth 21 Soft volcanics
Depth 1/2 Intennediate 3) Hard granitics
Depth 3/4 Mostly turbulent (riffles 4) Soft granitics
and pools)
5) Alluvium
Channel Bottom and Lower Banks
Composition Angularity
Boulders S bedrock (1'-») o 1.
Cobbles & rock (2"-V) ; roughened .
»,, 2) eunded edges + corners, pi
Gravel (0.1"-2.0%) a3 surfaces roughened
Fine sand, silt & clay ¥ 3) ell-rounded in all diir.ensi
’ plane surfaces smooth
Fine dead organic
Live vegetation Stability Onorganics)

) ) 1) articles packed, resist di
grass . forbs ' lodgement when kicked
shrubs 3 2) oderately packed, some

dislodgement vihen kicked
Sediments (up to 2") 3) nconsolidated, novas easil
Area of bottom sediments when walked on
Ave. depth of bottom sediments (0.11) Cutting Left Right
1) Little or none (<10%
21 Intermediate
3) flearly continuous (<75/.)

4*
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Ephemeral Stream Classification, page 2.

Upper Banks
Slope Left Right ' Mass Masting [» <] Right
o-rs 1) No evidence of occurrence
S0-65 2} Infrequent of small slumps
65+ 3) Frequent slumps, peak flow carries

away new material

4) Mass wasting extensive - large
area affected

Composition Left Right Stability (inorqanics) Left Right
*_y U surface-strongly resis-
boulcers & bedrock (1 ) tent: 2mm
Cobbles & rock (2"-1') 2) surface moderately
resistant
Gravel (G.r-2.0") 3) surface not aggregate; m

single grain
Fine sand, silt, clay

Fine dead organic debris
Live vegetation

qgrass & forbs

shrubs
General
Source area Sediment traps
Vatu type_ Area drains into lake T
Veg. density : size ot lake (acres)
Area (acres) Area drains into meadow
Slope . . flow in channel

flow diffuses

Other size (acres)
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Methodology for Determining Independent Variables

bee eial of the variables used have not been stan-
daidized. However, they appear in the predictive eouations
described in the text, and their method of measurement
should be explained. This section will develop an under-
standing of the methodology used.

Values of some of the variables change from year
to year because of the variation in annual precipitation
pattern and resulting streamflow. The resulting change

in values may be large even though the method developed

to obtain the wvalues remains constant. Variables will be
discussed in two sections: those that may change annually
and those that remain constant. Tables for both

can be found after the methodology.

Variables that may change annually are:

1.) Streamflow production;

2.} neak discharge;

3.) inax imum di scharge/minimum discharge ratio;
4 J channel area;

5.) drainage density;

6.) peak width/depth ratio;

7.) peak depth of flow; and

8.) mean grain size diameter Or dso;

Variables that remain constant are:

1.) mean channel slope;

2.) mean bifurcation ratio;



3. ) percent of basin bare of vegetation;

4, )percent hard geology; and
5. )elevation of sampling site.

1. ) Total stream-flow is an estimate of the amount
of water delivered out of a watershed by a stream. On

gaged watersheds, total streamflow is determined by
measuring the area under a streamflow hydrograph.
Several methods have been developed to estimate stream-
flow for ungaged watersheds (Chow, 1S64) . Streamflow
production is total streamflow divided by the drainage
area of the basin.

2. ) Peak discharge 1is a measure of the potential
energy of the moving water. Stream discharge is equal
to the channel cross-section area times the associated
velocity. Area can be derived by measuring the peak
depth of flow through use of a crest gage and determin-
ing the width. Velocity 1s estimated. For this study,
the peak discharge was the maximum instantaneous velocity
measured for each creek.

3. ) The maximum discharge/minimum discharge ratio
represents the flashiness of the stream. The maximum, or
peak, discharge can be obtained using the method described
above. Minimum discharge must be measured during winter
flows. A value of 0.50 cfs was used to represent the

minimum discharge for discharges 1less than 0.50 cfs.



4. ) Assuming that the channel system is the source
of the sediment (Anderson, 1954, 1970; Hewlett $ Troendle,
1975, and Robinson, 1976) , it is easy to visualize an
expanding channel system giving rise to a greater sediment
supply. The channel system expands and contracts through-
out the year, due to changing moisture conditions. In
mountainous areas, the greatest channel expansion is due
to snowmelt (Dunne § Leopold, 1978)

Channel 1length was found to be highly correlated
with channel area (r = 0.91). Channel length along with
the depth of the snowmelt flow for individual years can
be easily identified in the field. Minimum channel widths

were about 10 cm.

L

n
Channel Area = Iéw. + 2D.)L,"
i=1 1 1

where:
W = width of channel cross-section
D = average depth of channel cross-section
L = length, of channel reach.

Topographic maps rarely show more than perennial

stream channels. Expansion of the stream channel system

can only be measured through use of an on-site investigation.
5. ) Drainage density is equal to channel Ilength,

in miles, divided by the effective drainage area of the

watershed.

6. ) The width/depth ratio expresses the effects

of different 1ift that forces have on sediment transport,
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slong with the capacity of tne 5troall® channel to carry
floods, Stream channels are constantly changing shape

due to deposition and scour. At the same time, the stream-
flow changes from year to year, and even hour to hour.
Therefore the width/depth ratio will vary over time. The
peak width/depth ratio was used as a variable for conven-
ience. to the land planner. .A crest gage can be used to
measure the peak depth of flow. The associated width

can be obtained by an on-site investigation.

7. ) Peak depth of flow reflects the streamflow
the individual vyear. For some years, the channel is fuller
than in other vyears. This is due to changes in precipita-
tion amounts and patterns. Again, a crest gage can be
used to measure the peak depth of flow.

8. ) The mean grain size diameter of the bedload

that 1is transported is obtained by seiving the bedload and
plotting log - log graphs of grain size diameter versus
oercent of the bedload which is finer, by weight. It has
not been documented as to whether this wvariable changes
from year to year. However, field observations show large
debris flow which are moved by intense streamflows. These
debris flow have large sized material, much larger chan
the grain sizes that were moved during the study period.
Further study is needed to determine whethei this wvariable

will change from year to year as the' result of changing

streamflows..

for
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Variables that Remain Constant

1. ) Mean channel slope 1is computed using USGS
topographic maps as follows: (Chow, 1964).
i. The stream is broken up into a number of segments,

each having approximately homogenous slope.

ii. The length of each segment is measured with an
opsiometer on the USGS topographic maps, and converted
to feet using the map scale.

iii. The difference in elevation 1is, in feet, recorded
for each segment as being the difference between the
highest and lowest points of elevation in the segment.

iv. Slope of each segment, in feet per foot, is computed
by dividing the difference in elevation within the segment
by the length of the segment.

V. The square root of the slope for each segment is
recorded.

vi. Next the length of each segment divided by the
snuare root, of the slope o0of each segment Is computed and
recorded.

vii. The weighted mean slope for the main channel is
computed by dividing the total length of all the segments
by the sum of item 6 for all segments, and squaring this
quantity. Dimensions are feet per foot and are converted
to percent.
2. ) Bifurcation ratio is an estimate of the drain-

age pattern. The bifurcation ratio will not be precisely



the same from one stream order to the next because of.
chance "variations in watershed geometry. However, there
will be a trend toward a constant (Chow, 1964) . A mean
\alue foi all stream orders was used to represent this
constant. fne bj.furcat.ion ratio is equal to the number
of stream segments of a given order divided by the number
of stream segments of the next higher order. A stream
survey map was used to measure the number of stream
segments for each order.

3. ) Low altitude, color aerial photographs were
obtained for each study watershed. Through use of
photogrammetry techniques, the vegetation cover was
divided into four classes: bare, shrub, meadow, and
forest. The percent, by area, of the watershed covered
by each vegetative type was determined through use of
a dot grid.

4. ) Geology was measured from the best available
geologic map. The watershed boundaries were deliniated,
and the percent of the watershed in each geologic
category was determined. Hard geology was defined as
volcanics, except pyroclastics, and glaciated granites.

5. ) FElevation of the sampling site was measured

off a standard USGS topographic map.






VARIABLES THAT ARE CONSTANT

Mean Mean % of Basin % Hard Elevation

Channel B.ifurca- Bare of Geology Sampling
Creek Slope (%) Ratio Vegetation Point (m)
Brownie 12.0 3.0 1 83 2180
Browns 11.5 2.5 4 22 1755
By Day 9.0 3.5 1 79 2170
Cottonwood 9.6 4.5 1 12 1950
Deep 10.0 5.3 9 35 1950
Dunderberg 15.4 7.0 45 89 2770
Eagle 9.4 5.0 20 97 2260
East 19.7 3.7 0 100 18 80
Hawkins 13.3 1.0 0 91 2465
Horsethief 7.4 5.0 4 15 2115
No Name 7.2 3.0 12 43 2220
Rock 12.0 5.4 0 1 1740
Spratt 3.7 5.5 13 62 1725
Thomas 15.0 5.2 1 76 1850

West 20.0 4.7 10 100 1950



APPENDIX C - Variables Showing-
Statistical Significance
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Some 54 variables were tested as to simple correlation
with the dependent variables. Variables that showed
statistical significance at the 95 percent level are
shown on the next page. The objective of testing all
of the variables was to develop the best regression
equation. Therefore many combinations of variables were
tested using the reverse step-wise regression process.

Even if a variable showed a high simple correlation, it
might have been so highly inter-correlated with other
variables that its contribution to explaining the variance

found in the dependent variable would have been small.
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Simple Regression Coefficients Showing Statistical

Significance at the 95% Level.
Suspended
Variable Yield Prod.
1. Streamflow .86 .64
Total
2. Streamflow .66 .82
Production
3. Peak Discharge .38 .79
4 . Channel Length .50
5. Channel Area .69
6. Wetted Perimeter
7. Wetted Perimeter
X .60
Total Channel
Composition
8. Wetted Perimeter
X
Cutting .76
9. Total Channel
Composition c. .57
Channel Length
10. Relief Ratio .57
11. Ave. Daily W/D .69 .50
Ratio
12. Peak W/D Ratio .69 .52
13. % of Basin with
Channel Slones
> 20%
14. % of Basin with

Slopes > 40

Bedload
Yield Prod.

.63

.63

.82

.60

.76

.12

.63

.60

: .55

.57

.60

.71

Total
Yield Prod.

.65 : .54
.60

.76 ¢ U770

.57 7

.66 °

.66

.79 .6l
.70

.69 : .59

.66 : .58



APPENDIX D - Bedload Formulas



The Meyer, Peter ff Muller (1948) Dbedload formula is 62

based upon the tractive force principle. The working

equation is:

3/2
KB
Y. RyS  0.047 (ys - y)DE = 0.25 y 1/ 2/ 3
9
wher<
y = specific weight of water (Kg/.m3)
Kg = Strickler's roughness coefficient for the bed
(m” 3/sec)
= grain roughness (m""/sec)
Rg = hydraulic radius, which can be approximated by
depth of streamflow (m)
S = stream slope
3
Ys = specific weight of sediment (Kg/m )
Dg = effective grain sice diameter, D * (m)
g = acceleration due to gravity (m/secl")
G""= bedload transport weight, under water (Kg/sec*m).

An assumption was made that no bedforms were evident.
KR
Therefore — W= 1. The term {0.047 Cvrs - Y)Dg} expresses the
G

critical tractive force. In order to obtain the dry bedload

rate, G ', the following formula is used:

The units of fhe dry bedload transport is Kg/sec*m. In
order to determine the total bedload transport for the

channel width:

G "o
S
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where:

b = width of sediment moving section of the channel ()

Gs = bedload transport rate (Kg/sec)

The Meyer, Peter & Muller bedload formula and the Einstein
bedload formula are based upon the tractive force principle,
properties of the grain and the flow causes the movement.

The Einstein procedure is very complicated, composed of
nearly thirty steps. However, the result 1is a bedload func-
tion. Einstein defines the bedload function as "the rate at
which various discharges will transport different grain sizes
of the bedload material in a given channel," (Graf,1971). The
relationship between a discharge parameter, ¥, and a bedload
pau-ameter, $, 1s given 1in graphical form and represents the
Einstein bedload equation. The equation to define the dis-

charge parameter is:

SRh

Experiments have determined the discharge-bedload relation-

ship. Therefore, to obtain the bedload parameter, a graph
is used. The bedload transport weight (Kg/sec*m) is:
@ 1
3
g (DE)
g

Again to obtain the total bedload transport weight (Kg/sec),

G is multiplied by the width of the sediment moving section
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the channel.

AH of the bedload equations are derived such that they
predict the maximum bedload that a stream in equilibrium can
possibly carry under a given hydraulic and sedimentary con-
dition. Except for a few cases., the bedload motion has been
studied in small-scaled laboratory flumes. The application
of bedload equations to field studies remain limited and

should be approached with caution.



APPENDIX E Suspended Sediment and Bedload DIat.

note: () indicates estimated wvalues.



Creek
Brownie
Browns

By Day
Cottonwood
Deep
Dunderberg
Eagle

East
Hawkins
Horsethief
No Name
Rock
Spratt
Thomas

West

Flume

metric tons metric tons metric t<ns metric tons

320.

59.

409.

102

118.

26.

695.

10.

83.

62.

14.

36.

2,477

53.

42

78

43

63

.54

64

00

91

56

51

32

65

79

.38

68

.12

To tal Yield of Snowmelt Sediment
Suspended Sediment
Natural

368

46.

362.

106.

87

15.

749.

12.

61.

64

14

36.

1,073.

52

40.

.55

80

83

90

.55

85

49

15

00

.22

.07

73

64

.20

95

Bedload

51.

75.

68.

27

70.

1.

134

17.

11.

121.

216.

12.

60

39

68

.39

27

91

.10

.68

32

25

.25

69

45

76

.16

Total

372.

134.

527.

129.

188.

27.

830.

11

100

73.
19.
158.
2,693.
66.

49.

37

82

29

93

91

91

01

.24

.83

57

89

48

83

44

37

Watershed
Area.,
.Km"
5.96
8.24
9.97
26.60
20.80
6.29
19.43
4.64
1.61
9.69
5.39

39.96

12.95

18.62

5.36

Suspended
Sediment/
Total
Sediment 5

86
44
78
79
63
93
84
108
83
62
74
23
92
81

85

























































































