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ABSTRACT

juspended sediment measurements from €64 northern California
vatersheds were utilized in relating average normalized sus-
>ended sediment discharge to 10 watershed attributes. Sus-
>ended sediment was normalized by using long-term streamflow
>f each watershed. Factor analysis showed no confounding
among the 10 variables; regression on principal components
rave an explained variance of 0.73. Landslide potential va-
>iables contributed 42 percent to explained variance; land-
1se variables, 30 percent; streamflow and rain-snow fre-
juency, 14 percent; geology, including faults, 11 percent;
ind channel slope, the other 3 percent. The regression
roefficients indicated that watershed shape was the least
significant variable with palm-shaped watersheds having only
13 percent more sediment discharge than dendritic-shaped
vatersheds. Sediment discharge differences from watershed
ireas in the different landslide classes was most signifi-
>ant: sediment discharge from class 6 was 12 times that from
>lass 1. The regression results may be used in estimating
sediment yield in watersheds with deficient data.

1/ Presently, Consulting Hydrologist, 959 Sunnyhill Rd.,
Lafayette, California 94549, U.S.A.
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RESUME

Le cubage du sédiment suspendu effectué dans €1 bassins
hydrographiques de la Californie du Nord a servi a etablir
le rapport entre la moyenne du débit du sédiment suspendu
normalisé et 10 caracterlsthues des bassins hydrographi-
ques. Le sédiment suspendu a été normalisé en utilisant,

sur une période prolognée, 1l'écoulement lamlnalre de chaque
bassin hydrographique. L'analyse des facteurs n'a montré
aucune confusion dans les 10 variables; la régression des
principaux composants a donné une variable expliquée de
0,73. Les variables des possiblités d'éboulement représen-
taient 42 pour cent de la variable expliquée; l'utilisation
du terrain, 30 pour cent; 1'écoulement laminaire et la
frequence des pluies et des neiges, 14 pour cent; les types
de roches et les failles geologlques, 11 pour cent, et la
déclivité du lit, les derniers 2 pour cent. Les coefficients
de régression ont montré que la forme du bassin hydrogra-
phique était la variable la moins importante, avec, pour les
bassins en forme palmée, un débit du sédiment seulement 13
pour cent plus important que pour les bassins de formeden-
tritique. Les variations de débit du sédiment des zones
hydrographlques dans les différentes categores d'éboulements
étaient les plus importantes: le débit du sédiment dans la
catégorie d'éboulement 6 était 12 fois plus &levé que celui
de la catégorie 1.

ZUSAMMENFASSUNG

Schwebstoffmessungen von €1 Nord-Kalifornischen Einzugs-
gebieten wurden verwendet, um den durchschnittlichen, nor-
mierten Schwebstoffflufl mit 10 Einzugsgebietseigenschaften
zu vergleichen. Schwebstoffe wurden durch Verwendung des Land-
Zeit-Abflusses jedes Einzugsgebietes normiert. Faktorenana-
lysen zeigten keine Vermengung zwischen den 10 Variablen; die
Regre551on mit den Hauptkomponenten ergab eine erklirte Va—
rianz von 0,73. Rutschungs-Potential-Variable trugen bei 42 %
zur erklarten Varianz bei, Bodennutzungsvariable 30 %, AbfluB-
und Regen-Schnee-Hiufigkeit 14 %, Geologie elnschlleﬂllch
Klifte/Verwerfungen 11 %, und Gerlnne Gefdlle die anderen 3 %.
Die Regre551ons—hoefflzlenten zeigten, daB die Einzugsgebiets-
form die letztsignifikante Variable war, wobei "Palm"-geformte
Einzugsgebiete nur 13 % mehr SchwebstofffluB hatten als "den-
dritisch"-geformte Einzugsgebiete. SedimentfluB-Differenzen
von Einzugsgebietsfldchen in den verschiedenen Rutschungsklas-
sen waren am signifikantesten: SedimentfluB von Klasse 6 war
12 mal groBer als von Klasse 1. Regressionsergebnisse kdnnen
zur Einschédtzung von Sedimentfrachten von Einzugsgebieten mit
unzulanglichen Daten verwendet werden.
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NORMALIZING SEDIMENT DISCHARGE

So that sediment measurements from a watershed for a
single year or for a short period of years may be more re-
mesentative of long-term expectancy of sediment discharge,
the measurements must be normalized. One technique of
acomplishing normalization is knownas the "flow duration-se-
diment discharge method". Basically the method utilizes, for
each year or period of years, the relationship of sediment
concentration to stream discharge. Sediment discharge is the
product of sediment concentration and streamflow; however,
instead of using each year's or period streamflow, the long-
term frequency of streamflow is used; giving yearly or
period sediment discharge expected under representative long
term flow conditions. Perhaps a dozen people have "invented"
this procedure, including the author (Anderson, 1954). That
application recognized that water quality was also of in-
terest, so the method incorporated the computation of fre-
quencies of sediment concentration by classes from the
same data. The method is illustrated by the relationship of
sediment concentration to stream discharge for the Eel River
and the streamflow flow duration for that stream. A typical
computation is shown in Table 1, yielding sediment discharge
for a year and the distribution of both frequency of sediment
concentrations by percent of time and by percent of volume
of the expected long-term flow. Application of the method
gives rather consistent year to year estimate of sediment
discharge from individual yearly measurements of sediment
concentration and associated streamflow (Wallis and Ander-
son,1965). However, catastrophic events have been found to
change watershed conditionsat least temporarily (Anderson,
1970), so sediment data utilized in the study reported here
were taken from periods in which such catastrophic events
had not disturbed basic relationship between sediment con-
centration and discharge. Typically, the average of three
years of estimation of sediment discharge were used as the
measured suspended sediment discharge; these are given in
the last column of Table 2. As may be seen, the sediment dis-
charge varied widely between catchments from 4 to 2100 metric
tons per square kilometer per year.

WATERSHED ATTRIBUTES

To determine the sources and causes of the wide varia-
tion in sediment discharge among catchments, the sources and
causes were expressed as variables and the value for each
variable was determined for each catchment. Aerial photo-
graphs were used to determine the land use and condition
variables, U.S. Geological Survey topographic maps were used
to obtain stream slope and catchment shape, State of Cali-
fornia (196€6) geologic maps were used to abtain geology, and
geologic faults, stream-flow measurements were from U.S. Geo-
logical Survey Water Supply Papers, rain-snow frequency of
storms were obtained from special relationships previously
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established (Anderson and Wallis, 1963), and a special U.S.
Geological Survey Map of slide potential was used for that
variable (Radbruch and Crowther, 1973). Values of the va-
rables for the ©61 catchments are given in Table 2 and the
definitions of the variables are given in Table 3, together
with the means, standard deviations, and the units in which
the variables were expressed.

ANATYTICAL METHODS

The relation of suspended sediment discharge to catch-
ment attributes, streamflow and land use variables was
studied by use ofthis general model:

Sediment discharge = f (topography, geology, forest use
and condition, streamflow, rain-
snow frequency, landslides,
geologic faults) €D

The analysis technique used was priciple component ana-
lysis consisting of a factor analysis of the correlation ma-
trix, Varimax rotation of the factors, and regression
(Wallis, 1965).

FACTOR ANALYSIS RESULTS
The factor analysis showed no confounding among the 10

variables. The contribution to explain variance in suspended
sediment discharge of each of factors was:

Explained Explained

Factor Variance Factor Variance

Percent Percent
Landslide 21 Rain-Snow Frequency 6
Steep Grasslands 11 Streamflow 4
Poor Logging 9 Topography 4
Geology 8 Forest Fires 2

Total Wz

REGRESSION RESULTS

The regression model selected consisted on a log trans-
formation of all variables except the landslide class. Re-
gression was performed by using the 61 measurements of
average suspended sediment discharge and the associated 10
catchment attributes. The 10 varisble regression had a
standard estimate of 0.359 log units and an explained va-
riance of 73 percent. The regression equation and defini-
tion of variables are given in Table 3, with the regression
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coefficient giving the quantitative relationship between each
variable and the suspended sediment discharge. The quanti-
tative effects of each variable may be illustrated by showing
the effect of the range in the data analyze and also the
extreme effect if 100 percent of a catchment were in that
class:

Multiplies Sediment

Variable Range of Data Maximum Effect
Steep grasslands 2.73 12.9
Landslide potential 4,31 11.7
Watershed steepness 1.%6 7.0
Rain-snow frequency 1.52 4.0
Streamflow volume 2.22 2.8
Logging 2.94 3.6
Watershed shape 1.69 3.2
Unconsolidated sediment 2.30 2.4
Geologic faults 1.€5 2.0
Forest fires 1.08 1.1

The regression results add guantitative evalution of several
important variables not reported previously by Wallis and
Anderson (1965) and by Anderson (1975). However, the coeffi-
cient for logging in this model includes the effect of roads
on sedimentation as part of the logging effects. Detailed
evalutions of roads of different standards, in different
locations in catchments, and in areas of steep slopes are
given in Anderson (1975).

LANDSLIDE POTENTIAL

Because of the importance that the landslide map may
have in predicting susceptibility of an area to extreme sedi-
ment discharge, the definition of and method of complica-
tion of that map need specification. Radbruch and Crowther
say, "Data on slope, precipitation, and geologic units --
major factors contributing to landslide -- were generalized
and plotted on maps for the entire State (California), which
were then evalumted and combined. The resulting map units
were subsequently modified by consideration of (1) other
factor contributing to landslides; (2) information gained
through correspondence or conversation with persons working
on geologic mapping, some of it unpublished, in scattered
parts of California; and (3) reconnaissance on-the-spot
checking in the field, both on the ground and from the air.
The map units, therefore, indicate only the estimated rela-
tive amount of area covered by landslides for each map unit."

Although no quantitative relationship between the classes
numbers and amounts of landslides were implied, an analysis
of the landslide classes taken as independent variables indi-
cated a progression from low to high coeffiecients for classes
41 through €. (This was in contrast with the lack of a consis-
tant progression fround in the analysis of reservoir sedimen-
tation previously reported (Anderson 1975).) The approximate
linear progression of the effect on suspended sediment dis-
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charge for classes 1 to 6 Jjustified the use of average land-
slide class for a catchment as the single variable reported
here.

As independent analysis was made of the relationship of
average landslide class in watersheds to the catchment attri-
butes as a possible clue to how future landslide maps might
be prepared. The factor analysis showed the relationship of
the explained variation in landslide classes to the various
factors:

Explained Explained

Variance Variance

Factor Percent Factor Percent
Relative rain area 22.3 Poor Logging 3.2
Mean annual streamflow 1.2 Roads 2.3
Slope of tributary streams .2 Shape 1.5
Steep grasslands 6.0 Other 0.5
Faults 4.4 Total 57.6

The equation to predict landslide potential was obtained
by regressing the average landslide class (AVLS) for the 61
catchements against six of the variables of Table 3, then
adjusting for the proportion of each geologic rock types in
an area. The equation was:

AVLS = -11.44 + 3.90 Log RRA + 1.68 Log MAQ + 2.21 Log 51
+ 0.59 Log IGS + 0.23 Log FLTS + 0.11 Log 11

+ 1.5 Franciscan rocks + 0.2 Ultrabasic, Meta-
morphic, or Tertiary sediment rocks - 0.3
Mesazoic rocks

2.0 Granitics, Precambrian sediments, or
volcanic rocks (2)

The importance of the streamflow and rain area veriables in
predicting landslides is of particular interest in view of
Radbruch and Crowther's (1973) reparting of a "lack of corre-
lation between number of landslides and amount of precipi-
tation." Some of the broad geologic rock types, such as the
Tertiary Sediments, show wide variation in landslide poten-
tial: more detailed characterization of the geology is needed.
It is beyond the scope of this paper to explore further the
prediction of landslide potential, but the classification
used here was found to be impatant in predicting sediment dis-
charge. The Radbruch and Crowther mapwas auseful first attempt
at evaluation of the landslide potential; the relations of
equation 2 is an extention of their classification in the form
of quantitative evaluation of some important varisbles in
landslide prediction.

AN APPLICATION -- REDWOOD CREEK BASIN

One of the problems in evaluating sedimentation for any
catchement is the natural or so mlled baseline of sediment
expectation from the catchment. This baseline rate of sedi-
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mentation has been considered as the sedimentation rate from
which management decisions for needed improvement or allowed
increase in sedimentation may be evaluated. We may calculate
this baseline, as being the expected sediment discharge from

a catchment in the absence of any land use of disturbance

such as conversion of forests ortrushlands to grass, logging,
or forest fires.

I have selected for an illutration a catchment of current
management controversy between logging versus protection of
the Redwood Park from possible sediment damage. The catchment
is the Redwood Creek Basin in north coastal California (drai-
nage area 720 km2). The natural or baseline sediment potential
is calculated from the values of the landslide potential,
faults, shape, slope, geology, rain area, and streamflow for
the catchment, with the coefficients of Table 3 being applied.
The resultant expected average annual sediment discharge is
297 MT/km2. Similarly, the average natural sediment discharge
for the 61 catchments of Table 2 is 69 MT/km2/year. So the
Redwood Creek basin is high in its natural sediment expectancy,
4.7 times as high as the average catchment of this study.

The land use and disturbance is also high. We can calcu-
late the expected effects of the uses by applying the coef-
ficients of Table 3 to the steep grasslands (IGS), the logging
(I1), the past forest fires (F10), to give present expected
sediment. The comparison of natural and present sediment dis-
charge and average sediment concentration are given below:

Average
Sediment Discharge Sediment Concentration
Condition MT/km2/Yr mg / liter
Natural
Aversage all catchments 69 125
Redwood Creek Basin 297 220
Present
Average All catchments 454 854
Redwood Creek Basin 2,540 1,900

The sedimentation under present conditions in Redwood Creek
Basin 2,540 is the average for the three years of measurement
1971-1973. The calculated sedimentation is similar, 2250 MT/
km2/yr. We see that in the Redwood Creek Basin, both the
natural rate of sedimentation and the increase in sedimenta-
tion associated with present land use are higher than average.
Presumably more than average care will be needed in manage-
ment for sediment control in the basin.

CONCLUSIONS

Both natural land attributes, such as slope, geology,
and rainfall, and man-induced modifications of the lands
resistance to erosion contribute to sedimentation from catch-
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ments. The individual contributions may be quantified by the
analysis of measured sediment discharge from catchments, in-
ventory of associated catchment attributes, and characteri-
zation of the degree and types of land use. In areas of high
rainfall and steep terrain, landslides may be a major con-
tributor to sedimentation hazard and to the result effects
of land use on sediment production and reduced water quality
resulting from sediment. The relationship found in this study
have direct application to evaluating sedimentation problems
and control in Northern California, and may give some first
approximations to evaluations in other areas.
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TABLE--1. Watershed suspended sediment analysis based upon
flow duration and discharge relaticaship, Eel
River at Scotia, USGS No. 11-4770, 1969 sediment

concentration sampling

MEAN FLOW  FREQUENCY  AMCUNT  NO, SED SEDL-ENT

CFs PERCENT FL.CW SAMPLE CONC PPM
120 10.00 .002 11 0
200 10.00 .003 11 3
335 10.00 .005 11 8
570 10.00 .008 6 16

1280 10.00 .018 13 40
2525 10.00 .036 0 82
3825 10.00 .054 1 126
5900 9.00 .075 15 196
8700 6.00 .074 9 618
12500 5.00 .088 6 738
18500 3.00 .078 8 927
28000 3.00 .119 10 1228
43000 2.00 122 13 1701
64000 1.00 .091 8 2365
93000 .50 .066 3 3281

125000 .20 .035 2 4291

160000 .15 .034 2 5397

210000 .08 .024 2 6976

2635000 .03 011 0 8714

320000 .02 .009 0 10431

380000 .02 .011 0 12346

100 .963 131

MEAN FLOW 7067 cfs

TOTAL
LOAD

.00
.01
.04
.13
W72
2.92
6.81
14.73
45.64
65.27
72.84
145.91
207.04
214.15
215.86
151.81
183.28
165.84
98.02
94.64
132.77

1818.4

Adjusted Mean Sediment Concentration 1818.4 /J.9%3 = 1890 PPM
Total Suspended Sediment Load In Tons 13140000
4221
1478
(Susp. Sed. Conc.)= 3.5828 + .03384 x(Flow), Q<7067 cfs.
(Susp. Sed. Conc.)= 343.1 + .03159 ,(Flow), ¢27067 cfs.

Suspended Sediment Load in Tons/SQMI
Suspended Sediment Load in Metric Tons/SQKM

Water Quality
Parts Per Million

LT 5.5 5.5-12 13.-27. 28.-72.
% Samples 6.9 16.0 13.7 1.5
% Days 20.0 10.4 9.4 12.8
% Wacer 5 .5 .8 2.8

73.-142

6.1
8.2
3.1

GT 142
55.7
39.0
92.4
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Table 2 .--Susperded Sediment Model, Coefficients, Units, Means,
and Standard Deviation of Variables

Log SS =

22

Symbol
0.326

+0,21L4 AVLS

+0.294 Log

+0.139 Log

+0,185 Log

+0,306 Log

+0.355 Log

+0.087 Log

+0.297 Log

+0,010 Log

-0.345 Log

IGS

USED

RRA

HMAQ

FLIE

Sl

Fl10

Definition

Regression constapt, for suspended
sediment in MT/km"~/yr., mean log $S=2.32,
s.d. 0.625.

Average landslide class from map oy
Redbrucih and Crowther (1973), mean 3.8,
s.d. 1.39.

Composite interaction variable made up of
percent slope times percent grasslzand
area, % x %/10, mean 1.227, s.d. 0.577.
Area classed as logged with roads predoz-
inately in draws, m“/ha, mean 0,75k, s.d.
1.088.

Area of unconsolidated sedimentary roclk
types, percent, mean 0.709, s.d. 0.T73l.
Relative rain storm versus snowW Ireguency
(Ancerson and Wallis 1G65), percent, meexn
1.881, s.d. 0.192.

Mean anhaal streaxmrlov, llters/sec/km
mean 1,176, s.d. 0.315

Length of geologic ;er1+ zones per unit
area of watershed, m/¥=” mear 1.LLG, 5.4,
0.81k.

Slone of streams of 1500 m. mesh lenrgth,
n/km®, mean 2.2k1, s.d. 0.145.

Area of ;orest fires in the tern ygar

prior to sediment measuremernts, m~ /pa,
mean 1,770, s.d. 1l.135.

Coefficient cf variaticn of basin fiowpeth
lergths (Wallis and Anderson 1965), wita
path lergths as suggested by Busby ard
Benson (1960), unitless, mean 1.672, s.d.
0.055.
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