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EROSION POTENTIAL OF SOILS

By Keith K. Young, Assistant Director
Soil Survey Interpretations Division
Seil Conservation Service, Washington, D.C.

ABSTRACT

Erosion and sediment from farmland remains a serious problem in the
United States. Gaining national concern is the erosion and sediment
resulting from urban development.

Predicting the erosion potential of soils is one of the first steps
used by the Scil Conservation Service in planning conservation systems
that control soil erosion on farmland and urban developments alike.

This paper describes the application of research to produce a practical
field procedure for determining the erosion potential of soils. Special
emphasis is given to the soil factors that influence erosion and to
how soil surveys are used to predict the areas of potential erosion.



INTRODUCTION

With the growing concern about producing enough food for ocurselves and
our world neighbors, erosion control is more important now than ever
before. Farmers in the United States have responded to better prices
and reduced acreage controls to bring more land into production. They
have increased planting acreage an estimated 5 percent in 1975, putting
more land into crops than they have in 18 years (Grant, 1974). 1In all
parts of the country there are farmers who are ignoring the lessons of
history--not to mention data contained in soil surveys-—and who are
planting crops where it is difficult to protect the soil from washing
or blowing. The potential increase in production resulting from the
increased acreage of cropland could be offset to a larpe extent by the
loss of future productive capacity of the soil caused by wind and water
erosion.

Average crop yields have tended to increase in the United States even
though soil losses are often excessive. Modern technology, including
heavy use of fertilizer, is larpely responsible. But this is a short-
term effect. In the long rum, erosion decreases the yield potential and
increases production costs Schaller, 1975).

One fact emerges clearly from our experience in striving for higher
production--the need is more urgent than ever {o increase conservation
on America's farms and ranches before even more damage is done to our
agricultural resource base. '

Erosion is also occurring in the nation's urban areas, contributing sedi-
ment to streams. Constructlion sites are highly susceptible to erosion.
Large housing developments and major construction projects may keep an
area bare and vulnerable for 1 to 3 years. The period of greatest ero-
sion hazard on individual home sites usually lasts 3 to 12 months. Many
local communities, counties, and states, are concerned about the urban
and sediment problem. A number of states have enacted erosion and sedi-
ment control laws in order to protect the environment from degradation:
Hawaii, Towa, Maryland, Michigan, Montana, North and South Carolina,
Ohio, Pennsylvania, and Virgina. The Virgin Islands have also enacted
erosion control legislation. Nearly half of these laws include farmland.

SCS, over the last 40 years has helped land managers by supplying the
basic resource information, such as soil surveys, and the land and treat-
ment alternatives from a conservation and economic viewpoint. A major
tool in planning land use alternatives and conservation treatment is

the soil loss equation. This equation, based on nearly 60 vears of
erosion research in the United States has evolved into a practical
procedure for determining the amount of erosion expected on specific
soils when they are treated in specific ways.



HISTORY OF SOIL LOSS EQUATIONS

Erosion research in the United States began in 1917 when M. F. Miller
organized, at the Missouri Agricultural Experiment Station, the first
plot study of the effect of crops and crop rotations on rumnoff and ero-
gion (Duley and Miller, 1923). Others soon followed Professor Miller's
lead and, by 1933, 10 federal-state experiment stations were doing
research on the nation's most critically eroding soils. By 1943 the
basic factors affecting runoff and soil loss were established and the
early studies were discontinued.

A number of additional studies were made that led to the development

of equations for calculating field soil loss. Zingg (1940) published
an equation relating length and percent of slope to relative soil loss.
Using this equation, Smith (1941) added crops and conservation practice
factors and the limiting annual soil loss concept in development of a
method for applying conservation practices to soils of the Midwest. A
nationwide workshop was held in Cincinnati during the summer of 1946
under the direction of Musgrave. This group reviewed all soil loss
data in the U.S. to 1946, reevaluated factors previously used, and
added a rainfall factor.

The resulting formula, generally known as the "Musgrave equation," was
widely used for estimating sheet erosion from watersheds in flood abate-
ment programs.

An improwved soil loss equation developed in the late 1950's overcame
many of the limitations of earlier equations (Wischmeier and Smith,
1965). The new developments freed the equation from some of the gen-
eralizations and geographic and climatic restrictions of earlier models.
The equation became known as the "Universal Soil lLoss Equation." Re-
search is continuing on the equation and the supporting data. Emphasis
is being placed on the rainfall characteristics and soil erodibility
factors in the states west of the Rocky Mountains. The use of the
equation to predict soil loss from construction sites is also being
explored.

The research shows that the amount of erosion is highly dependent on

the following factors: the characteristics of the rainfall; the ability
of the soil to absorb rainfall and its susceptibility to detachment and
transport; the slope length and gradient; and the amount and kind of
ground cover. Herein lies the means of erosion control. Man can influ-
ence the ground cover by using certain cropping systems and management
practices. He can influence the slope length by contour cultivation

or building terraces to intercept water. He can influence to some
degree a soil's ability to absorb water and its susceptibility to detach-
ment and transport. The erosion equation gives a measure of these
factors so that the amount of erosion can be predicted under any combina-
tion of land use and management. Such predictions furnish a sound basis
for making shifts in land use and selecting the right combination of
conservation practices.
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THE SOIL LOSS EQUATION

The soil loss equation reflects the influences of all the major factors
known to influence rainfall erosion. The equatiom:

A=RKISCP . v v 4 o o o o o o« o s o s o+ o+ 0+ (1)
where: A is the computed soil loss (sheet-and-rill erosion) in tons;
R, the rainfall factor, is the number of erosion-index wunits
in a normal year's rain;
K, the g0il erodibility factor is the erosion rate per wnit
of erosion index feor a specific soil in cuvltivated continuous
fallow on a 9-percent slope 72.6 feet long;
L, the glope length factor, is the ratio of soil loss from
the field slope length to that from a length of 72.6 feet on
the same soil and gradient;
S, the slope gradient factor, is the ratio of soil loss from
the field gradient to that from a 9-percent slope;
C, the cropping management factor, is the ratioc of soil loss
from a field with specified cropping and management to that
from the fallow condition from which the factor K was evaluated;
P, the erosion control practice factor, is the ratio of soil
loss with contouring, striperopping, or contour-irrigated
furrows to that with straight row farming up and down slope.

Values can be determined for each of these factors and the equation

solved to determine the amount of soil loss for specified management
systems.

The soil itself is one of the most important of the erosion factors.

The susceptibility of different kinds of s0il to erosion under cultiva-
tion varies widely.

The balance of this paper deals with the soil as a factor in the erosion
equation, discussions of those soil properties that influence erodi-
bility, a description of how erodibility of soil is measured and esti-

mated, and the use of soll surveys in determining the erosion potential
of soils.

SOIL ERODIBILITY FACTOR K
The soil erodibility factor K is a measure of the susceptibility of soil
particles to detachment and tramsport by rainfall and runoff. It is a
value determined experimentally for selected benchmark soils and is
estimated for other soils based on their soil properties.

The measurements of K factors are made with a rainfall simulator. The
original plots were 72.6 feet long and had a 9~percent slope. On soils
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not having this slope the K factors are converted to the standard 9-
percent slope. The measurements are made on soll kept in continuous
cultivated fallow. When all these conditions are met, each of the
factors L, S, C, and P have a value of 1.0 and K equals A/R.

Direct measurements of K values range from as low as 0.02 on certain
tropical soils in Puerto Rico and Hawaii to .69 on certain Corn Belt
soils (Wischmeier, 1971).

From a large number of experiments, the important soil characteristiecs
that influence the erodibility of soil have been identified. (Wischmeier
and Mannering, 1969; Barnett and Rogers, 1966, Roth et al, 1974). No
single soil property proved capable of predicting the soil's resistance
to erosion by rainfall and runoff. Indeed, there are many variables and
the interactions among them are highly complex. The significant vari-
ables are soil texture (particle-size distribution), soil organic matter
content, soil structure (aggregate size, shape, and durability), and
the permeability of the soil profile.

Soil texture

Generally speaking, soils that are high in silt, low in clay, and low
in organic matter are the most erodible. The soil particles are easily
detatched and the pores are easily plugged, which creates more runmoff
and erosion. A soil is less erodible with less silt content regardless
of whether the increase is in clay or sand. The very fine sand frac-
tion behaves like silt--~that is, the addition of the very fine sand
fraction to the silt fraction improves the prediction of erodibility.

When clay content increases and other factors are held constant, erodi-
bility decreases., Most of this effect is due to increased cohesiveness.
A parameter has been discovered that does an adequate job of expressing
the effect of particle size on erodibility. It is the product of per-
cent silt plus very fine sand and percent sand plus silt. This para-
meter accounted for 85 percent of the variance observed in K values for
35 rainfall-simulator-tested soils (Wischmeier et al., 1971).

However, percentages of silt, sand, and clay must be considered in
relation to other physical and chemical properties. As organic matter
increases and silt is held constamt, erodibility decreases. When clay
content is high, the effect of organic matter or sand/silt ratio on
erodibility diminishes,

This relationship does not adequately predict the erodibility of high
clay subsoils when they are scalped (Roth et al., 1974). Roth attributed
greater stability to amounts of iron and aluminum hydrous oxides. How—
ever, among the soils studied, the soils with the highest amount of iron
contain the highest amount of clay; therefore a relationship still exists
between high clay content and stability.



Coarse fragments of stone and rock in the soil reduce the erosion rate

by protecting the finer particles from raindrop impact and washing.

The effectiveness in erosion resistance is a function of the percentage
of the area covered by the coarse fragments. The greater the percent-

age covered by stones, the less the soil loss (Meyers et al., 1972).

Soil organic matter

Soil organic matter influences the erodibility of the soil probably
because of its binding effect on holding soil particles together. Soils
high in organic matter resist dispersion and the tramsporting forces

of rainfall and runoff. They also have higher infiltration rate, faster
permeagbility, and higher water-holding capacity than similar soils with
low organic matter. Soils that are scalped show this relationship clearly
by their greater susceptibility to erosion.

A number of studies concluded that in a range of organic matter from 0
to 4 percent (a) soil erodibility tends to decrease appreciably as
organic matter increases and (b) the magnitude of organic matter effect
is related to texture. That is, when clay content is high, the effect
of organic matter on erodibility is low; when clay content is low, the
effect of organic matter on erodibility is high. Organic matter exceed-
ing 4 percent seems to have little additional effect on erodibility
(Wischmeier and Mannering, 1969; Yamamoto and Anderson, 1973).

Soil structure

So0il structure, refers to the way soil particles are held together in
aggregates., The size, shape and durability, of soil structure are
important variables that influence erodibility of the soil. Soil
structure grade or durability is described as weak, medium, or strong,
depending on how firmly the soil particles resist rupture when squeezed
between thumb and finger. Erodibility is inversely related to struc-
tural durability--erosion is highest on the weakest structure and lowest
on the strongest structure. One of the reasons certain tropical soils
are s0 resistant to erosion is their especially stromng structure, The
aggregates are little affected by raindrops. The size and durability
of aggregates also affects the infiltration rate. Durable granular
aggregates have fast infiltration. Soils with weak aggregation tend

to seal quickly when raindrops break down the aggregates, causing slow
water infiltration rate.

Soil permeability

Soil permeability is the ease with which water passes through the whole
soil profile. It influences erosion by its effect on runoff. The effect
is not evident on storms of short duration (2 hours or less) but on
storms of long duration the effect is strongly apparent. The most ero-
sive soils are those with permeable upper layers and slowly permeable



lower layers. The upper layers become saturated quickly and addi-
tional rain runs off causing the soil to flow with it, even on gentle
slopes. Yet highly permeable soils, even very clayey ones having non—
swelling inactive clay may have little erosion under cultivation, even
on strong slopes. If the soil is permeable enough to accept the rain
as it falls, then no runoff occurs and erosion is no problem.

THE SOIL ERODIBILITY NOMOGRAFH

The research that has been carried on through the years by SCS and then
ARS has produced measured K factors on a number of soils. Furthermore,.
it has furnished the data for the relationships between a large number
of soil properties that affect erodibility. From this data a nomograph
has been constructed so that K factors can be estimated for a wide
variety of soils if certain soil characteristics are known (Wischmedler,
1971).

Soil scientists in SCS have established K factors for most soils in thé
United States using either measured data or the nomograph to make esti-
mates. These factors are in SCS technical guides and other SCS reports
and publications.

USING SOIL SURVEY TO PREDICT SOIL LOSS

Much of the information required for solving or applying the erosion
equation can be obtained from the soil survey. The kind of soil is
determined from the soil survey. K factors for the soils are obtained
from a list in the published soil survey or in SCS technical guides by
named kinds of soils. The slope length (L) and slope gradient (S) can
be estimated from the soil survey. The slope gradient is described in
the soil mapping unit or in the name of the mapping umit, e.g., Cecil
sandy loam, 5~ to 8-percent slopes. The length (L) may be described
in the mapping unit or can be estimated by interpretation of the soil
map., It is estimated by determining the distance from the ridge to the
foot of the slope or a well defined channel in a representative number
of mapping units.

The rainfall factor (R) for a survey area is known. It is a part of
the SCS field office technical guide. It can alsoc be read off of an
"R" factor map such as that found in SCS Technical Release No. 51
(Rev.), Jan. 1975.

If these factors are multiplied the product, RKLS, is the estimate of
the erosion potential index. It is equivalent to the amount of annual
erosion that would occur on a bare soil cultivated up and down slope
with no conservation practices.
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The erosion potential index (RKLS) by itself is a useful concept. It
shows the areas that are most likely to erode if cultivated. If the
area is cultivated, the erosion potential index shows the relative
erosion hazard of the area.

Multiplying this erosion potential index by appropriate values of fac-
tors C and P reduces it for effects of cropping system, cultural manage-
ment, and supporting control practices, so that the complete equation
predicts average annual soil loss (A) for a specific eropland situation.

If the C factors for the existing cropping and cultural management
system and the P factor for the existing supporting practices are used,
then the amount of soil loss (A) can be estimated for the existing
situation.

If the amount of soil loss (A) is unacceptably high, the soil loss
equation can be solved for C and P to find out which set of conserva-
tion cropping systems and supporting practices are needed to bring the
soil losses down to an acceptable level.

The Soil Conservation Service uses this approach to help land managers
plan and carry out a comservation program. The equation is solved so
that soil loss is equal to or less than the maximum rate of soil ero-
sion that will permit a high level of crop productivity to be sustained
econcmically and indefinitely. This is called soil loss tolerance (T).
It is the amount of soil we can afford to lose because scil formation
about keeps pace with this rate of loss.

Soil loss tolerance varies according to kind of soil. It ranges from
1l to 5 tons per acre per year depending on depth of rooting zone and
the amount of yield reduction caused by removal of the surface layer
by erosion. Each soil is carefully evaluated to determine its soil loss
tolerance using the following criteria:

1. Maintenance of an adequate rooting depth for crop productiom.
For soils that are shallow over hard rock, it is important to maintain
the remaining soil; therefore, not much soil loss is tolerated. The
soil loss tolerance should be less on such soils than for soils of
similar depth overlaying soft substrata that can be renewed by manage-
ment practices.

2. Crop yield reduction. Soils that have significant yield reduc-
tions when the surface layers are removed are given lower soil loss
tolerances.

3. Maintenance of water-control structures such as open ditches,
ponds, and other structures affected by sediment.



4, Prevention of gullies so that the fields can be worked effi-
ciently by large machinery.

T factors are listed for each kind of soil in the SCS technical guides.

The soil loss equation is also used to estimate sheet and rill erosion
from watersheds. The actual amount of sediment that reaches a stream
is only a fraction of the soil eroded from upslope. This fraction is
called the sediment yield. The ratio of sediment yield to gross erosion
expressed in percent is the sediment delivery ratio. The average annual
sediment yield for specific areas, unless measured for a period of years,
is not easily determined but gross approximations are possible. Geolo-
gists estimate the sediment yield from a watershed by multiplying the
average annual tons of soil loss for the area from all sources by the
sediment delivery ratio.

CONCLUSION

In these times of worldwide concern for the environment and at the same
time emphasis on greatex production of food and fiber, soil erosion
needs to be considered for the protection of our food base as well as
for polluiion control.

The interaction of a number of variables directly and indirectly influ-
ences the amowmt of soil erosion. A wmiversal soil loss equation based
on these interactions accurately predicts soil loss for a large part

of the United States. The soil loss equation used with soil surveys

is useful in predieting an area's erosion potential index and the kinds
of conservation treatment required to sustain crop production econom—
ically and indefinitely, and it serves as a basis for predicting
potential sediment vyield.

Soil surveys are completed for about 55 percent of the United States
mainly in the highly agricultural areas. A list of published soil
surveys can be obtained from the Soil Conservation Service, Washington,
D.C. 20250. Individual soil surveys and factors used in the soil loss
equation can be obtained from the local SCS field office or the state
office.
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EFFECT OF LAND USE ON SEDIMENT DELIVERY RATIOS

By Calvin K. Mutchler, Research Hydraulic Engineer, and Andrew J. Bowie,
Supervisory Hydraulic Engineer, USDA Sedimentation Laboratory, Oxford,
Mississippi.

ABSTRACT

Data from two subwatersheds in the Pigeon Roost Creek Watershed in
northern Mississippi were used to compute sediment delivery ratios for
each year of a 15-year period. Land use changes resulted in greatly
decreasing land and gully erosion estimates iIn one watershed and slightly
increasing estimates for the other, Computed annual sediment delivery
ratios did not seem to change due to changing land use on either watershed.
However, annual values of delivery ratios changed directly with annual
runcff. The major effect of gully plugs and other conservation struec-
tures on sediment production was to negate the effect of 33 and 34
percent of the total estimated sheet and gully erosion on the two
watersheds.

INTRODUCTION

Use of sediment delivery ratios is one of the methods used to estimate
annual sediment yield from an ungaged watershed. By definition, delivery
ratio is the proportion of gross erosion that appears as sediment yield

at some point of interest in the watershed system (SCS National Engineering
Handbook). In this paper, sediment delivery ratic is used as an indica-
tion of land use effects on sediment yield.

Data from two subwatersheds of Pigeon Roost Creek Watershed, a research
watershed operated by the USDA Sedimentation Laboratory, were used for
this study. Land use in the watershed changed before and during the 15-
year period of record due to efforts of the Soill Conservation Service
and United States Forest Service to improve the watershed, much of which
had become severely eroded and gullied in the late 19th and early 20th
centuries (Woodburn, 1949).

The major sediment sources in the watershed - upland erosion, gully
erosion, and channel erosion - have been measured for estimating annual
gross erosion values. These quantities with continuous runoff and
sediment gaging allow the computation of sediment delivery ratios and a
study of the influence of land use changes on the sediment delivery
ratio.

WATERSHED DESCRIPTION

Pigeon Roost Creek Watershed is an area of 303 square kilometers (117
square miles) located in the western part of Marshall County in northern
Mississippi. The watershed lies in the North Central Plateau region of
the East Gulf Coast physiographic section of the Coastal Plan province
(Asmussen, 1963). Surface features consist of broad £lat flood plains

1-11



with rolling, severely eroded uplands. Elevations range from approxi-
mately 90 meters (300 feet) at the watershed outlet to 180 meters (600
feet) on the watershed divide. The watersheds used in this study,
designated W-4 and W-5, are subwatersheds in the upper part of Pigeon
Roost Creek Watershed.

Area soils are predominately those of two soil associatioms: Collins-
Vicksburg-Falaya association on the flood plains and Loring-Gullied
association on the ridgetops and side slopes (Soil Survey of Marshall
County, Mississippi, 1972). The flood plain soils are nearly level,
well-drained to somewhat poorly drained soils and the steeper land is
gullied and gently sloping to moderately steep, moderately well drained
soils that have a fragipan. The Collins-Vicksburg~Falaya soils are
brown silt loams in the surface top 15 centimeters {six inches) with
silt loam subsoils. Loring soils are about 13 centimeters (five inches)
of silt loam over about 66 centimeters (26 inches) of silty clay loam
with a fragipan.

The gullied land is often eroded down to sands of the Coastal Plain
sediments. At these places and many other areas of severe erosion, the
predominately sand-bearing Tallahatta and Kosciusko geological for-
mations outcrop (Woodburn, 1949). Thus, almost all the channels are
sand-bed streams. Many of the downstream larger channels have been
dredged to remove sand and to prevent out-of~-bank flows that deposit
sand on the fertile flood plains.

When the watersheds were instrumented in 1956, watershed W~4 contained
809 hectares (2000 acres) and watershed W-5 contained 457 hectares (1130
acres). Relocation of the gaging station in watershed W-4 on January 1,
1965 and in watershed W-5 on October 1, 1969 reduced the drainage areas
to 639 hectares (1580 acres) and 405 hectares (1000 acres), respectively.

PROCEDURES

Rainfall measurement - A network of four recording raingages provide
coverage for W-4 and W-5 watersheds which are adjacent to each other.
Watershed precipitation was determined by the Thiessen-weighted method.
All data were digitized by break-points for computer-computation of
watershed storm amounts, intensities, and energy.

Land use surveys — Detailed surveys were made of watershed land use as
required for soil loss estimation by the Universal Soil Loss Equation
(USLE) (Spraberry, 1969). Overlays were prepared from aerial photos to
show each single land use area together with its slope, slope length,
and erodibility. Estimates of these land factors were all made visually
and each watershed survey of land use was made independently of previous
surveys. This resulted in some variation from one survey to another in
estimated watershed area distribution between land slope classes; how-
ever, the same scientist made all the surveys. Gullies were located and
areas of the watersheds made noncontributing by gully plugs and deten-
tion structures were located and measured.
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Channel surveys - Detailed surveys of channel cross-sections were made

at 152.4-meter (500-feet) intervals and repeated at about 4-year intervals.
Vertical control was carried from a datum, and horizental control was
maintained using pipe section markers. Channel volumes were computed by
the average end-area method to determine volume changes throughout the
period of record.

Sediment load measurements - Gaging stations were established at normal
sections at the watershed outlets. Continuous stage-discharge records
were maintained for runoff computations. Sediment samples were collected
using hand sampling methods; for the last several years, automatic
samplers were used, also. Measured sediment discharge during a storm
period was based first on storm sediment samples and, if measurements
were lacking, on the station's sediment rating curve. Sediment movement
near the streambed, which was not measured, was computed by the Colby
mean velocity method (Colby, 1957).

RESULTS

Upland erosion estimates - The USLE was used to estimate annual "sheet
erosion" in each watershed.

A=REKILSCP 1)

The rainfall factor, R, was computed from recording raingage records.

The factor values for soil erodibility, K, slope length and steepness,
LS, cropping, C, and conservation practice, P, were all estimated from
the land use surveys. Because land use surveys were made at intervals
greater than 1 year, values of A/R = K LS C P on a unit area basis were
plotted and interpolated between years of surveys to obtain annual land
use values. Annual erosion was then computed by multiplying these
smoothed values by annual R values computed from individual raingage
records and Theissen-weighted to obtain watershed values. Likewise,
acres of gullies contributing to gross erosion each year were estimated
by interpolating between the areas of gullies observed at each periodic
survey. The yield of sediment from gullies was estimated using a 5.08-
centimeter (2-inch) gully erosion rate (Woodburn, 1949) adjusted in
proportion to the annual rainfall factor to account for larger or smaller
yilelds during years of greater or lesser rainfall amounts and intensities
as represented by the EI factor. Because gully plugs and small dams

made significant portions of the watersheds noncontributing for sediment
production, those areas were not considered in estimates of watershed
gross erosion.
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Channel erosion was computed over a 15-year peried, 1958 to 1972 (Bowie,
1975). Annual values were estimated by straight-line Interpolation of
channel volumes between surveyed values. Channel losses were further
adjusted between surveys in proportion to annual runoff amounts.

Using annual values of sheet, gully, and chamnel erosion, sediment
delivery ratios were computed by

SY

DR = TG +cn (2)

where DR is delivery ratio; A is sheet erosion; GU is gully erosion; CH
is channel erosion; and SY is sediment yield at the watershed outlet.

DISCUSSTON

Sediment yield and erosion data are given in Tables 1 and 2, These data
are for the sediment-coniributing area only since the delivery ratio
should be unaffected by that part of the watershed above conservation
structures. This is not quite true since all parts of the watershed
contributed to runoff. However, runoff from the non-contributing por-
tions of the watersheds had little effect on peak rates and a limited
direct effect on total direct runoff. We assumed that the major effect
of runoff from the noncontributing areas was to increase the ground
water supply and, hence, induce faster runoff response.

Land use changes, 1957 to 1972, on the watersheds are shown in Figure 1.
Also shown are erosion potentials based on USLE computations using an
average rainfall factor for the 15-yr period. During the period of
record, land use changed in both watersheds. The contributing area in
W-4 was changed fo less erosive covers whereas, in W-5, land area under
cultivation increased. Thus, predicted erosion decreased in W-4 and
increased in W-5 from 1958 to 1972. Although not easily seen in the
figure, the quality of the several covers improved with time, e.g. poor
pasture to good pasture, thus lowering erasion potential.

However, numerous conservation structures were constructed in the watersheds.
These structures caused large parts of the watersheds to be noncontributing,
thus largely eliminating 33 percent of the predicted erosion over W-4
watershed and 34 percent over W-5 watershed.

Delivery ratios were computed yearly by using gross erosion as the sum
of all source contributions from the contributing area only. These
values are shown in Figure 2.

The gaging station in W-4 was moved between 1964 and 1965 wateryears
reducing the drainage area from 809 hectares (2000 acres) to 639 hectares
(1580 acres). This resulted in two populations of delivery ratios. A
regression analysis on this basis for W-4 and over the entire period for
W-5 indicated that the regressiom coefficient was not different from
zero. Thus, land use changes (shown earlier} did not have a detectable
effect on the sediment delivery ratio from simple regression analysis.
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Table l.--Data from Watershed W-4 for computing delivery ratios on a water year (October 1 to September
30) and contributing area basis.

(1 (2) (3) (4)
Water Contribfying Total Sediment Sheet Gully Total Channel  Delivery Ratio
Year Area— Yield Erosion Soil Loss Losses 1+(2 + 3 + 4)
hectares acres MT/ha T/a MT/ha T/a MT/ha T/a MT/ha T/a

19572/ 6532 1614 ——— = - —— e e e &/ -—-
1958 6555 1595 11.7 5.2 42.1 18.8 9.0 4,0 7.6 3.4 0.20
1959 6386 1578 6.9 3.1 39.7 17.7 8.3 3.7 3.4 1.5 0.14
1960 6309 1559 4,0 1.8 20.0 8.9 4,3 1.9 4,0 1.8 0.14
19612/ 6232 1540 6.3 2.8 34,5 15.4 7.2 3.2 5.4 2.4 .13
1962 6155 1521 16.1 7.2 37.7 16.8 7.8 3.5 11.2 5.04/ .28
1963 6078 1502 3.1 1.4 25.3 11.3 5.2 2.3 0.8 0.8 0.10
1964 6001, 14833/ 14.6 6.5 34.5 15.4 7.2 3.2 1.8 0.8 0.34
19652/ 4666 1153~ 16.8 7.5 20.2 8.0 5.6 2.5 2.7 1.2 0.59
1966~ 4634 1145 4,9 2.2 15.0 6.7 4.7 2.1 0.2 0.1 0.25
1967 4601 1137 7.6 3.4 23.1 10.3 7.4 3.3 .9 0.44/ 0.24
1968 4565 1128 8.1 3.6 17.9 8.0 6.5 2.9 1.8 0.8~ 0.31
19692/ 4532 1120 15.7 7.0 21.7 9.7 8.8 3.9 4.3 1.9 0.45
1970~ 4500 1112 8.5 3.8 11.7 5.2 5.6 2.5 2.9 1.3 0.42
19712/ 4452 1100 6.7 3.0 9.0 4.0 4,5 2.0 1.6 0.74/ 0.45
1972- 4395 1086 4.7 2.1 l6.1 7.2 6.3 2.8 1.1 0.5~ 0.20
1/ Area not behind conservation structures,

2/ Years of land use surveys; values of contributing area, sheet erosion, and gully loss linearly

interpolated between survey values.

Total watershed area of 809 hectares (2000 acres) for 1964 and earlier, 639 hectares (1580 acres)
afterwards.

Years of survey, losses for other years interpolated between survey values,
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Table 2.--Data from Watershed W-5 for computing delivery ratios on a water year (October 1 to September
30) and contributing area basis.

(1) (2) (3 (4)
Water Contribg}ing Total Sediment Sheet Gully Total Channel  Delivery Ratio
Year Area— Yield Erosion Soil Loss Losses 152 + 3+ 4)
hectares acres MT/ha T/a MT/ha T/a MP/ha T/a MT/ha T/a '

19572/ 379 936 —— ——— e —_— —_— - —_— 4/ —_—
1958 369 911 18.6 8.3 24.2 10.8 5.8 2,6 4.0 1.8 0.55
1959 359 886 15.2 6.8 25.3 11.3 6.5 2.9 2.5 1.1 0.44
1960 348 861 12.1 5.4 14.8 6.6 4.0 1.8 2.7 1.24/ 0.56
1961 339 837 17.7 7.9 21.6 9.6 6.3 2.8 3.6 1.6— 0.56
19622/ 329 812 26.2 11.7 29.8 13.3 9.4 4.2 5.8 2.64/ 0.58
1263~ 319 788 7.6 3.4 20.2 9.0 6.7 3.0 1.3 0.6~ 0.27
1964 321 792 31.6 14.1 33.2 14.8 10.1 4.5 4.0 1.8 0.67
1965 322 796 33.0 14.7 22.0 9.8 6.1 2.7 5.2 2.3 0.99
1966 324 800 14.1 6.3 17.0 7.6 4.3 1.9 2.0 0.94/ 0.61
1967 325 804 22.2 9.9 34.5 15.4 7.6 3.4 2.7 l.ZZ/ 0.50
19683/ 327 308 21.1 9.4 26.5 11.8 5.2 2.3 3.6 1.6— 0.60
196957 329 812 32,7 l4.6 40.1 17.9 7.2 3.2 6.9 3.1 0.60
1970~ 287 710 23.3 10.4 20.0 8.9 5.8 2.6 5.6 2.5 0.74
19712/ 280 692 15.7 7.0 22.2 9.9 4.9 2.0 3.1 1.44/ 0.53
1972~ 373 674 14.1 6.3 39.2 17.5 5.8 2.6 2.9 1.3~ 0.29

l/ Area not behind conservation structures.

2/ Years of land use survey-values of contributing area, sheet erosion, and gully loss lipearly
interpolated between survey values.

3/ Total watershed area changed from 457 hectares (1130 acres) to 405 hectares (1000 acres) on
October 1, 1969.

4/ Years of survey of all or part of channel-losses for other years interpolated between survey
values.
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Figure 2 also shows that a change in watershed size changes the delivery
ratio as several researchers have noted.

Preliminary examination of the data also indicated a linear effect on
delivery ratioc of runoff. Therefore, a multiple regression analysis
including annual runoff was made. A watershed identification wvariable
was included to determine if the data from both watersheds could be prop-
erly examined together. The annual calculated erosion potential was

also included to determine if land use had an effect on delivery ratio;
erosion potential was A/R of the USLE. The summary table of the analy-
sigs follows:

Variable zE_ r2 increase
Runoff .67 .67
Contributing Area .76 .09
Erosion Potential .78 .02
Watershed .79 .01

Neither the watershed nor potential erosion variable contributed much ta
explaining variation in delivery ratio. The watersheds performed quite
differently (Bowie, 1975); runoff and sediment yield from W-5 was much
greater than would usually be attributed to the small size difference of
the watersheds. However, thege differences were reflected in the

strong runoff variable and the weaker area variable.

Obviously, the major contributing variables were runoff and contributing
area. The equation including these variables is

DR = 0.488 - 0.00064 Area + 0.0099 RO (3)

with area in hectares and runoff in centimeters. This equation covering
the range of the data is also shown in Figure 3.

Statistics from the multiple regression analysis showed that land use
represented by erosion potential was poorly correlated with runoff (r =
.05). This is further illustrated by the data in Figure 4 showing the
poor correlation of runcff as a percent of rainfall and predicted sheet
erosion.

CONCLUSIONS

Factors other than land use, contributing area, conservation structures,
and runoff discussed above also influence sediment delivery ratios.
Among these are the morphological features of a watershed, drainage area
size and relief/length ratio, as suggested by Roehl, 1962. Continued
analysis of results from other subwatersheds of Pigeon Roost will allow
consideration of these factors and refinement of the conclusion of this
paper.
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Land use changes had little effect on sediment delivery ratios from the

two watersheds—-—one with increasing soil-conserving land use and the

other with decreasing soil~conserving land use; thug, land use causing
decreasing erosion estimates resulted in decreasing sediment yield under
constant rainfall conditions as expressed by the rainfall factor, R, of the
USLE. However, conservation practices like gully plugs, sediment
detention structures, and flood control dams, reduced potential sheet
erosion by one-third in each watershed.

Delivery ratios were higher for years of larger runoff, suggesting use
of a runoff factor in predicting sediment yield. Annual values of
estimated erosion did not seem to have any effect on delivery ratios.
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WATERSHED EROSION MODEL VALIDATION FOR SOUTHWEST IOWA

By C. A. Onstad, Agricultural Engineer, North Central Soil Comservation
Research Center, Morris, Minnesota; R. F. Piest and K. E. Saxtonm,
Hydraulic Engineers, North Central Watershed Research Center, Columbia,
Missouri.

ABSTRACT

Watershed erosion data from two ARS watersheds near Treynor, lLowa
are uysed tu test an erosion model developed by Onstad and Foster {1975).
This model utilizes a distributed set of input variables and includes a
detachment and a.transport phase. Depending on the magnitude of each
phase, soil is either eroded or deposited. Predicted sediment yields
from sheet-rill sources were compared with measured yields for single
events and with predictions by the univeral soil loss equation developed
by Wischmeier and Smith (1965) and the Williams model (1972). A sensi-
tivity analysis was performed for the fitted parameter in the Onstad-
Foster model. Confidence intervals were also calculated for a wide
range of single-event sediment yields,

INTRODUCTION

Eregsion modeling for agricultural watersheds is rapidly being devel-
oped to meet guidelines for identifying and evaluating the nature and
extent of agricultural pollution. BSome models use fundamental fluvial
hydraulic and hydrologic theories and others apply established empirical
techniques. Prediction needs range from upslope erosion distribution on
a storm basis for small watersheds to average annual sediment yields from
large watersheds. A single model probably will not be suitable for all
purposes nor universally applicable for a single purpose.

The model explained here and tested against two other models was
designed to estimate the upslope erosion and sediment yield from small
watersheds in the Corn Belt for single rainfall events. A mathematical
procedure is described to estimate soil detachment and transport from
each soil-slope unit of a system of units representing the watershed
geometry. Sediment yields predicted by this model are compared with
measured quantities for two watersheds near Treynor, lowa and with
estimates obtained by using two other prediction methods.

DESCRIPTION OF MODEL

This erosion model consists of relationships describing the two
phases of the erosion process, detachment and transport. It has been
described in detail by Onstad and Foster (1975) and Frere, et al. (1975).
The basic equation used is the Universal Soil Loss Equation (USLE) with
modifications described by Foster, et al. (1973).

A = WRCPSL [1]
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where A is the soil loss in tons/acre (T/a), W is a hydrologic term and
K, C, P, S, and L are the usual USLE parameters. The hydrologic term,
W, is a function of both rainfall and runoff.

We=aRg + (1-a) 30 Qq§/3 [2]

where Ry, = storm rainfall factor (EI units of the USLE)
runoff volume (in)

Ip peak runoff rate (in/hr)

a = coefficient (03a<l)

The numerical constant, 30, was evaluated from plot data obtained
with artificial rainfall on 20 soils in Minnesota and Indiana (Foster,
et al. 1973). The coefficient, a represents the relative importance of
rainfall energy compared with runoff energy for detaching soil. Normal-
ly, a will be larger for watersheds having short slopes, no vegetative
cover, and intense rains. Until more research is conducted, a must be
evaluated by measured sediment yields.

The sediment vield for a complex slope depends on the detachment
and transport of soil from upslope. If several approximately uniform
segments represent the slope, Foster and Wischmeier (1974) have shown
that the detachment capacity can be represented by

Ws(KCPS)3 , 1.5 1.5
D AT (xE? - Xl 3
i 185 3 5-1) 2]
vwhere By = detachment capacity for segment j (1bs/ft width)
x5 = distance from top of slope to lower end of segment

j (ft), and all other terms are as described for
equations [1] and [2]

Each slope segment may have a unique set of parameters, as shown
in equation [3]. When a slope has n segments, the total detached soil
capacity is the cumulative amount of all segments and this equals the
slope sediment yield, provided that the soil transport capacity is not
limiting.

The transport capacity used in this model is represented by the
equation

Wi (15CP)§ _1.5
Tey = _l_ng___ %5 4]

where T . = transport capacity at position xj (lbs/ft width).
% = transportability

Values for S, C, W., and P are the same as those used for calculating
detachment, ] ,

Throughout this discussion, T is.assumed to be the same as K. If
a slope has more than one soil type, T is evaluated by calculating the
average detachment weighted erodibility of each soil. This value re-
flects the transportability of material from upslope segments across the
segment being evaluated.

Sediment yield is calculated to the bottom of each slope segment by
gomparing the total soil detachment and the transport capacity. If
transport capacity exceeds the detached load of the segment plus
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contributions from upslope segments, then sediment yield is the sum of
the detached load plus upslope contributions. If the transport capacity
is less than the total soil available to be transported, the sediment
yield equals the transport capacity and the remainder of the soil is
considered to be deposited. Calculations are begun for the uppermost
segment and continued until the channel is reached. The sediment yield
for the watershed is assumed to be the sum of the yields of all the
streamtubes at the channel. All sediment contributions reaching the
channel are assumed transported from the watershed. The final results
are the storm sediment yield from the watershed and the distribution

of erosion throughout the watershed.

TESTING PROCEDURE

The sediment data used for model testing were obtained from
Watersheds 1 (74.5 a) and 2 (82.8 a) of the Agricultural Research Service
near Treynor, Iowa (Saxton, et al., 1971). These watersheds are single-
cropped and typical of the deep loessial soil region of western Iowa.
Detailed hydrologic and sediment data are available for each major event.
These data include rainfall, hydrographs and sediment loads.

To divide the watershed inte a series of slopes, we drew flow lines
on topographic maps of the two watersheds. These flow lines were select-
ed to separate different regions with respect to overland flow character-
istics as described by Onstad and Brakensiek (1968). Each area between
adjacent lines constitutes a complex slope along which detachment and
transport capacities were calculated with equations [3] and [4]. The
slopes were divided into segments to represent the major gradients. Each
segment is considered to be homogeneous with respect to W, K, C, P, and
S. The streamlines selected to represent the two watersheds are shown
in Figures 1 and 2.

Watershed 1 was divided into 30 complex slope units and Watershed 2
into 48 units. The area and the length of the contour boundaries of
each unit were measured, and the average slope length was determined by
assuming each unit to be trapezoidal. Average slope gradient for each
segment was determined by measuring the length and relief of a tranmsect
drawn within each segment. These geometric parameters allow computation
of S and x of equations [3] and [4] for each slope.

Both watersheds are composed of Ida and Monona soils, using a soil
erodibility factor, K, of 0.32. The practice factor, P, was assumed to
be 1.0, because the contour farming was not effective. The cropping-
management factor, C, was determined from Wischmeier and Smith (1965),
using crop stage periods averaged over the vears investigated.

Ideally, the runoff parameters, Q and g,, for a particular storm
would be estimated by using a reliable hydrogogic model at all points
needed on the watershed and the rainfall factor, Rg¢, would be determined
from a rainfall histogram. The data available from these watersheds
included rainfall histograms for determining Rgy, the outlet hydrograph
for determining Q and Aps and the sediment yield from sheet-rill sources.
Throughout the testing procedure, both the rainfall factor, Rgt, and the
runoff volume, Q, were assumed to be uniformly distributed over the
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watershed so that these factors were constant and uniform for all
'segments.

The peak rate of runoff, (o, was estimated at the bottom of each
segment by using a weighting factor together with the measured peak rate
from the watershed. Several resistance formulas, such as Manning's and
Chezy's, use area or the square root of the slope gradient as independent
prediction variables. ?sequently, the peak flow rate weighting factor
for each segment was ag sl where ag is the segment area and s, the
slope gradient. If the segment bordered the divide, its weight was that
calculated. Proceeding downslope, the weighting factor was accumulated
for each segment encountered. The peak flow rate for each segment was
then calculated to be the product of the meagured watershed peak flow
rate and the accumulated weighting factor.

The parameter, a, of equation [2] was determined for each watershed
by minimizing the variance between measured and predicted sediment yileld
for half of the selected events. The selected events were those consid-
ered to be well sampled in terms of sediment concentration for 1965
through 1972 -- 62 storms on W-1 and 48 storms on W-2. The parameter, a,
was determined for W-1 and W-2 separately and then combined because the
watersheds are similar in location, soils, topography, and crop. The
optimization was done to minimize the sum of the squared deviations
expressed as

n ~
SD= I (¥4 - Yy)? [5]
i=1

where Y; is the estimated sediment yleld and Yj, the measured yield.
The results of these optimizations for the a value are shown in Table 1.
The values of a determined by optimizing yields were 0.14 for W-1 and
0.08 for W~2, and their combined value was 0.10.

Table 1. Results of optimization runs for the determinations of a

Sum of squared deviations

First half A1l r? (all
a events events - -events)
W-2 0.08 15.86 : 98.18 0.96
W-1 and 0.10 54.50 252.60 0.94
W-2

Figure 3 shows the sensitivity of the fitted parameter, a. The
curve indicates the amount of error to be expected when the value of
- a is varied. TFor example, for a range in a from 0.05 to 0.15, the
change in squared deviations is 10 percent or less.

Tables 2 and 3 list each event and its measured sediment yield for
Watergheds 1 and 2, respectively, The measured sediment yields range
from 0.01 to 49.72 tons/acre. Also listed are individual predicted sedi-
ment ylields and associated SD using the Onstad and Foster model described
previously. The storms used in obtaining the value of a were events
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-1 through 31 on Watershed 1 and 1 through 24 on Watershed 2., Neither of
these intervals included the large storm of June 20, 1967, Deposition was -
calculated on six of the segments in each watershed. These values, as
pointed out earlier, are those obtained using the combined watershed opti-
mized value of a equals 0,10. All other storms on these two watersheds

can be considered to be predicted because they did not enter into any
parameter determinations.

The Williams model for sediment yield (1972) is expressed as
G = a(Qqp) P KLSCP (6]

where G = sediment {ield for an individual storm (tons)
Q = runoff volume (acre-ft.)
qp = peak flow rate (cfs)

o model parameters
-and K, L, §, C, and P are as defined previously.
This 1s a lumped model, because constant average values of X, L, §, C, and P
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Table 2. Comparison of measured sediment yields with those predicted
by three models, Watershed 1, Treynor, Iowa.

Measured Onstad and Foster Williams -USLE
Event sediment model ‘model
No. yield Yield Deviation Yield Deviation Yield Deviation
. squared squared ‘squared
(T/a) (T/a) {T/a) (T/a)
1 3.81 1.77 4.16 0.88 8.58 4,55 0.54
2 6.76 2.87 15.14 3.30 11.97 1.22 30.70
3 0.92 0.69 0.06 0,36 0.31 0.42 0.26
4 1.26 0.67 0.36 0.48 0.61 0.22 1.08
5 3.01 1.95 1.14 1.53 2,19 2.26 0.56
6 1.19 0.54 0.42 0.33 0.74 0.46 0.54
7 0.02 0.03 0.00 0.01 0.00 0.02 0.00
8 0.12 0.18 0.00 0.03 0.01 0.60 0.24
9 2.39 2.35 0.00 1.89 0.25 1.83 0.32
10 1.11 0.64 0.22 0.28 0.69 1.79 0.46
11 4.58 3.39 1.42 2.16 5.86 6.76 4.76
12 0.69 0.53 0.02 0.33 0.13 0.53 0.02
13 0.24 0.17 0.00 0.10 0.02 0.10 0.02
14 0.24 0.73 0.24 0.13 0.01 3.25 9.06
15 0.07 0.17 0.02 0.05 0.00 0.46 0.16
16 0.32 1.04 0.52 0.48 0.03 3.08 7.62
17 0.10 0.26 0.02 0.11 0.00 0.48 0.14
18 0.26 0.73 0.22 0.36 0.01 1.25 0.98
19 0.16 0.20 .00 0.11 0.00 0.18 0.00
20 1.01 0.87 0.02 0.16 0.72 3.61 6.76
21 0.50 0.37 0.02 0.08 0.18 1.42 0.84
22 4.69 2.43 5.10 2,18 6.30 3.64 1.10
23 15.40 14,80 0.36 10.43 24.70 19.84 19.72
24 13.70 13.64 0.00 18,26 20.79 14.63 0.86
25 1.92 L 2.64 0.52 2.04 0.01 1.42 0.26
26 2.08 2.33 0.06 2.23 0.02 1.23 0.72
27 1.60 1.80 0.04 1.65 0.00 0.58 1.04
28 7.38 9.74 5.58 9.94 6.55 7.69 0.10
29 1.73 3.26 2.32 2.91 1.39 1.58 0.02
30 3.06 3.39 0.10 4,26 1.44 2.86 0.04
31 0.81 0.81 0.00 0.59 0.05 0.60 0.04
32 49,72 42,29 54.98 42,91 46,38 70.38  417.66
33 0.38 0.46 0.00 0.06 0.10 2.06 2.82
34 2.56 1.45 1.24 0.70 3.46 4,85 5.24
35 .08 0.81 0.54 0.02 0.00 9.38 86.50
36 0.12 1.48 1.84 0.30 0.03 5.62 30.26
37 0.05 0.15 0.02 0.00 0.00 1.04 0.98
38 0.08 0.26 0.04 0.01 0.00 1.40 1.74
39 0.48 0.70 0.04 0.15 0.11 5.29 23.14
40 6.27 4.50 3.12 1.99 18.32 9.19 8.52
41 0.63 .30 0.10 0.18 0.20 0.17 0.11
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Table 2. Continued.

Measured Onstad and Foster Williams USLE
Fvent sediment " model ' ‘model
No. yield Yield - Deviation Yield Deviation Yield Deviation
squared squaréd ~~  'squared
(T/a) (T/a) (T/a) (T/a)
42 0.01 0.12 0.02 0.00 0.00 1.29 1.64
43 4.28 5.74 1.14 5.54 1.59 15.78 132.26
44 0.56 0.41 0.02 0.08 0.23 1.60 1.08
45 0.27 0.12 0.02 0.05 0.05 0.13 0.02
46 .64 0.30 0.12 0.17 0.22 0.17 0.22
47 0.98 0.52 0.20 0.34 0.41 0.36 0.38
48 0.36 0.37 0.00 0.28 0.01 0.13 0.06
49 2.93 1.79 1,30 1.76 1.37 1.29 2.70
50 2.67 2.35 0.02 2.53 0.02 1.90 0.60
51 0.79 0.93 0.02 0.71 0.01 0.52 0.08
52 7.19 9.08 3.56 9.97 7.73 7.45 0.06
53 0.27 0.62 0.12 0.28 0.00 0.20 0.00
54 0.08 0.08 0.00 0.02 0.00 0.17 0.00
55 0.50 0.83 0.12 0.20 0.09 3.81 10.96
56 0.14 0.30 0.02 0.01 0.02 1.54 1.96
57 5.31 1.64 13.44 1.67 13.25 1.22 16.72
58 0.36 0.24 0.02 0.11 .06 0.08 0.08
59 0.04 0.06 0.00 0.01 0.00 0.03 0.00
60 0.07 0.25 0.04 0.01 0.00 1.32 1.56
61 0.04 0.08 0.00 0.01 0.00 .30 0.06
62 0.01 0.16 n.02 0.00 0.00 1.84 3.34

Table 3. Comparison of measured sediment yields with those predicted
by three models, Watershed 2, Treynor, Iowa.

Measured Onstad and Foster Willjiams USLE
Event sediment model model
No. yield Yield Deviation Yield Deviation Yield Deviation
' squared squared squared
(T/a) (T/a) (T/a) (T/a)
1l 5.68 2.87 7.92 2.60 9.49 1.84 14.74
2 0.72 0.66 0.00 0.30 0.18 0.30 0.18
3 2.13 1.51 0.38 0.94 0.32 1.31 0.68
4 1.08 0.51 0.32 0.30 0.09 0.30 0.60
5 0.08 0.12 0.00 0.02 0.00 0.27 0.02
6 0.51 0.44 0.00 0.06 0.20 1.58 1.14
7 1.84 0.97 0.76 0.55 1.66 1.54 0.10
8 5.36 4.76 0.36 3.53 3.35 5.72 0.14
9 3.65 4.20 0.30 3.29 0.13 4.74 19.14
10 0.58 0.54 0.00 0.35 0.05 0.29 0.08
11 0.15 0.15 0.00 .07 0.01 0.09 0.00
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Tahle 3.  Continued.

" Measured Onstad and Foster Wiiliams ... . ... USLE.......

Event sediment _model ~ -  model - e
No. yield Yield Deviation Yield Deviation: Yield. -Deviation
~_squared ' ‘squared ~ squared
(T/a) (T/a) (1/a) (1/a)
12 0.29 1.20 0.82 0.46 0.03 2.93 6.98
13 0.40 1.22 0.66 0.52 0.01 2,03 2.66
14 0.05 0.15 0.02 0.05 0.00 0.22 0.02
15 Q.20 Q.62 0.18 0.28 0.01 0.85 0.42
16 0.06 0.43 0.14 0.11 0.00 0.73 0.44
17 0.04 0.10 0.00 0.02 0.00 .19 0.02
18 0.065 0.16 0.02 0.05 0.00 0.25 0.04
19 2.18 1.04 1.30 0.32 3.46 2.53 0.12
20 1.06 0.58 0.24 0.17 0.79 1.53 0.42
21 3.44 2,76 0.46 2.28 1.35 3.11 .10
22 14.70 15.01 0.10 8.88 33.87 19.91 27.14
23 106.00 11.55 2.40 12.28 5.20 13.21 10.30
24 1.65 1.85 0.04 1.13 0.27 0.97 0.46
25 2.62 1.90 0.52 1.62 1.00 0.78 3.34
26 1.30 1.53 0.06 1.22 0.0l 0.47 0.68
27 8.13 11.25 9.74 12.41 18.32 5.66 6.10
28 3.08 3.10 0.00 3.07 0.00 2.42 0.44
29 1.35 1.04 0.10 0.78 0.32 0.70 0.42
30 29.10 38.69 92.02 33.63 20.52 55.08 674.96
31 0.40 0.38 0.00 0.03 0.14 1.68 1.64
32 3.43 1.98 2.10 1.10 5.43 4.41 0.96
33 0.04 0.75 0.52 0.01 0.00 6.64 43.56
34 0.03 0.006 0.00 0.01 0.00 0.18 0.02
35 0.06 1.91 3.42 0.32 0.07 6.13 36.84
36 0.39 0.67 0.08 0.09 0.09 4,25 14.90
37 0.63 0.40 0.06 0.21 0.17 0.22 0.16
38 0.04 0.41 0.14 0.01 0.00 1.90 3.46
39 2.05 4.36 5.34 3.15 1.21 9.95 62.42
40 0.08 0.04 0.00 0.01 0.00 0.10 0.00
41 0.30 0.12 0.04 0.03 0.07 0.18 0.02
42 0.34 0.23 .02 0.09 0.06 6.28 0.00
43 1.90 1.22 0.46 0,98 0.85 1.15 0.56
44 0.99 0.91 0.00 0.47 0.27 1.26 0.08
45 0.34 0.36 0.00 0.15 0.04 0.43 0.00
46 6.34 6.18 0.02 6.23 0.01 3.85 6.20
47 0.0l 0.00 0.00 0.01 0.00 0.03 0.00
48 0.14 0.17 0.34 0.06 0.01 2.70 6.56

are applied to the entire watershed. Only sediment yield predictions at
the watershed outlet are calculated. Therefore, once the parameters have
been evaluated, equation [6] must be calculated only once for each event.
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Williams (Personal Communication, June 23, 1975) has calculated
average SL values for Watersheds 1 and 2 to be 1.38 and . 1.29, respec—
tively. By using C values that depended on storm dates and assumning P
equals one, he obtained the following equation by nonlinear least squares
optimization for 213 events on W-1 and W-2.

G = 7.24 (qu)0'84-KLSCP [71

The coefficient of determination was (0.93. Tables 2 and 3 include the
results using Williams model as evaluated by equation [7].

The last set of data on Tables 2 and 3 depicts the predictions of
these same storms using the USLE. The USLE parameters were determined
in the same manner as in the Williams model. A sediment delivery ratio
was not used because, of the 110 storms shown in Tables 2 and 3, the
sediment yield from 45 was already underestimated by the USLE.

COMPARISON OF THREE MODELS

Several comparisons of results obtained with the three models are
shown in Table 4. The first column lists the SD for the storms over
which the parameter a was calculated in the Onstad-Foster model (OF) for
both watersheds taken together. This value is minimum. The correspond-
ing minimum value for the Williams model would probably be those utiliz-
ing all the storms, since about this number of storms were used to
calculate o and 8 for each of the watersheds. All fittings for the USLE
were previously done in its development using other data from small plots.

Table 4., Comparisens of different models for computing sediment
yields at Treynor, Lowa.
Watershed 1

Summation of squared deviatioms (SD)
Models Best Events Events®
Events: 1-31  32-62 1-62 1-62% 56 0.10T/a 5.0 T/a
events or less or more

(12 (7
‘events) events)

Onstad and 38.08 83.12 121,20 66.22 22.80 0.70 41,20
Foster Model ' '

Williams Model 93.56 93.69 187.25 140.87 51.84 0.00 103.31
USLE 88.96 760,86 849.82 422.16 119.30 96.12  76.68

Watershed 2

Summation of squared deviations (SD)
Models Best Events Events*
Events: 1-24 25-48 1-48 1-48% 43 0.10T/a 5.0 T/a
events or less or more

(11 (6
_‘eventg) events)
Onstad and 16.42 114.98 131.40 39.38 12.96 4.26 20.54

Foster Model
Williams Model 60.48 48.61 109.09 88.57 21.46 0.07 70.24
USLE 85.94 B863.32 949.26 274.30 104.34 84.42 64.62
*Omitting storm of June 20, 1967.

1-32



!

The third column of Table 4 shows the results of the three models
for all storms. Because a large amount of deviation is associated with
the extreme event of June 20, 1967, the data in column four shows the
results with this storm omitted. About 50 percent of the total variation
in the OF model and USLE was duve to this storm and about 25 percent in
the Williams model for W-1. The total error variance of the OF model is
about one-half of that for the Williams model and about one-sixth of that
for the USLE.

Often it is contended that just a few outlying points unduly influ-
ence the results of a statistical analysis. To check that effect here,
the worst fits, 10 percent of the storms, were excluded. When this was
done, the average variance per storm for all the models decreased. The
decreases on Watershed 1 were from 1.95 to 0.41 for the OF model, from
3.02 to 0.93 for the Williams models, and from 13.71 toc 2.13 for the
USLE. Reductions in variance on Watershed 2 were similar. Again, the
smallest amount of variance is associated with the OF model.

Because the energy term in the Williams model is associated only
with runoff and that for the USLE is associated only with rainfall, dif-
ference in degree of fit may be associated with the magnitude of the
runoff. Columns six and seven of Table 4 show the summation of wvariance
for the small and large runoff events, respectively. The Williams model
predicts the small events on both watersheds very accurately. The USLE
predicts these small storms very poorly. For the large storms, the
opposite is true. This suggests that runoff characteristics are the
major influence on sediment yields for small storms and rainfall char-
acteristics are the major factors for the large storms. In general,
Table 4 clearly illustrates that a model containing an energy term that
combines rainfall and runoff is superior to one containing only a rainfall
or a runoff factor.

A linear regression of measured versus predicted sediment yield by
the OF model using the data in Tables 2 and 3 (measured and OF predicted
values), had a slope of 0.97 + 0.05 at the 95 percent confidence level
and an intercept of 0.06 + 0.31 at the 95 percent level. Throughout the
range of measured values, the 95 percent confidence belt includes the
line of equal wvalues.

Table 5 shows the confidence range and the percent of the estimated
value. Feor predicted values of less than (.25 tons per acre, the confid-
ence belt is about + 100 percent or larger. For larger values, the con-
fidence belt narrows so that at a predicted value of 1.0 ton per acre,
the range is about + 30 percent, and further decreases to a constant
width of about 10 percent at predicted values of between 5 and 10 toms
per acre.

SUMMARY

Validation tests of the Onstad-Foster (OF) sheet-rill watershed
erosion model on two watersheds in southwest Iowa showed encouraging
results. The model predicts sediment yield from single storms. The
storms tested produced sediment yields from 0.01 tons per acre to nearly
50 tons per acre. In general, the OF model predicted storm sediment

1-33



quite'accurately. Also shown were sensitivity relations for single
fitted parameter in the OF model and confidence intervals throughout the
range of predicted even events. The results from the OF model were com-
pared with the Williams model and the USLE. These results showed that
OF model performed better than the other two models for the storms
tested.

Table 5. Confidence limits about the line of equal values for the
Onstad-Foster Medel on Watersheds 1 and 2, Treynor, Iowa.

95% confidence limits

sediment Lower limit = Upper limit
yield % of % of
(T/a) - Tons/acre =~ estimate " Tonsfacre = estimate
0.25 0.00 -100 0.59 136
0.50 0.23 - 54 0.83 66
1.00 0.73 - 27 1.31 31
2.00 1.71 - 14 2.27 14
3.00 2.68 - 11 3.24 8
5.00 4.60 - 8 5.20 4
10.00 9,31 - 7 10.19 2
20.00 18.59 - 7 20.31 2
50.00 . 46.32 - 7 50.78 -2
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RESERVOIR SEDIMENTATION ASSOCIATED WITH CATCHMENT ATTRIBUTES
LANDSLIDE PQTENTIAL, GEOLOGIC FAULTS, AND SOIL CHARACTERISTICS*

By Henry W. Anderson, Chief Research Hydrologist, Pacific Southwest
Forest and Range Experiment Station, Forest Service, USDA, Berkeley,
California U.S.A.

ABSTRACT

Deposition measurements in 48 northern California reservoirs were
found related to precipitation amount, rain-snow frequency, road
standards and location, forest fires, geology, and physiography, and
also to differences among watersheds (catchments) in landslide classes,
extent of geologic faults, clay content of watershed soils, and
density of reservoir sedimentation. The data were analysed by
reduced rank principal component techniques. The final regression
equation had an explained variance of 0.86 and a standard error of
0.138 log units. Difference in average annual deposition associated
with reservoir density was 39 percent; with landslides, 100 percent;
with faults, 41 percent; and with clay in watershed soils, 32 percent.
Some geologic rock types with geologic faults and high landslide
potential had a predicted sediment rate as much as 17 times that of
areas without faults. Roads located near streams contributed the
most to deposition--twice as much as did roads located elsewhere.

And improved secondary roads near streams were the single greatest
contributor, especially in area of steep terrain. Roads in steep
topography produce twice as much acceleration in sedimentation as

do those in less steep terrain. Preliminary appraisal of bedload
(difference between reservoir deposition and suspended sediment
discharge) indicate it varies from 90 percent to less than 20 percent
of "total load" in different areas.

*This paper quotes from and uses much of the same material in two of
the author's earlier papers: Anderson 1974, Anderson 1975¢. Copies
of these papers are available upon request to the Station.
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INTRODUCTION

In this paper, I will repeat much of the same material in two of
my earlier papers (Anderson 1974, 1975c). As I pointed out (Anderson
1975¢) :-

" 'The only estimates of sedimentation that have quantitative
credibility are those that employ the results of -multivariate analyses
of sedimentation from watersheds.' So concluded a recent U.S. Forest
Service study group that investigated quantification of erosion and
sedimentationl/. Why such a conclusion and what are the attributes of
analyses that led to such a conclusion? Perhaps an analysis of
reservoir deposition by means. of regression on principal components
will offer some answers. First, the system multiple watersheds being
analysed can be thought of as being "distributed" in a unique way: By
studying many watersheds with wide differences we have incorporated the
variability in inputs that we wish to analyze. These differences include
types and amounts of meteorclogical inputs, static attributes such as
geology and topography, and dynamic attributes such as land use.
Second each combination of variables is associated with a measured
consequence--sediment deposition in a reservoir. And third, reduced
rank principal component analysis has proved to be a powerful tool in
determining the quantitative contribution of each variable to that
deposition. Thus, by expressing time variations of sediment causes
and space variation of sediment sources as variables and relating
these to the resultant differences in sediment deposition, we can
predict the rate. of sedimentation and suggest where sediment control
will be the most effective. _

“Being the sum of both suspended load and bedload, a measurement
of reservoir deposition. corrected for trap efficiency provides the
only valid estimate of total sediment discharge from catchments.
Measured deposition in reservoirs can vary widely." '

My two earlier papers (Anderson 1974, 1975c) showed that
deposition in 48 reservoirs in northern California ranged from 8 to
84,000 m3/km?/yr, with periods of deposition measurement ranging from
a single year to 70 years. The wide differences I attributed to
catchment characteristics and climate during the deposition period. In
the first study (Anderson 1974), I used 21 variables to denote the
static and dynamic characteristics of watersheds. In the second study
(Anderson 1975¢), I added 10 variables to the 21 used in the first
study. :

This present paper also reports a separate study of the inter-
action between road standards and location and steepness of watershed
terrain. In addition, it provides a preliminary appraisal of bedload

"1/Report of the Committee on Quantification of Erosion and
Sedimentation, Watershed Management Workshop for Earth Science
specialists, Region V, U.S. Forest Service, Fresno, Calif., February
25-27, 1975,
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in the Sierra Nevada contrasted with that in north coastal California.
The analytical methods used in this separate study and preliminary
appraisal were identical to those used in the second study (Anderson
1975c), which I described as follows:

ANALYTICAL METHODS

"The relation of sediment deposition to catchment, streamflow,
and land-use variables was studied by using this general model:

Reservoir deposition = f (topography, geology, roads, forest
fires, streamflow, precipitation,
s0il, landslides, and geologic faults).

The analytical technique 1 used was principal components analysis,
consisting of a factor analysis of the correlation matrix, Varimax
rotation of the factors, and regression on a reduced rank matrix
(Wallis 1965). The initial factor test consisted of 36 independent
variables, and these were reduced to 21 on the basis of independent
loading. Two of the ‘10 road variables--ST 12 and ST3--failed to
load independently. Excepting those two variables, the independent
effects of each variable may be interpreted from the regression
results,

"The initial regression, done in an earlier study, was performed
by using 69 measurements of reservoir deposition and associated 21
catchment attributes (Anderson 1974). That equation had an explained
variance of 78 percent. The current regression utilized the deposition
calculated from that equation as a variable and added 10 others.
However, the coefficients for these added variables were derived from
the complete 34 variable matrix. The extended equation included
evaluation of (a) landslide classes identified by the U.S. Geological
Survey (Radbruch and Crowther 1973); (b) extent of faults shown on
State of California (1966) geologic maps; (c) mean annual precipitation
(U.S. Geological Survey 1969); (d) reservoir density predicted from
geology-soil-texture relations (Wallis-Willen 1963) and from texture-
density-age relation (Koelzer and Lara 1958); and (e) clay content of
the surface soil estimated from geology and adjusted for climate
(Wallis and Willen 1963). Use of the additional variables helped
increase explained variance from 78 to 86 percent and decrease the
standard error from 0.335 to 0.138 log units. Factor contributions
to explained variance were: landslides and faults, 29; topography, 17;
meteorology, 17; geology, 13; roads, 6; and forest fires, 4, for a
total of 86 percent.

"The regression model consisted of a log transformation of most
variables not already expressed as percentages and the log of reservoir
deposition expressed in cubic meters per hectare per year. The
definitions of the variables, together with the standard deviation,
s.d., and the means of each variable and the regression coefficients,
are given in Table 1.
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"REGRESSION RESULTS :

"Despite the wide variation in contributions of catchment sediments
to reservoir deposition, the major sources of variability may be
estimated from the coefficients (Table 1].

"Geologic_differences are discernible, with the unconsolidated
sediments (sediments Cenozoic and younger) being the greatest sediment
producers. The relative production of reservoir deposition, with
Basalt considered 1.0, was: granitic rocks, 1.3; precenczoic marine
sediments and metamorphic rocks, 1.6; and marine sedimentary rocks,
Cenozoic and younger, 4.7.

"Topographic variables of elevation, slope of tributary streams,
and shape of catchment show difference in sediment deposition, with
elevation best portrayed by its effect on the frequency of rain
versus snow (SA). High elevation catchments have less than 0.1 times
as much deposition as low elevation ones, other factors being accounted
for. Slope of tributary streams (SL) produced difference in reservoir
deposition by a factor of 4. Shape of catchment (CV) was least
effective, only a 17 percent difference in sediment deposition between
catchments."

In the second study [Anderson 1975¢}, I described other results
as follows: '

"Streamflow varied widely among the different perioas of deposition
measurement. To evaluate this source of variability, I selected 10
streams to serve as indexes of year-to-year streamflow sediment
potential. The records of streamflow were found to be time invariant
by double-mass analysis. The records were then extended where needed
to the full 1891-to-1965 period . (Anderson 1975b). The streamflow
sediment potential calculated for each stream was a function of three
streamflow characteristics for each year and was expressed by the mean
annual flow times the maximum daily flow divided by the 75-year (1891-
1965} average of that product. Hence, the sediment potential for
average year (RSP) was 100. The index is a simple indication of
sedimentation potential found by regression analysis in a study in
Oregon (Anderson, 1954). For each reservoir deposition and each
period, one of the nearby index streams was chosen and its average
RSP for those years involved in the deposition were taken as the RSP
variable. Inclusion of such a variable is essential for the RSP in
periods of 20 years or more can deviate widely from long-term average:
In the 20-year period 1919-1939 for the Bullard Bar catchment it was
only 62 percent of normal. In contrast, in the 2l-year period 1948-
1969 in the Juncal catchment, RSP was more than twice that of normal.
The range in RSP of 7 to 630 produced periodic differences in expected
sediment by a factor of 4.85.

"Forest fires occurring before or within the sediment measurement
period may play a role in augmenting reservoir deposition. This role
was established in studies of suspended sediment discharge from northern
California streams (Wallis and Anderson, 1965) and for reservoir
deposition in southern California catchment (Anderson, 1949). As a
first approximation to fire effects on deposition, the fires in the
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26 years antecedent to each year of deposition was used. Since this

variable is in effect a 26-year moving average of annual burns, it

is a useful index for management evaluation. Forest fire differences
between catchments were associated with an increase in deposition by

a factor of 2.

"The effects of old fires and to some extent those of newer fires
in areas where fire history was not readily available were represented
by large high-elevation brushfields. These brushfields probably
originated from repeated burns, often set by sheepmen in earlier times.
The mechanism of their effect on sedimentation may be faster snowmelt
(Anderson 1963) or loss of soil and soil resistance to erosion. However,
the results suggest that the effect of the range among catchments in
the extent of high elevation brush' (EBR) produced a 55 percent increase
in sediment production in the zone above 1500 m. elevation.

"Roads as they have been located, designed, and maintained in the
past contributed heavily to accelerated sedimentation. The emphasis
on roads as an index of intensity of land use seems justified by studies
in the Western United States (Anderson 1954, Dyrness 1967, Fredricksen
1970, Megahan and Kidd 1972, Wallis and Anderson 1965). This study
examined the broadest -classification of roads, by three standards,
from highways to dirt (earth) roads, and by four locations: ridge,
slope, streamside, and urban. The class of roads evaluated encompass
some of the major design decisions so the relations to sediment
deposition may be helpful in evaluating alternatives.

"Differences in roads explained 6 percent of the variation in
reservoir deposition. The average effect of roads (0.6 km roads per
km? and average of all coefficients) was to increase deposition by
37 percent., The coefficients of regression of road standards and
locations coefficients from the original regression analysis in non-
metric units for roads, mi/mi? of catchment). suggest the relative
effects of each group on reservoir deposition:

Location
Standard Ridge (R} Slope Streamside(ST) Average Relatives -
Highways .0600 .0756 .0265 .0540 (1.00)
Surfaced Roads .1229 -.2494 .8388 .2374 1.53
pirt Roads -.0661 .2633 .1877 .1283 1.19
Average .0389 .0298 . 3510
Relatives (1.00) 0.98 2.05

"On the average, highways increased sediment 13 percent (antilog
0.0540, but that secondary improved roads and dirt roads produced 53
and 19 percent more sediment than did highways. Ridge and slope
locations in general produced the least accelerated sedimentation,
increasing sedimentation only 9 percent; streamside locations produced
twice as much sediment as did ridge and slope locations of roads.

"Roads apparently having the least effect were the improved
secondary roads on slopes (away from streamsides). The worst location
was streamside, with roads there increasing sediment by as much as
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690 percent. Upgrading the dirt roads to surtaced (with the resultant
stabilization of the road surface and improved drainage) at the slope
Iocation, promises to reduce sediment by 44 percent. Near streams,
upgrading of roads is almost always coupled with major changes in
alignment and is a frequent cause of increased sediment production.
The dominance of sediment increases from those roads in streamside
locations results from massive cut banks and enroachment of fills on
the stream channel. Although streamside locations of roads in

general produced two times as much sediment as ridge or slope location
of roads, the upgrading of dirt roads along streams could increase
sedimentation by 380 percent."”

In a separate study, by using identical methods to those reported
earlier (Anderson 1975c), I related sedimentation to road slope
interaction. '

Road Slope Interaction. Roads in steep topography produce more
acceleration in sedimentation than do those in less steep terrain.

The coefficients tabulated above and in Table 1 pertain to the average
steepness (SL=219 m/km or 21.9 percent).

A separate analysis was made of the interaction of road location
and steepness of the terrain, by three locations: ridge roads (R),
roads located on slopes (SL), and roads located along streamside(ST).
Roads in each location were expressed in miles per square mile, with
terrain slope from the variable SL expressed in percent. The resultant
equation for change in reservoir deposition, SED, is:

A log SED = k + SL x(-.00302 R + .00145 SL + .00341 ST)

The constant k can be taken from the appropriate coefficient in the
road standard and location tabulation. '

The equation enables us to assess the effect of terrain steepness
on the expected acceleration of sedimentation. For example, for dirt
roads at streamside where SL is only 10 percent as against the average
of 21.9, the expected acceleration in sedimentation would be 40 percent,
antilog (0.1877 - (.00341 x (21.9-10)) = 1.40. 1In contrast, where
terrain is steeper, SL-40 percent, the acceleration in sedimentation
would be 78 percent. Improved roads at streamside would have corres-
pondingly greater sediment acceleration in the steeper terrain.

As I pointed out in the second study (Anderson 1875c):

""'Such are the proportional effects of roads on sedimentation; the
quantitative effects of roads depends on the other potentials, climate,
geology, etc. in the roaded area. To estimate the quantitative effects
the whole equation of Table [1], including the climatic stress variable
must be used,

"Climatic Stress. Mean annual streamflow, mean annual precipi-
tation and rain-snow characteristics were used to evaluate climatic
stress. Mean annual precipitation (MAP) alone proved to be nearly
as effective an index as streamflow so its relationship is reported
here for it is readily available from maps {U.S. Geological Survey
1969). The effect of a range in MAP by a factor of 3, produces only
a 39 percent difference in reservoir deposition, when the rain-snow
characteristics of the precipitation (SA) had been accounted for (Table 1).
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"Density of reservoir sediment is important, for the denser the
sediment the less volume it occupies in the reservoir. Density (DEN)
was calculated from soil texture relation to geology (Wallis and
Willen 1963) and from effects of texture, age of reservoir, and
drawdown operation (Koelzer and Lara 1958). Deviations about the
mean density of 1.44 g/cc ranged from 1.14 to 1.86 {or from 71 to
116 pounds per cubic foot). By adjusting reservoir volumetric measure-
ments to weight (with correction for trap efficiency), it is possible
to compare deposition (as a total delivery) and suspended sediment
discharge, with the difference being an independent measure of
bedload.™ '

My preliminary appraisal of such differences suggest that many
places in the southern Sierra Nevada have 70 to 90 percent of the
total sediment load as bedload, whereas bedload comprise less than
20 percent of some places along North Coast streams of California.

‘Again, I quote from my second study (Anderson 1975c):

"Clay binds the soil and, where water is present, enhances mass
movement, such as landsiides. The effects of mass movement seem to
dominate on the average, for the range in clay--from 8 to 22 percent--
was associated with a 32 percent greater sedimentation for soils with
the high clay content.

"Landslide Classes. In their map, Radbruch and Crowther (1973)
separated six landslide classes. The coefficients of Table 1 indicate
that reservoir sedimentation was 95 percent greater in their classes
3 and 4 than in their classes 1 and 2. However, the coefficients for
classes 5 and 6 do not emerge in their proper rank. The maximum
difference in sedimentation was associated with classes 2 and 3, with
class 3 which dominates in the North Coast Range having as predicted
sedimentation 120 percent greater than class 2 which dominates in the
Sierra Nevada Range. These effects are apparently independent of
basic geology, for exclusion of the geology variables did not change
the coefficients for the landslide classes; the effects of geologic
type and landslides are therefore multiplicative.

"Geologic faults, as measurable from the State of California
geologic maps, may augment sedimentation. If a fault zone crossed a
40-acre area, the sedimentation for the 316-meter length of fault
involved would be 1.41 times that of a similar area with no fault zone.
The combination of a fault with class 3 landslide hazard on unconsoli-
dated marine sedimentary rock type (USED) would produce the most
sediment--13 to 17 times that of an area with no faults and class 2
landslide potential on basalt. )

"Age of reservoir has a remarkable effect on the average rate
of deposition. Overriding the effect of consolidation of sediments
with time (which was included in the density variable) was an increase
in the sediment rates in newer reservoirs. This increase was indexed
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by the regression coefficient for the Y1 variable, which shows rates
of relative sediment deposition in reservoirs increasing at about
one percent per year since 1900:

Year Related Sediment Rate
1900 1.00
1920 1.21
1940 1.39
1960 : 1.56
(1980) 1.71

These relative rates may represent acceleration of sedimentation
associated with land-use changes, not associated with forest fires
or road development or with similar increases in certain streamflow
characteristics such as annual and 10-year maximum floods (Anderson
1975a). The increases could have significance in reservoir planning.

CONCLUSTIONS

"By use of measured deposition in many reservoirs with diverse
watershed attributes, it is possible to evaluate the independent
contribution of time variation of sediment causes and space variation
of sediment sources to deposition. Reduced rank principal component
analysis has proved to be a powerful statistical tool in testing the
independence among the attributes to be evaluated and evaluating their
quantitative relation to deposition. Each combination of watershed
variables is associated with a measured output--deposition--and a
regression coefficient expressing each variables contribution is obtained.
The regression results permit prediction of sediment deposition from
unmeasured watersheds, estimation of the sediment hazard of land areas
with different attributes, and estimation of the effects on sediment
deposition of changes in land management, specifically forest fire
prevention and road development."

In conclusion, let me add that the wide difference in potential
acceleration of sedimentation associated with different road standards
and locations on different terrains suggest that this difference needs
to be considered in land management decisions. The proportion of
sedimentation delivered as suspended sediment or as bedload will
vary according to location. Therefore, the criteria used to judge
water quality will differ from those used to judge the need for
surface or channel erosion control.
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Table 1.--Reservoir Deposition Regression Model, Coefficients, Units,
Means and Standard Deviations of Variables

Log SED =

Szggol

-0.270

+0043 USED

-.0003 PCEN

-.0012 GR

-0024 BA

+

+

.0128

. 3087

.7831

.0011

.1548

4470

.0965

.1216

.0426

SA

Log SL

Log CV

RSP

Log EF

Log EBR

R12

SL12

ST12

+1977 R3

-4013 SL3

+1.3496 ST3

Definition

Regression constant, for deposition in
m3/Ha/yr. mean log SED=0.53,s.d. 0.2597.
Area of unconsolidated sedimentary rock
types {Cenozoic and younger) pct., mean 3l.1,
s.d. 36.7.

Area of Precenozoic meta sediments and
metamorphic rocks, pct., mean 30, s.d. 25.
Area of granitic rock type, pct, mean 21.1,
s.d. 32.5.

Area of basalt rock, pct., mean 4.5, s.d.
14,0. -

Mean "long-term" snow frequency (l-Relative
Rain Area) (Anderson and Wallis 1965), pct.,
mean 15.5, s.d. 21.3.

Slope of streams of 800 m. mesh length.
(Anderson 1954) m/km, mean 1.9%09, s.d.
0.2970.

Coefficient of variation of basin flowpath
lengths (Wallis and Anderson 1965), with
path lengths as suggested by Busby and Benson,
(1960) , unitless, mean 0.1635, s.d. 0.0188.

" Average of yearly mean streamflow times

maximum daily flow during period of sediment
accumulation divided by long-term, 1881-1965,
average, mean 132., s.d. 125.

Effect of forest fires, annual percent of
area burned, linearly depleting to zero effect
after 26th year, pct., mean 2.35, s.d. 0.6905.
Effect of high elevation large brush fields,
percentage of catchment area in brush times
percent of area above 1500 meters elevation,
pct./10 mean 0.1058, s.d. 0.1355.

Length of highways on ridges, km per square
km of watershed area, mean 0.035, s.d. 0.100.
Length of highways on slopes, km per square km
of watershed area, mean 0.093, s.d. 0.141.
Length of highway near streams, km per square
km of watershed area, mean 0,049, s.d. 0.167.
Length of secondary improved (surfaced) roads
on ridges, km per square km of watershed area,
mean 0.080, s.d. 0.338.

Length of secondary improved (surfaced) roads
on slopes, km per square km of watershed area,
mean 0.151, s.d. 0.690,

Length of secondary improved (surfaced) roads
near streams, km per square km of watershed
area, mean 0.072, s.d. 0.202.
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Table 1 (continued)

Symbol
-.1064

+

.4236

+

.3020

+

L1210

.1397

+

+.0255

R4
SL4
ST4

URB
Log MAP

Log PSQ

-1.9665 DEN

+.0096

+.0778

+.0137

-.0011

-.0014

+.0021

+.0012

- .0008

-.0004

+.0591

~.5589

CLAJ

Log CW

Log CWSQ
L1
L2
L3
L4
L5
L6

Log FAUL

Log Y1

Definition

Length of unimproved {dirt) roads on ridges,
km per square km of watershed area, mean
0.161, s.d. 0.250.

Length of unimproved (dirt) roads on slopes,

km per km? of watershed area, mean 0.320,
s.d. 0,601,

Length of unimproved roads near streams, km
per square km of watershed area, mean 0.101,
s.d. 0.168.

Length of urban roads, km per square km of
watershed area, mean 0.037, s.d. 0.130.
Mean annual precipitation (U.S. Geological
Survey 1969), mm, mean 2.9745, s.d. 0.1492.
Square of log MAP, mm?, mean 8.8476.
Average density of reservoir sediment,
calculated from geology soil-texture
relation of Wallis and Willen (1963) and
texture-density-age relation of Koelzer and
Lane (1958, Table 5), g/cm, mean 1.44, s.d.
0.0314.

Percentage of clay in surface soil, calcu-
lated from geology soil-texture relation
and adjusted for climate (Wallis and Willen
1963), mean 15.3, s.d. 3.8.

Capacity of reservoir at year Y1 divided by
drainage area DA, m3/Ha, mean 2.7420, s.d.
0.7302.

Log CW squared, mean 7.5186.

Percentage of area in landslide class 1
(Radbruck and Crowther 1973), mean 7.0,
s.d. 24.9.

Percentage of area in landslide class 2,
mean 31.0, s.d. 44.9.

Percentage of area in landslide class 3,
mean 18.3, s.d. 28.4.

Percentage of area in landslide class 4,
mean 25.5 5.4. 35.7.

Percentage of area in landslide class 5,
mean 10.6, s.d. 22.7.

Percentage of area in landslide class 6,
mean 7.6. s.d. 25.0.

Extent of geologic fault zones per unit
area of watershed, State of California 1966,
m/10 Ha, mean 0.93, s.d. 0.68.

Year of first reservoir capacity measure-
ment 1850=0, mean 1.8861, s.d. 0.1546.
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SEDIMENT YIELD FROM CONSTRUCTION SITES

By R. L. Holberger, Technical Staff, Department of Environmental Assess-
ment, and J. B. Truett, Group Leader, Department of Envirommental
Planning and Engineering, The MITRE Corporation, McLean, Virginia.

ABSTRACT

Two sediment loading functions were fitted to sediment loss data from
eight field studies of construction sites. Both are adaptations of the
Universal Soil Loss Equation, and involve an empirically-fitted factor
to account for effects of intervening terrain between construction site
and point of sediment measurement in a nearby watercourse. One function
uses the distance from the foot of the exposed area to the nearest per-
renial stream, while the second uses the percent of the drainage basin
undergoing construction. Comparison of predicted sediment yields (in
tons/acre) with observed yields indicates that, for the first loading
function, sbout 54 percent of the predictions fall within a range of
+50 percent of observed values. Approximately 30 percent of the pré-
dictions generated by the second method fall within +50 percent of the
observed values.

INTRODUCTION

The major pollutant released from construction sites is sediment. Most
of the relatively small body of data collected on the release of pollu-
tants by construction activities hag concerned sediment and erosion.

This is not to ignore the presence of other pollutants in construction

runoff -- pesticides, nutrients, heavy metals, oil, and other components
of construction wastes —— or the important work being done for estimating

concentrations of such pollutants. But, because of the importance of the
sediment problem in construction runoff and the general unavailability

of data for other pollutants, the present effort to develop source load-
ing functions has been concentrated on sediment release.

APPROACH

Several equations for estimating sediment loss have been developed,
primarily for application to agricultural land. After some experimen-—
tation with existing equations in which measured or estimated values
of the independent variables were used to compute predicted values of
sediment yield, which were then compared with observed yields, it was
decided that the loading functions under development should be modifi-
cations of the Universal Soil Loss Equation. This decision seemed
reasonable based not only on the wide acceptance, but also on the com-
pleteness, ease of use, availability of input parameters, and logical
appeal of this equation. Two basic modifications of the Universal Soil
Loss Equation were fitted to available data from nine separate sites



where actual construction had occurred, and one additional site that
contained simulated construction conditions. One of the modifications --
the "delivery-ratio® approach'" -- provided a significantly better fit

to the observed data than was given by other modification which involved
exponents arbitrarily fitted to the factors in the basic equatien. Con-
sequently, the delivery-ratio approach was selected for additional fitting.

Two variations on the delivery-ratio modification were fitted and tested.
In one, the delivery ratio-factor consists of a variable "distance from
construction site to receptor stream" raised to an arbitrarily-fitted
exponent. In the other, the ratio factor is "percent of watershed area
exposed by construction,” also raised to an arbitrarily fitted exponent.
The resulting two equations represent the source loading functiong for
out-of-stream construction activities -~ primarily urban construction
and highways.

BACKGROUND

The Universal Soil Loss Equation was developed in the late 1950's to
predict soil loss from agricultural areas. Its general form is:

A=RKLSCP 1
e A is the computed scoil loss in tons/acre.
@ R is the rainfall factor, designed to account for storm energy

and intensity.

e K is the soil erodibility factor, expressing the sediment loss
from a specific soil on a unit plot 72.6 feet long with a 9%
slope adjusted for rainfall.

e L is the slope-length factor, the ratio of soil loss from a
specific slope to that from a 72.6-foot slope of similar
characteristics.

e S is the slope steepness factor relating soil loss from a
specific slope to that from a 9% slope.

¢ C is the cropping management factor, a ratio of soil loss
from a field under one set of conditions to that from a field
under fallow conditions.

@ P is the erosion—control practice factor and compares the
soil loss from contouring, strip cropping or other structural
control methods to that of up-and-down slope, straight-row
farming.

The development and evaluation of these factors is discussed in detail
by (Wischmeier, 1965, 1971) and (Hotes, 1973). In addition, (Meyer,
1971) reports a very close comparison between a prediction by the Uni-
versal Soil Loss Equation for a given subsoil and the average of observed

#*The ratio of the amount of sediment that reaches a stream to the amount
that was eroded from the construction site.
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sediment losses under simulated rainfall from experimental plots shaped
to simulate conditions in a construction area.

This equation predicts the amount of soil lost or eroded from its origi-
nal position and moved to the bottom of the slope, but does mot account

for any changes in the sediment load that may occur while it is moving
toward the stream. These changes are usually in the form of deposition
between the bottom of the slope and the receiving stream and can be

caused by many factors, including the distance between the construction
site and the receptor stream and the character of the intervening terrain——
its roughness, cover, slope and shape.

Several investigators have undertaken to develop "delivery ratios."
(Roehl, 1962; Williams, 1972; Meyer, 1971). The variables most often
used are distance, slope, and total basin area. Of these, some combi-
nation of slope and distance appears to be the most promising, as the
distance may be broken down into segments and the slope of each combined
to account for any irregularity that may be present (Williams, 1972).
Most of the work that has been done in this area applies to total water-
sheds rather than small segments of them. Their accuracy in such situ-
ations has not been demonstrated. (Guy, 1972) notes that there are few
if any data by which a delivery ratio can be evaluated for small, rapidly
changing basins undergoing development.

AVAILABLE DATA

There is a serious lack of field-measurement data on sediment loss and
related factors for construction sites. It must be recognized that none
of the studies reported in the literature were specifically designed to
supply data for developing a construction related loading function. In
fact, out of some 500 sources examined, only eight contained sufficient
information for this analysis. ZEven so, many approximations of missing
or inadequately defined data had to be made.

The study sites selected were located in several areas of the country,
but do not represent a cross-section of all conditions: four are in

the Piedmont of Maryland and Virginia; two are in the Southern Piedmont-—-
Georgia and North Carolina; one is in the mountains of central Pennsyl-
vania; and the last is near San Francisco Bay in California.

Since the loading functions under development were closely related to

the Universal Soil Loss Equation, it was highly desirable that the cause
studies include data that would permit evaluation of the factors in

this equation. Also, since the loading functions would probably involve
a "delivery-ratio™ factor based on distance between disturbed area and
receiving stream or on percent of watershed disturbed, it was desirable

to have measurements of these factors also. In gum, the desired variables
are:
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- sediment

= rainfall data

- soil type

- slope gradient of distrubed area

= slope length of disturbed area

- surface condition of disturbed surface

- type of erosion control measures (if any)

- distance of disturbed area from receiving stream
- percent of watershed distrubed by construction,

None of the available data sources included all of these variables,
although it was possible to estimate some of the missing data from maps,
site layout sketches, and general engineering knowledge of the type of
construction,

Exhibit 1 shows the variables measured and reported in the eight case
studies used to develop the loading functions, those obtained from other
sources, and those estimated from site layouts or derived engineering
judgment. Most of the needed data were either provided by the author

or obtained from reliable sources such as weather records or Soil Con-
servation Service soil maps. In only one study, Diseker/Cartersville,
Georgia, was all of the needed data reported, but this was a small
experimental situation although located on an actual construction site.

LOADING FUNCTION

Several models were tested as potential loading functions. These included
established soil loss equations such as the Musgrave and the Universal
Soil Loss Equation, as well as some arbitrary functions proposed by the
investigators. The latter were of the general form of the Musgrave Equa-
tion (Musgrave, 1947): multiplicative factors raised to powers, but
modified to include additive constants. From the standpoint of estimat-
ing observed sediment yields, the Universal Soil lLoss Equation proved
generally superior to the other forms tested, to the extent that

the investigators decided to concentrate on modifying this basic equation
to dimprove its fit to construction-related data. Two types of modifica-
tions were evaluated,

In one modification the C and P values {(cropping and erosion control
factors) were set to unity, a distance factor, D (average distance of
overland travel from construction area to receptor stream) was added,
and empirically-determined exponents were fitted to the three terrain-
related factors to produce a new equation of the form:

Y = REL°S D (2)
where Y is sediment yield in tons/acre and the other factors are the

same as those in the universal and Musgrave equations. With its slope
and slope length factors in exponential form, this equation appears to
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Sediment yield

Rainfall

Soil type

Slope steepness

Slope length

Surface condition

Control measures

Distance to atream

Percent disturbed

¢}

EXHIRIT 1,

X+(1)

(3)

(7

N

7

€))

(5}

(6)

(6)

(6)

(6)

(6}

DATA FROM CASE STUDIES AND OTHER SOURCES

(6)

(3) =

(4) =
(5) =
(6) =

@) =
8) =

NA=

Given by author of
referenced source

Supplemented by raw data
obtained from author

US Weather Bureau TP
40 and Wisclmeier rain-~
fall distribution

USDA Soil Conservation
Service (5CS), Montgomery
County, Md., Office

8C5, Harrisburg, Pa.
5CS, Fairfax Co., Va.

Eatimated from site
map/diagram

Estimated from S5CS maps
1

Estimated by MITRE after
consuyltation with SCS San
¥rancisco office and com-
parison with other
California soil data

Not applicable; measurement
taken at end of experimen-
talrplot

When not stated by author,
gsurface condition was
assumed to be raw cut

or dense compaction with
no control measure

Estimated by MITRE from
engineering judgement
based on type of con-
struction in given terrain



provide the flexibility needed for adaptation to construction conditions.
However, when the exponents were fitted to observed data by the method
.of least squares, the resulting function gave predicted yields that com-
pared less closely with ovbserved yields than did the predictions of the
Universal Soil Loss Equation. This result is ambiguous at best, since
the above equation with three arbitrarily-fitted constants should theo-
retically have given at least as close a fit as the deterministic
Universal Soil Loss Equation. This difference was attributed to

sparse data of uhknown reliability, and the above equation was aban-
doned in favor of a simpler formulation bearing a closer relation to

the Universal Soil Loss Equation.

The second modification was a simpler model utilizing the basic Universal
Soil Loss Equation adjusted by a "delivery ratio." While the concept of

a delivery-ratio has been suggested and applied by several investigators,
(Roehl, 1962; Williams, 1972; Meyer, 1971), the forms of this factor used
in the present study and their application to construction-site data have
not to our knowledge previously been investigated.

Two intuitively relevant parameters that could be evaluated for most of
the case studies were chosen as the variable in the delivery-ratio.

These parameters are D, the distance between construction site and recep-
tor stream in feet; and %A, the percent of drainage basin exposed by
construction. The method of least squares was used to determine
appropriate exponents for these two parameters,

The resulting functions were obtained:

0.22

Y=RKLSCPD (3)

51 %)

Y=RKLSCP a0

These two equations were considered by the investigators to be the best
sediment loading functions readily obtainable from the available data.

RESULTS

Sample results obtained by applying these loading functions to data from

one study is presented in Exhibit 2. Sediment yield rates obtained from

each function are expressed as ratios to the observed rates. To facili-

tate comparison, these ratios are displayed together with the prediction

obtained from the Universal Soil Loss Equation and with values of certain
critical parameters that enter into the yield calculations.

The improvement in predictive capability of the two fitted loading func-
tions relative to the Universal Equation for construction sites is indi-
cated by the generally lower values of the predicted/observed ratio
values for the loading functions. The average values over all case
studies are as follows:
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EXHIBIT 2. COMPARISON OF FITTED FUNCTIONS FOR A REPRESENTATIVE DATA SET

X Area DMetance to
Case, Location Watershed Disturbed receptor Yield
and Date Area by Constr stream | (Observed)
acres feet tone/acre
(3-13)

Yorke & Davis

Rock Creek-

Anacostia

Lutes Fun

7{20/6? nm 2.6 300 2.5
8/19/67 9.6 1.18

10/25/67 8.3 1.28
3/17/68 2.31
5/27/68 2.31
1/02/68 4.08

Bel Pre Creek

11/28/56 1082 13.9 400 0.36
5/07/67 13.8 1.11
7/20/67 13.6 0.9
8/03/67 13.4 3.58
8/24-25/67 13.4 3.07
6/19-20/68 9.7 1.00
1/2-3/68 9.7 0.50
Manor Run

11/28/66 646 8.0 3(!0 0.25
$/07/67 10.8 3.8
8/03/67 1.0 6.15
8/24-25/67 11.0 19.44
6/19-20/68 11.8 6.49
7/2-3/68 11.8 3.04

By Universal Soil
~—Loss Equation

Yield
gPredictgd!

tons/acre

1.7
6.95
9.48
1.69
3.6%

13.23

1.71
4.15
1.24.
8.82
8.2%
4.98
4,32

2.51
6.10
12.96
12.1B
7.38
6.36

Ratio
Predicted/

Observed

4.6
5.9
7.4
0.73
1.6
3.2

4.7
3.7
3.2
2.5
2.7
5.0
B.6

10.2
1.6
2.1
0.63
1.k
2.1

By Loading Functicn
Adjusted For
Distance to Stream

Yield
(Predicted)

tons/acre

3.3
2.0
2,7
0.5
1.1
a8

0.47
1.1
0.33
2.4
2.2
1.3
1.2

0.73
1.7
4.9
3.5
2.0
1.8

By Loading Function
Adjusted For
X Area Digturbed

Ratio Ratio
Predicted/ Yield Predicted/
Observed (Predicted) _oObserved
tonsfacre
1.3 3.6 1.45
1.7 2.2 1.86
2.1 3.2 2.5
0.21 0.8 0.34
0.46 1.8 0.76
0,92 6.2 1.52
1.3 0.44 1.23
0.99 1.1 0.97 -
0.85 0.33 0.85
0.66 2.4 0.67
0.72 2.2 0.72
1.34 1.6 1.57
2.3 1.4 2.7
2.9 0.88 3.53
0.46 1.7 0. 46
0.80 3.8 0.62
0.18 3.7 0.19
0.31 2.0 0.31
0.6¢ 1.8 0.60




Average Value of
Predicted/Observed Ratio

Universal Soil Loss Equation 7.37
Loading function with adjustment for

distance 1.33
Loading function with adjustment for

percent of watershed area disturbed 1.78

The above values are averages of ratios of predicted (or estimated)
yields in tons/acre to observed yields in the same unit. Thus a ratio
of 1.00 indicates that the calculated and observed values are equal.

The method used to compare the loading functions with each other and with
the Universal So0il Loss Equation does not readily lend itself to statis-—
tical analysis. Predicted yields less than the corresponding observed
yield produces a ratio value between zero and unity, but never negative;
and any estimate greater than the observed yield produces a value greater
than unity -—- sometimes much greater since it is not constrained by an
upper bound as in the case of the less-than-observed ratio. If, for
example, an estimated value is one-fifth the observed, the ratio is 0.20.
If it is five times greater, the value is 5.00. The average of these two
ratio values is 2.60, implying that "on the average' the prediced values
are 2.6 times greater than observed. From one standpoint, the average
appears unduly weighted by the large ratio wvalues when the estimate ex-
ceeds the observed value. This weighting effect is similarly reflected
in measures of scatter such as the range or standard deviation.

With the above observations and caveats, the summary statistics of the
yield ratios for values predicted by the Universal Soil Loss Equation

and the two loading functions are given in Exhibit 3.

Exhibit 3.

RATIOS OBTAINED BY THREE ESTIMATING PROCEDURES

In presenting

MEANS AND STANDARD DEVIATIONS OF PREDICTED/OBSERVED

By Universal Soil
' Loss Equation

By Loading Funetion
Adjusted for
Distance to Stream

By Loading Function
Adjuated for
2 Areaz Disturbed

Average of All Ratio Values*
Standard Deviations

Humber of Observations* in
above statistics

7.37

11.20

53

1.33

2.23

47

1.78

3.09

53

these results, the authors emphasize that the statistics have not been
subjected to a thorough evaluation and therefore are not recommended

for use in testing of hypotheses concerning closeness of fit of predicted-
to-observed yields or of similarity among results predicted by the three
methods.
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Perhaps more revealing and more easily interpreted than the summary
statistics are the frequency distributions of ratios presented in Ex-
hibit 4. As expected, the predictions by the Universal Soil Loss Equa-
tion tend generally to overestimate the sediment yield, because the
effects of terrain between disturbed area and point of measurement are
not considered.

The frequency distribution for the loading function adjusted for dis-
tance between disturbed area and receptor stream. exhibits a definite
clustering near the ratio value of 1.00, and shows a general symmetry
about this value. In this distribution, approximately 53 percent of the
veild ratios lie between values of 0.50 and 1.50, implying that 53 per-
cent of the estimated yields fell within +50 percent of the observed.
Alsc, about 90 percent of the values lie between 0.20 and 5.00, implying
that 90 percent of the estimated yields fall within one-fifth and five
times the observed value. The median lies in the interval 0.67-1.00.
These percentage intervals and ranges are based on the limited data avail-
able for this report, and should not be considered universally applicable.

The function adjusted for percent of basin area disturbed by construction
also exhibits a clustering about the ratio value of 1.0. The distributior
appears generally symmetric about this value. Some 30 percent of the
estimated values fall within +50 percent of the observed values. Also,
about 84 percent of the ratios lie between 0.20 and 5.00. The median lies
between ratio values of 1.01 and 1.50.

LIMITATIONS
There are several conditions to consider before using these functioms.

o The potential user should recognize that the soil type, terrain,
and rainfall patterns of the case study sites were not fully
representative of the United States. In particular, the Great
Plains and Western Mountain areas were not included.

0 The functions were developed from available data from the
literature rather than from experiments designed specifically
for this purpose, and the results did not lend themselves
readily to straightforward statistical analysis. The level of
analysis performed thus far has not been sufficiently detailed
to permit testing of hypotheses or setting confidence limits
on the accuracy of estimates.

0 The Universal Soil Loss Equation was designed for agricultural
uses east of the Rocky Mountains, addressing generally long,
regular, gentle slopes. Construction sites are usually far
from regular and may include steep highway banks, internally
drained excavations and other irregular features that are
constantly changing shape as construction progresses. The
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determination of the best composite LS (length/steepness) term
for a given construction area requires much effort in following
and weighting the changes in various eroding and depositiomal
segments of the exposed area.

o Mixing of different soils, or of topsoils and subsoils, and
differential compaction pose difficult problems when using K
values determined for the soils in their natural states.

o The rainfall erosion index, R, is based on long-term averages.
Therefore, the shorter the time period during which construction
activities expose the soil, the more likely that non-average
rainfall will occur, allowing the possibility of large errors
in the soil loss prediction. Questions also exist about its
applicability to the West Coast and about the effects of wvarla-
tions in the yearly distribution of rain.

In spite of the above difficulities, few if any models for predicting
sediment yield from construction sites have been examined and analyzed

to the extent of the loading functions developed in this report. The
superiority of these loading functions to the Universal Soil Loss Equa-
tion for computing sediment reaching a watercourse some distance from

the disturbed area seems intuitively apparent (although not statistically
proven) from the frequency distributions in Exhibit 4.

In summary, the authors conclude that the loading functions developed

here provide the best available means for predicting the sediment yield
from a construction site, in the absence of specific vield data for that
site. This conclusion is based on an extensive review of the literature
as well as the foregoing analysis of data. Although no solid statisti-
cal basis has been developed for assessing the accuracy of their esti-
mates, some general indications of the relation of estimated yields to
observed yields may be drawn from the frequency distributions of Exhibit 4,

Begarding the choice of which loading function should be used, visual
comparison of the frequency diagrams in Exhibit 4 suggests that the
distance-~to-stream adjustment provides a somewhat better agreement be-
tween estimated and observed values, but this difference is sufficiently
slight to be viewed as insignificant. The user could base his choice on
whether distance~to-stream data or disturbed-area data are more readily
available. When both are available, the authors recommend that the
function involving distance-to-stream be used since this function gave

a slightly better fit of estimated to observed soil losses.
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VARTATTON AND CAUSATIVE FACTORS OF SEDIMENT. YIELDS
IN THE ARKANSAS RIVER BASIN, KANSAS

By W. R. Osterkamp, Hydrologist, U.S. Geological Survey, Lawremnce,
Kansas.

ABSTRACT

Measured sediment yields in the Arkansas River basin of Kansas range
from about 10 to 500 tonnes per year per square kilometre (30 to 1,430
tons per year per square mile); highest yields occur in the eastern
third of the basin and low yields occur in various parts of the western
two-thirds. Yields predicted from general curves based on climate
(Schumm, 1965) agree poorly with measured yields. To improve the
correlation between calculsted {predicted) and measured yields, the
climate-dependent curves are converted to a single curve dependent on
runoff that is more directly applicable to sediment yield. The yields
predicted by this curve for specific areas are adjusted by applying a
power function of average slope. Where other determinants of sediment
discharge do not increase or decrease yields significantly, adjusted
yields show rough agreement with those measured. Discrepancies between
the calculated and measured yields generally are inferred to be a result
of geologic influences. Calculation of the adjusted yields permits a
refined delineation of areal variations in sediment yields based on
sample data, and provides a means of estimating yields from unsampled
basins, ‘

INTRODUCTION

The Arkansas River basin of Kansas occupies much of the southern half of
the State. Physical features in the basin differ markedly from west to
east, but it is an area in which urbanization, hydraulic structures, and
possibly land use have minor influences on sediment yields as compared
to other large basins of the central United States. - Suspended-sediment
data from the basin are sufficient to roughly define areal variations in
sediment yields, as well as to identify at least qualitatively, the
relative importance of the major determinants of sediment yield. An
initial assumption of this study is that those determinants are climate,
geology end soils, vegetation, topography, and the effects of man.

The purpose of this study is to define and explain sediment-yield vari-
ations resulting principally from natural factors, but inecluding the
typical man-imposed stresses of grazing, asgriculture, and a rural
population. Truly natural conditions occur virtually nowhere in south-
ern Kansas. Sediment data from several drainage basins of southern
Kansas, particularly in the eastern part, probably are influenced signi-
ficantly by dam construction or land-use activities, and therefore, are
not included.
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Average annual precipitation steadily increases across the Arkansas
River basin of Kansas from sbout 380 mm (15 in) in the west to about
1,040 mm (41 in) in the southeastern corner (fig. 1). Runoff increases
in a similar though less regular manner (fig. 1). Temperatures show
large seasonal variation, but the average annual temperature everywhere
in southern Kansas is 13°C (55°F) + 2°C (L°F). Vegetation is strongly
influenced by agriculture and, of course, climate. Relatively natural
vegetation covers about a third of the basin and is dominated by prairie
graesses,

The physiographic divisions of the Arkansas River basin of Kansas

(fig. 2) result from differences in topography and geology. The High
Plains have very gentle slopes predominantly on a surface of loess.
Westward and northward extension of stream channels into the High Plains
has caused moderate relief and exposure of shale and limestone of
Cretaceous age in the Dissected High Plainsg, and exposure of shale,
siltstone, and sandstone of Permian age in the Red Hills. Stable sand
dunes cover a large area of the Arkansas River Lowlands between the
dissected areas and locally in the scuthwest corner of the State.
Elsewhere sandy alluvium dominates the surface of the lowlands. The
eastern third of the basin largely is underlain by gently westward-
dipping interbedded shale and limestone. Dissection of the beds has
formed moderate slopes, particularly in the Flint Hills Upland where the
limestones of Permian age contain resistant chert. The limestones of
Pennsylvanian age in the Osage Cuestas form a less rugged but similar
topography. The Cherokee Lowland is a very gently rolling erosional
plain underlain by sandstone and shale of Pennsylvanian age.

The climatic and vegetative differences across southern Kansas are
gradational, but the topographic and surficial geologie variations
generally are easily separable. This condition allows easy comparison
of sediment datas collected from the various parts of the basin.

AN

...
FLINT HILLS \

UPLAND -
OSAGE —\

CUESTAS .

HIGH PLAINS

CHEROKEE
srod RED HILLS LOWLAND
= ———— e - —— e e ——- -
102° e 100° 990 980 97e 96° 95°
c 25 50 100 KILOMETRES
L —|

Figure 2.--Physiographic divisions of the Arkansas River basin,
Kansas (after Schoewe, 1949).
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MEASURED SEDIMENT YIELDS

Suspended-sediment data from 4 daily stations and 29 pericdic (less
frequent than daily) stations were used to calculate suspended-sediment
yields per unit time and area for drainage basins wholly or partly in
southern Kansas (table 1). Yields at daily stations were calculated
directly from published sediment data; yields from the periodic data
were calculated using standard techniques in which a sediment-rating
curve and flow-duration curve are combined. Most of the rating curves
are well defined, and many of the results for periodic stations are con-
sidered as reliable as those from daily records (table 1). Using
published data for Kansas streams {(Albert, 1969), suspended loads were
converted to total loads.

The sediment-gample data indjcate that ylelds are highest in the

Flint Hills (figs. 2 and 3), averaging nearly 200 tonnes<yr-lekm=2

(570 tons-yr—lemi~2) and locally reaching nearly 500 tonnessyr~1ekm—2
(1,430 tonseyr~lemi=2). ZHEastward, yields decrease to sbout 100
tonnes+yr=l.km~2 (200 tons.yr~l.mi~2) in the Osage Cuestas. Reliable
data are not available from the Cherckee Lowland. West of the Flint
Hills, yields reach about 100 tonnes-yr~lekm=2 {310 tongeyr-le.mi=2)

in the Red Hills and adjacent parts of the Arkansas River Lowlands.
Elsewhere yields generally are relatively low: about 20 tonnes.yr~lekm—2
(60 tonseyr~lemi™2) in the High Plains end dune-sand areas, 50
tonnes-yr-lekm=2 (140 tons+yr-l+.mi-2) on the Dissected High Plains, and
possibly 10 tonnes-.yr~l-km~2 (30 tomnseyr~!+mi=?) slong much of the
Arkansas River Lowlands. The most notable exception is the Cimarron
River in southwest Kansas, where a yield of 192 tonnes-yr~lekm™2

(549 tonssyr—lemi=2) was calculated.

CLIMATIC EFFECTS ON SEDIMENT YIELDS

The sediment-yield zones of figure 3 were determined by interpolation of
the measured yields on the basis of physical controls, the first con-
sidered being climate. Schumm (1965) shows that for the conterminous
United States, sediment yields are a function of both average annual
precipitation and average annual temperature. He presents curves showing
that sediment yields are highest at precipitation rates great enough to
produce significant runoff and low enough thatl vegetation is fraglle and
ineffective to control erosion. Owing to evapotranspiration, the
sediment-yield peaks are t{emperature dependent, a higher amount of
precipitation being necessary to support vegetation with increase of
temperature (fig. 4).
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Table 1.--Sediment-sampling sites, Arkansas River basin, Kansas.

Esti- Sedi-
mated ment
Relia-  Yield
Map Station Name Sampling ~bility [tonnes-
No. Freguency of yr~lexm 2]
a/ Re-
- sults
1 Arkansas River near Coolidge, Ks. Monthly Poor 27
2 Arkansas River at Syracuse, Ks. Monthly Fair 39
3 Whitewoman Creek near Leoti, Xs. Infrequent  Poor 20
4  Arkansas River at Dodge City, Ks. Monthly Good 11
5 Arkansas River near Kinsley, Ks. Daily Gdod 11
6 Guzzlers Gulch near Ness City, Ks. Infrequent Poor 29
T Pawnee River near Larned, Ks. Monthly Fair 27
8 Arkansas River at Great Bend, Ks. Monthly Fair 6
9 Walnut Creek abt Albert, Ks. Monthly Fair L6
10 Rattlesnake Creek near Raymond, Xs. Infrequent Poor 15
11 Cow Creek near Lyons, Ks. Monthly Good 62
12 Arkansas River near Hutchinson, Ks. Daily Good 14
13 Little Arkansas River at
Valley Center, Ks. Monthly Fair 52
14 N. F. Ninnescah River above
Cheney Res., Ks. Monthly Good 15
15 8. F. Ninnescah River near
Murdock, Ks. ' Monthly Good 96
16 Ninnescah River near Peck, Ks. Monthly Fair 68
17 Arkansas River at Arkansas City, Ks. Monthly Good 78
18 Whitewater River at Towanda, Ks. Monthly Good kg3
19 Walnut River at Winfield, Ks. Daily Good 184
20 Medicine Lodge River near Kiowa, Ks. Infrequent Fair 109
21 Chikaskia River near Corbln, Ks. Dally Poor 92
22 Bear Creek near Johnson, Ks. Infrequent Poor 12
23 Cimarron River near Forgan, Okla. Infrequent Poor 192
24  Crooked Creek near Nye, Ks, Infrequent Fair 52
25 Cavalry Creek at Coldwater, Ks. Monthly Fair 1l
26 Verdigris River near Madison, Ks. Weekly Good 139
27 Fall River near Eureka, Ks. Monthly Good 138
28 Otter Creek at Climax, Ks. Monthly Good 120
29 Elk River at Elk Falls, Ks. Monthly Good 116
30 Big Hill Creek near Cherryvale, Ks. Monthly Good 102
Little Caney River near Copan, Okla.b/ Monthly Fair Th
31 Cedar Creek near Cedar Point, Ks. Monthly Good 187
32 Cottonwood River near Plymouth, Ks. Monthly . .Good 177
a/ . b/ .
—' Map numbers refer to figure 3; — not shown on figure.
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Figure 3.--Variation of sediment yields in the Arkansas River basin, Kansas.
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AVERAGE ANNUAL PRECIPITATION, IN MILLIMETRES

Figure 4,--Variations of sediment yield with average annual
precipitation (after Schumm, 1965).

In southern Kansas, about three-fourths of the precipitation falls
during the warmest 6 months. Thus, the effective average temperature is
higher than the average annual temperature. To determine an effective
temperature, corresponding precipitation and runoff data (fig. 1) were
plotted and compared to curves drawn by Langbein et. al. {1949) for the
conterminous United States (fig. 5). The graph shows that the effective
average temperature of southern Kansas is slighily higher than 17°C
(63°F) except in the extreme eagtern part, where it is slightly lower.
Thus a 17.2°C (63°F) curve is included with the sediment-yield curves of
Schumm (1965) (fig. L).

Estimates of sediment yield based on precipitation and temperature,
however, are necessarily inaccurate. BRunoff is a petter index of
fluvial-sediment transport hecause runoff depends on precipitation and
temperature as well as other variables including seasonal distribution
of precipitation, intensities and durations of storms, land-use patterns,
and geology. For this reagon, and largely to eliminate temperature
dependence, the curve for 17.2°C (63°F) (fig. 4) was combined with the
runoff-precipitation curve for southern Kansas (fig. 5}, to produce an
idealized curve relating the runoff rates to sediment-yield values for
the United States in general (fig. 6). This idealized curve accounts
for the effects of climate and vegetation, and predicts the sediment
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yields that should ocecur in scuthern Kansas at various runoff rates if
it is assumed that other major caontrols—-geology, topography, and land
use—-are constant and typical of the United States. Significant devia-
tion of measured yields from the ideal curve is indication that the
assumption is invalid. Moreover, geology and topography become isolated
as the causes for deviation because the sampled streams (table 1) were
selected on the basis of minimal human activity.
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Figure 5.--Variations of runoff with average annual precipitation.
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Figure 6.--Variations of sediment yield with runoff in the
Arkansas River basin, Kansas.
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The extent to which measured sediment yields of the Arkansas River basin
of Kangas differ from the predlcted yields at prevailing runoff rates is
generalized in figure 6. In the Flint Hills and Osage Cuestas, where
runoff exceeds 0.003 m3+5~l+xm™2 (about 0.3 ft3°s_1-mi'2), the measured
and predicted sediment yields are similar. For lower runoff rates,
however, measured yields average about a third of the predicted smounts.
These rates prevall in the western two-thirds of southern Kansas, which
contrasts sharply with most of the eastern third in surficial geology
and topography.

ADJUSTMENT FOR AVERAGE SLOPE

To explain the variations of sediment yield for southern Kansas and the
deviation of measured yields from those predicted, and to establish

areal applicability of the measured yields (table 1, fig. 3), topography
is considered by using the average slope. The sediment yield-precipitation
curves (fig. 4} are based on drainage basins of about 3,900 km? (1,500 mi?)
(Schumm, 1965). Selection of a limited range of sizes was necessary
because average slope tends to decrease with increase in basin area, and
sediment yields generally increase with increase in average slope.

Thus, the curves of Schumm (1965) relating sediment yields to climate
implicitly are based on an average but unknown slope, and the appropriate
curve applies to any drainage basin of the same average slope, regardless
of size. Conversely, the curves do not apply to basins of different
average slope, regardless of size. An adjustment based on average slope
of sediment yields as predicted by the idealized curve (fig. 6), and
comparison of the adjusted results with measured yields, therefore, can
provide (1) a basis for evaluating the reliability of sample data,

(2) a method of separating the effects of topography from those of
geology, and (3) a method to expand the utility of measured yields or to
calculate yields for basins from which sediment data are not available.

The adjustment proposed here is founded on soil-loss studies of croplands
and assumes that sediment yields vary with the 1.35 power of the slope
(Musgrave, 1947). Owing largely to best-fit attempts, it further is
assumed that the typical slope upon which the curves of Schumm (1965)

and the idealized runoff curve (fig. 6) are based is 5.3 percent. An
adjustment then can be made if average slope and runoff for the basin or
area are known. From the idealized curve (fig. 6), an average annual
sediment yield, Y; is determined for the known runoff and assumed average
slope of 5.3 percent. If the actual average slope is S and adjusted
yield is Y, then:

¥ 31‘35
8,

Yi 5.31.35

(1)

(Y;) (s1-35)
Y, = 9.5 (2)
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In figure 7, adjusted yields calculated for various parts of southern
Kansas are compared to measured results for the same areas. Randomly
selected points on T2 topographic maps were used for determination of
average slope, and runoff values were taken from figure 1. Local
variations in yield are great enough that both the adjusted and measured
results of figure T are simplified and, therefore, interpretive.

Similarity is apparent between adjusted {calculated) and measured yields
for the High Plains, Arkansas River Lowlands, and Osage Cuestas (fig. T).
Agreement also seems satisfactory for the Red Hills and sand dunes, but
the comparisons for those areas are based on limited sample data.
Substantial differences, however, are evident between calculated and
measured yields of the Dissected High Plains and Flint Hills Upland.

For those areas, geologic influences on sediment yields are possible
causes for the discrepancies. For example, measured sediment yields for
the western part of the Flint Hills average two to three times higher
than calculated yields, regardless of north-south positien (fig. T).
West of the Whitewater and Walnut Rivers are exposures of gypsiferous
shale, which generally provide highly dispersed and ercdable clay
(Flaxman, 1966}. Relative to the eastern parts of the Flint Hills, the
beds are soft and homogeneous, resulting in lower average slopes
(Leonard, 1972).

In the Dissected High Plains measured yields are much lower than cal-
culated yields (fig. 7), but the probable cause for the differences is
unclear. Contrary to the previous assumption of a geologic influence,
low yields in the Dissected High Plains may be caused by terracing,
irrigated agriculture, and construction in recent years of numerous
small reservoirs rather than by anomalous geologic conditions. Another
possibility is short- to intermediate-term changes in the precipitation-
runoff relationship, whether natural or induced. Weather records for
the last 20 years in western Kansas show that average annual precipita-
tion has remained steady, but average runoff and the occurrences of
intense storms have decreased (J. A. Power, written commun., 1975). Low
measured yields and aggradation along stream channels owing to reduced
flood peaks are possible results of these changes. The specific reasons
for yields being lower than predicted are not know, but it seems that
factors other than those considered in this paper are affecting fluvial-
sediment transport in the Dissected High Plains.

1-68



69-1

SEDIMENT YIELD, IN TONNES
PER YEAR PER SQUARE KILOMETRE

200

T T T T T T T
#”“~. NORTHERN
H %, FLINT HILLS
[ PN \
N
SOUTHERN |
150k AND 1
CENTRAL ! OSAGE
FLINT HILLS ¢ CUESTAS
100}
DISSECTED RED HILLS \
HIGH AND ADJACENTN~
PLAINS AREAS ‘
\\\\
50_ ""'--__
HIGH PLAINS
N  ARKANSAS
” \ {
—— \ SAND-DUNE AREAS “\ RIVER
_________ \.__/ LowLanos
0 ] L i I 1 t ]
102 101 100 29 98 97 96 95

DEGREES LONGITUDE

Figure T.~-Comparisons of measured sediment yields (dashed lines) with calculated
sediment yields (solid lines)} for various parts of the Arkansas River

basin, Kansas.




CONCLUSIONS

The sediment-yield map for the Arkansas River basin of Kansas {(fig. 3)

is based on control points derived from sample data (table 1), but

glmost all detailed variations on the map result from calculations for
yield using only runoff and slope data. The agreement obtained for most
areas of the basin between sample and calculated yields suggests that
slope and runoff are the two primary natural determinants of sediment
dishcarge. Climate and natural vegetation are of minor consideration
because the effects of both are reflected by runoff. Geologic influences
on sediment yields, which also are manifested in part by runoff and

slope, appear to be important considerations only under unusual conditions.

The limiting assumptions of the method deseribed here for calculating
sedimerit yields are presently the major deficiency of the approach.
Further study, however, may suggest ways in which the effects of land

ugse can be quantified and incorporated, and how geology can be treated

as other than an anomalous residual. If a basin includes highly dis-
sected loess deposits, for example, further adjustment dependent on the
areal extent of the loess might avoid underestimation of yields as now
would be the case. Similarly, recognition of the distribution of highly
permeable soils, such as those of dune sand, could prevent overestimation
of sediment yields.
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SEDIMENT SOURCES AND YIELDS FROM SAGEBRUSH
RANCELAND WATERSHEDSL:

By Clifton W. Johnson, Hydraulic Engineer, and Clayton L. Hanson,
Agricultural Engineer, Northwest Watershed Research Center,
Agricultural Research Service, U.S.D'.A., Boise, Idaho.

ABSTRACT

Average sediment yields from the Reynolds Creek Experimental Watershed and
three subwatersheds ranged from 1.14 to 1.90 tonmnes/ha/year (0.51 to 0.85
tons/ac/year) during the study period. Yields were more than teanfold
higher in wet than in dry years and about 90 percent of average yearly
yield occurred during January, February, and March at the Reynolds Outlet
Station. Sediment yields from six upland source areas, 0.9 to 83 ha (2.25
to 205 acres), was one-third or less per unit area than that from larger
downstream watersheds. Bedload transport data collected by use of Helley-
Smith bedload samplers showed that bedload averaged about 20 percent of
total sediment yield. Analysis of runoff-sediment events by parameter
optimization showed excellent correlation between suspended sediment vol-
ume and combined peak flow and runoff volume. The procedure should be
useful in predicting sediment yields from similar areas having a minimum
of sediment data.

INTRODUCTION

Eroded hillslopes, roads, and streambanks; damaged bridges; reservoir
sediment deposits; and freshly eroded gullies are visual reminders that
erosion and sediment yield from sagebrush rangelands are serious in the
Northwestern United States. Yet, few studies are in progress to determine
sediment sources, amounts, occurrence frequency, and control methods.

The Reynolds Creek Experimental Watershed in southwest Idaho was selected
in 1960 to represent extensive rangeland areas in Idaho and surrounding
states in studying the hydrology and sedimentation characteristics of
these lands (Robins, et al., 1965). This paper summarizes data from the
Reynolds Creek Watershed, three subwatersheds, and six upland source
areas to provide information for private landowners, the Bureau of Land
Management, U.5.D.I., the Soil Conservation Service, U.S.D.A., and other
agencies responsible for management of such lands.

1/ Contribution from the Northwest Watershed Research Center,
Agricultural Research Service, U.S5.D.A., Boise, Idaho; Bureau
of Land Management, U.S.D.I.; and Idaho Agricultural Experi-
ment Station, cooperating.
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The Reynolds Creek Experimental Watershed

Reynolds Creek is a direct tributary to the Snake River about 24 km (15
mi) upstream from Marsing, Idaho., The experimental watershed outflow
gtation is about 16 km (10 mi) upstream from the confluence with the
Snake River and has a drainage area of 23,369 ha (90 miz). Figure 1
shows elevation contours and locations of rain gage sites, source area
stations, and watershed runoff stations. Details of hydrologic instru-
mentations have been reported (Johnson, et al., 1974a). Average annual
precipitation ranges from about 254 mm (10 in) at elevations below 1220 m
(4000 ft) to more than 1143 mm (45 in) at elevations near 2227 m (7300
ft). Land is used mainly for cattle grazing except about 3 percent of
the area is dirrigated hay and feed crops and another 3 percent is forest,
mostly Douglas fir and aspen, on protected north slopes. The soils and
geology of the area are described in other reports (Hobbs and Burford,
1970; McIntyre, 1972). Vegetative cover ranges from less than 25 per-
cent at low-precipitation and thin-soil sites to nearly 100 percent at
highest elevation and deep-soil sites. '

Procedures

Streamflow and sediment data for computing runcff and sediment yield of
Reynolds Creek, subwatersheds, and upland source areas were obtained
with the following equipment and procedures:

1. Special drop-box weirs were designed and constructed to measure
streamflow heavily laden with sediment at source area and water-
shed runoff stations (Johnson, et al., 1966).

2, Suspended sediment pumping samplers were adapted for use at
selected source area and watershed stations to automatically
obtain samples during storms (Beverage and Skinner, 1968;
Miller, et al., 1969).

3. USDH-48 depth-integrating suspended sediment hand samplers were
used at source area and watershed stations, bridges, and other
stream locations to monitor suspended sediment concentrations
and calibrate pumping samplers.

4, Sediment detention ponds and tanks were constructed at source
area stations to allow periodic measurement and sampling of
coarse bedload material. Also, weir ponds were surveyed to
determine sediment deposition during filling.

5. Helley-Smith bedload samplers (Helley and Smith, 1971) were
adapted and used as follows: (1) 152-mm (6-in} orifice sampler
was mounted on a backhoe for sampling from bridges; fine mesh
(0.2-mm openings) and coarse mesh (l-mm openings) bags were
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used as conditions required; (2) 76-mm (3-in) orifice samplers
with short handles were used in shallow streams where wading
was possible (both fine and coarse bags were used); (3) 152-mm
and 76-mm samplers with exchangeable long handles and bags were
used with movable supports at bridge sampling stations; and

(4) concrete sills were comstructed across the channels at two
locations to provide a smooth bottom for sampling in streams
with boulder beds.

Runoff and sediment data from streamflow stations and sediment sample
analyses were plotted and then processed with an analog to digital con-
verter and computer to provide daily, monthly, and yearly summaries.
Results were analyzed to determine relationships useful in evaluating
and predicting sediment transport and yield from watersheds.

Results and Discussion

Upland source areas

Because of the extreme variability in precipitation and runoff at Rey-
nolds Creek Watershed Stations, six upland source areas were instru-
mented for runoff and sediment measurement. Table 1 contains summary
data for these source areas, Locations of the source area stations are
shown in Figure 1.

Major runoff and erosion were caused by two thunderstorms at the Summit,
by one occurrence of rain on snow and frozen soil at the Flats and Nancy
Gulch, and by numerous snowmelt and rainfall events at Whiskey Hill,
Upper Sheep, and Reynolds Mountain source areas. Characteristically,
most of the sediment was transported by runoff from a few major storms
{Johnson, et al., 1974b).

Watersheds

Downstream watersheds, Instrumented for measuring streamflow and sedi-
ment, are described and data are summarized in Table 2; watershed run-
off stations are shown in Figure 1, Salmon Creek, Macks Creek, and
Reynolds at Tollgate are subwatersheds of Reynolds Creek at the Outlet.
Scheduled sediment sampling began at Reynolds Outlet and Tollgate in
1967, and at Salmon and Macks in 1968, Sampling was discontinued
whenever streamflow and sediment transport were visibly low. Yearly
streamflow and sediment data from the four watersheds are listed in
Table 3.
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TABLE 1l.--Source area data summary, water

year basis, Reynolds Creek Watershed.

Source Area
Nancy Whiskey Upper eynolds
Information Summit | Flats { Gulch Hilll/ Sheep |[Mountain
Location No. 1 2 3 & 5 6
Drainage area (ha) 83.02 .91 1.26 48,20 25,68 40.40
Ave, elevation (m) 1364 1188 1428 1684 1945 2082
Ave. precipitation (mm) 254 254 305 508 460 1040
Weir type drop-box |V-notch | V-notch|{ V-notch |drop-box |drop-box
Type suspended sed. gravity [single | single none |pumping [pumping
sampler stage | stage
Years of record 7 3 3 10 5 8
Ave. runoff (mm/yr) 0.6 4,0 5.7 42,2 77.0 532.5
Peak streamflow date 6=-19~-691~18-72 | 1-18~72 - 3-2-72 6~6-72
mm/hr 6.23 1.85 1.71 — 0.30 1.58
m3/sec 1.42 .004 .006 - .02 .18
£t3/sec 50,70 .16 .21 — .77 6.25
Max, conc. {ppm) - 1413 300 - 5000 1380
Ave, sed. yield
(tonnes/ha/yr) .76 .02 04 .29 .31 43
(tons/Afyr) 34 .01 .02 «13 .14 .19
1/ Yearly sediment accumulations were measured in a lined pond. The sediment

deposition efficiency of the pond was estimated at 90 percent.

TABLE 2.--Watershed descriptions and data summary for Reynolds Creek and sub-
watersheds, water year basis.

‘Watershed
Reynolds Salmon Macks Reynolds

Location No. 7 8 9 10
Drainage area (ha) 23369 3641 3177 5448
Ave, elevation (m) 1495 1485 1504 1861
Ave, slope (percent) 17.4 21.6 17.9 19.1
Ave, precipitation (mm) 500 480 485 777
Weir type scovl/ drop-box drop-box drop~box
Runoff record (yrs) 12 10 9 9
Runoff record began 1963 1965 1966 1966
Sediment record {yrs) 8 7 7 8
Ave. runoff (mm/yr) 81.0 84.2 64.4 253.4
Ave, gediment yield

(tonnes/ha/yr) 1.14 1.90 1.57 1.50

(tons/A/yr) .51 .85 .70 .67
1/ SCOV is abbreviation for Self-Cleaning Overflow V-notch Weir

(Bloomsburg and Tinney, 1961).
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Bedload sampling and analysis

Bedload transport at Reynolds Outlet, Salmon Creek, Macks Creek, and
Reynolds Tollgate Stations was determined by surveys of weir pond sedi-
ment accumulations and by use of Helley-Smith bedload samplers (Helley
and Smith, 1971). Bedload, as a percentage of total sediment in trans-
port, ranged from 7 to 50 percent and averaged 20 percent (*). Sediment
yield data in Tables 2 and 3 include hedload amounts.

Organic debris (leaves, twigs, and roots) quickly plugged the openings in
the fine mesh bags during channel flushing; therefore, data from fine mesh
and coarse mesh samplers were combined to compute total bedload transport.
The organic debris load during channel flushing events was often 10-20
percent of total bedload on a weight basis,

Sampie results generally showed greater bedload amounts per unit orifice
width from the 76-~mm than from the 152-mm sampler, except when large
gravel and boulders were moving. During a peak flow event with stream-
flow of 6.7 m3/sec (240 ft3/sec), S5~second sample weights exceeded 10 kg
(22 1bs) and included rocks larger than 100 mm (4 in) in diameter.

Bedload transport at the Reynolds Outlet Station, during a series of
storms, was 533 tonnes (588 tons) by bedload sampling and 635 tonnes

(700 toms) by surveying downstream sediment deposits in an excavation.
This comparison gives reasonable assurance that bedload sampling and com—
putation procedures are acceptable, since some suspended material was
also deposited in the excavation.

Suspended Sediment Prediction Model
A conceptual model was developed to predict suspended sediment discharge
(ms) at streamflow stations by runoff event. Events were easily identi-
fied on streamflow and sediment records and base flow data were included.
Numerous small daily streamflow fluctuations were not considered events.
The model was:

SS = a (P X V/100,000)b (1)

where:

(*) Written communication from William W. Emmett, Research Hydrologist,
Water Resources Division, Geological Survey, U.S. Department of
Interior, Denver, Colorado, reports that preliminary sediment-
trapping calibration of the Helley-Smith samplers indicates near
100~-percent efficiency.
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a and b = model parameters.

Peak discharge (m3/sec)

Total runoff (m3)

Total suspended sediment for the event (m

TABLE 3.--Yearly peak flow rates, date of cccurrence, runoff, maximum
suspended concentration, and sediment yield, Reynolds (reek
and subwatersheds, by water year,

Year
Watershed 1967 | 1968 | 1969 | 1970 1971 | 1972 | 1973 | 1974

Reynolds Outlet
Peak flow(m3/sec) 7.39 | 9.16 | 25.20 20.41)15.12|18.98 | 4.65) 8.15
Date 6f/7 1} 2f21) 1f21} 1/27) 1/18 3/2 ) 4/17 ) 3/29
Runof £ (mm) 55.4 | 15.7 | 91.5] 68.6]121.4|154.2| 46.9]111.0
Max. conc. (ppm) 24700 { 16950 | 29170 | 15000 | 23000 | 14940 { 9990 | 6400
Sed. yield(tonnes)] 19630 | 6300 | 57183 | 22343 | 41638 | 54365 | 3510 | 8377
Salmon Creek

" {Peak flow(m3/sec) 2.38 .95 5.851] 5.88| 3.70 | 5.63 | 1.54 1 1.48
Date 1/21 | 2/21 ) /21| 1/27 | 1/18 | 1/18 | &4/14 | 3/17
Runof f {mm) 67.6 | 22.3| 91.5| 88.6(103.4 |142.6 | 54.5] 84.1
Max. conc.(ppm) —— | 20000 | 32850 | 16350 | 24000 | 38250 | 18400 ; 5550
Sed. yield(tonnes)] -~ 551 [ 12413 | 7349 | 7267 | 17905 | 2122 963
Macks Creek
Peak flow(m3/sec) | 2.52 | 1.23| 9.07 | 6.89 | 7.64 | 2.30 | 1.40| 1.99
Date 1/21 1 2f/21 % 1/20 0 1/27 1 1/18 6/9 § 4/1l4 1 3/14
Runof f (mm) 43.3 | 13.7 | 83.4 | 54.1 |106.2 [123.6 | 44.8 | 94.6
Max. conc.{ppm) -— 17850 | 20280 | 20300 | 19950 | 30000 | 16000 6930
Sed. yield(tonnes)! -- 5701 9205 | 5311 | 8480 | 7870 | 1838 | 1764
Reynolds Tollgate
Peak flow(m/sec) | 8.06 | 5.21 |11.34 | 6.72 | 5.40 | 7.59 | 4.12 | 5.46
Date 6/7 | 2/21 | 1/21 | 1/27 5/6 3/2 | 4/17 } 3/29
Runof £ (mm) 242.4 ) 89.9 1300.8 1257.3 {391.6 |420.9 |152.5 1323.9
Max. conc. (ppm) 58810 | 8640 | 20000 [ 5540 | 7010 | 8580 | 4710 | 5200
Sed. yield(tonnes)|13114 2286 15112 8422 | 11364 110280 1556 3242
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An optimization technique was used to obtain the parameter values (Green,
1970).

Sediment yields from Tollgate, Salmon, Macks, and the OQutlet Welrs were
used in this analysis. Preliminary optimization runs indicated that model
parameter b was near 1.0 in most cases; therefore, data were optimized in
this manner. Parameter a was then determined (Table 4). As can be seen,
the optimization fits the individual station data very well. Optimization
of combined station events shows a lower correlation coefficient, but r
values are still highly significant (P < 0.0l), indicating that the model
can be used for prediction.

TABLE 4.--Total event suspended sediment yield, parameter values,
correlation coefficients (r), and number of events.

Parameter : Number
a b ¥ of events

Tollgate 44.5 1.0 0.89 92
Salmon 182.2 1.0 0.95 33
Macks 86.8 1.0 0.98 45
Outlet 35.8 1.0 0.98 62
Tollgate, Salmon, and

Macks Combined 63.1 1.0 0.77 170
Tollgate, Salmon, Macks,

and Outlet Combined 36.6 1.0 0.95 232

The mean suspended sediment yield for the events studied from the three
combined watersheds was 500 m3 and ranged from 2.8 to 7,907 m3. The pre-
dicted mean was 515 m3, The average yield at the Outlet Weir was 2,057 m3
per event with a range of 21.1 to 32,730 m3, The average predicted yield
was 2,162 m3 per event. Event data included about 90 percent of all sus-
pended sediment during the period of record.

The value of parameter a at the Outlet is about one-half that from the
other three watersheds, which indicates that considerably more suspended
material is being transported from the three watersheds than from the
whole Reynolds Creek Watershed under comparable runoff conditions. Dep~
osition on irrigated fields and low yields from unmeasured tributaries
probably account for the reduced transport at the Outlet.
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Summary and Conclusions

Data from representative sagebrush rangeland watérsheds in southwest Idaho
show sediment yields average from 1.14 to 1,90 tomnes/ha/year (0.5 to 0.85
tons/ac/year}. Yields in wet years are about tenfold higher than in dry
vears, with storms in January, February, and March yielding nearly 90 per-
cent of the yearly sediment at the Reynolds Outlet station.

Sediment yields from 0.91-and 1.26-ha upland source areas were near zero
during the 3-year period of record because no erosive storms cccurred.
Also, yields from four larger source areas, 25 to 83 ha, were only about
one—-third those of downstream watersheds. Steep, eroding streambanks and
near-channel slopes obviously contribute greatly to larger downstream
yields.

Bedload transport varied widely but averaged nearly 20 percent of total
sediment load. Helley-Smith bedload samplers were adapted for sampling
from bridges, but required both fine and coarse mesh bags to obtain com-
plete information. Bedload samplers should be calibrated further to
assure data accuracy.

The suspended sediment prediction model, using parameter optimization,
shows excellent correlation between peak flow and runoff volume and sus—
pended sediment amounts for identifiable runoff events. Application of
this model to other streams with long-term runoff records should require
sediment records from only a few events to determine values of parameter
a. Studies relating model parameters to watershed characteristics are
continuing.
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EROSION AND SEDIMENT YIELD IN NEW MEXIco 1/

By N, M., Curtis, Jr., Sedimentation Geologist, Engineering and Watershed
Planning Unit, West Technical Service Center, Soil Conservation
Service, U.S. Department of Agriculture, Portland, Oregon.

ABSTRACT

Annual erosion in New Mexico is estimated to be between 50 and 119 mil-
lion cubic meters (40,900 and 96,500 acre—feet). An estimated 74 per-
cent of the erosion occurs on rangeland with lesser percentages on
forest, urban, and crop land, Erosion in localized areas can be more
than 15,242 cubic meters per square kilometer per year (32 acre-feet per
square mile per year). Average annual sediment yield to reservoirs may
be more than 4,334 cubic meters per square kilometer per year (9.1 acre-
feet per square mile per year). Suspended sediment concentrations have
been as high as 267,000 milligrams per liter in the Rio Puerco.

INTRODUCTION

High rates of erosion (by water) and sedimentation occur over large
portions of New Mexico, Table 1 indicates an approximation of the
annual erosion in the state as estimated during various levels of in-
vestigations conducted by Soil Conservation Service personnel in New
Mexico.

The table indicates that the annual erosion is between 50 and 119 wmil-
lion cubic meters per year (40,900 and 96,500 acre-feet per year). For
purposes of this paper, a figure of 81,500,000 cubic meters per year
(66,120 acre-feet per year) is used.

Erosion Rate Area Total Erosion
cu meters/sq km/yr 8q km million cu meters
(acre~-feet/sq mi/yr) (sq mi)gy (1000 acre-feet)
>1429 1036 >1.5
(>3) (400) {(>1.2)
476-1429 30,044 14.3-42.,9
(1-3) (11,600) (11.6-34.8)
238-476 52,836 12.5-25.1
(0.5-1.0) (20,400) (10.2-20.4)
95-238 191,600 18.2-45.6
(0.2-0.5) (74,000) (14.8-37.0)
<95 39,627 3.8
(<0.2) (15,300) (<3.1)

Table 1, Annual Erosion in New Mexico (1)2/

1/ For presentation at the Third Federal Interagency Sedimentation
Conference, Denver, Colorado, March 22-26, 1976.

gj Areas rounded off to the nearest one hundred.

3/ (1) See (1) of "Literature Cited.”
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The magnitude of erosion is shown relative to river basins within the
state in Table 2.

Percent Percent

of of Total

Basin Drainage Area State Erosion Erosion
sq km (sq mi) Z million cu meters Z

(100 ac-ft)
Arkansas-White-Red 45,900 (17,722} 14.6 8.9 (7.26) 11
Upper Colorado

San Juan 25,227 (9,740) 8.0 8.2 (6.64) 10
Rio Grande 195,188 (75,362) 66.2 55.0 (44.6) 67
Upper & Lower 127,710 (49,309) 40.6 37.0 (30.3) 46
Pecos 67,477 (26,053) 21.5 17.7 (14.3) 21
Texas-Gulf 14,211 (5,487) 4.2 2.4 (1.91) 3
Lower Colorado 34,589 (13,355) 11.0 7.0 (5.71) 9
Little Colorado 15,607 (6,026) 4.9 3.0 (2.83) 4
Gila 18,982 (7,329) 6.0 3.6 (2.88) 5

Table 2, Erosion Relative to River Basins in New Mexice (2)

When soil loss due to sheet, rill, and gully erosion is locked at broadly
relative to land use, the feollowing table can be constructed to indicate
the relationship of erosion and land use.

Land Use Areal/ Erosiongl Percent of Loss
sq km million metric tons/yr
(sq mi) (million tons/yr)

Range 236,467 71.7 74
(91,300) (79)

Forest2/ 72,520 23.6 24
(28,000) (26)

Urban, Crop, and 6,216 1.8 2

Other Land (2,400) (2)

Table 3. Erosion in New Mexico Relative to Land Use {3)

;j Area rounded off to nearest one hundred square miles.
2/ 1Includes pinyon—juniper lands,
3/ Unit weight assumed to be 1522 kg/cu m (95 pcf).
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The above preliminary data indicate that each year about 97 million
metric tons (107 million tons) of soil are transported in Wew Mexico

due to sheet, rill, and gully erosion., Streambank erosion accounts

for an additional 27.2 million metric tons (30 million tons) of eroded
material in the state, bringing the total erosion from causes other than
wind to more than 124 million metric tons (137 million tons) per year

in New Mexico,

Using the 81,500,000 cubic meters (66,120 acre-feet) per year as the
annual erosion for the state would indicate an average erosion rate of
257 cubic meters per square kilometer per year (0.54 acre-feet per
square mile per year). When smaller areas (e.g., river basins within
the state) are considered, it is noted that the erosion rates range
between 167 and 327 cubic meters per square kilometer per year (0.35
and 0.68 acre-feet per square mile per year). When areas smaller than
river basins are considered, it is noted in table 5 that the sedimen-
tation in selected reservoirs may have a rate of accumulation of 4,334
cubic meters per square kilometer per year (9.1 acre-feet per square
mile per year). When the delivery ratio for the watershed and trap
efficiency of the reservoir are considered, the omsite erosion in

the watershed could very will be more than 4,760 cubic meters per
square kilometer per year (10 acre-feet per square mile per year).

Table 4 indicates the relationship between sheet and rill erosion and
gully and channel erosion. In the selected watersheds, sheet and rill
erosion may account for from 10 to 99 percent and gully and channel
erosion from 1 to 90 percent of the total erosion. The relationship
is also shown in table 6 for the Rio Puerco Watershed which is a

major contributor of sediment to the Rio Grande above Elephant Butte
Reservoir.

Watershed Sheet and Rill/Gully and Channel
Zl%

Dona Ana Arroyo 10/90
Prop Canyon and Tributaries 36/64
Cass Draw 95/5

Upper Gila Valley Arroyos 19/81
Truth or Consequences-Williamsburg Arrovo 69/31
Running Water Draw 52/48
Eagle~Tumbleweed Draw 99/1

Tucumcari Draw 5@/50

Table 4., Relationship of Sheet and Rill to ?ully and Channel Erosion
in Selected PL-566 Watersheds (4)1

lj Estimates from PL-566 Watershed Work Plans.
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Net Sed.

Reservoir Contrib, Area Period Total Sediment Deposits
(sq mi) Yrs (ac-ft/yr) (ac-ft/sq mi/yr)
sq km cu meters/yr cu meters/sq km/yr

‘Arkangas-White-Red Region

Conchas (6,976) 31.75 (2,273) (0.326)
18,068 2,802,040 155.3

Rio Grande Region
{Ric Grande Basin)

Abiquiu (2,127) 4,58 (1,385) (0.65)
5,509 1,707,359 310

Jamez Canyon (1,034) 5.8 (576) (0.06)
2,678 710,064 29

Santa Cruz (93.1) 27.4 {(25.7) (0.27)
241 31,682 129

Elephant Butte (25,866) 54,3 (9,357) (0.36)
66,993 11,534,842 172

Caballo (1,237) 19.9 {94.1) (0.08)
3,204 116,002 38

Santa Cruz River (3.12) 6.7 (10.3) (3.30)
W/s (#6) 8 12,697 1,572
Santa Cruz River (1.16) 7.0 (10.5) {9.1)
W/s (#3) 3 12,944 4,334
Zia (2.4) 7.0 (5,84) {2.43)
6 7,199 1,157

Tortugas Arroyo (20.54) 9.66 (14.3) (0.69)
w/S (#1) 53 17,628 329

(Pecos Basin)

Upper Rio Hondo (93.9) 12.9 (50.39) (0.54)
W/S (#1) 243 62,118 257
Pecos Arroyo (19.34) 6.7 (8.12) {0.42)
W/S (#1) 50 10,010 200

Lower Colorado Region

Oak Creek (9.41) 6 (31.2) (3.32)

24 38,461 1,581
Upper Gila Valley (0.33) 8.7 (0.6) (1.54)
Ww/s (#3) 0.9 740 733

Table 5. Sediment Accumulation in Selected Reservoirs in New Mexico (5)
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Percent Sheet Percent Channel

and Rill and Gullies
Upper Rio Puerco 48 52
Chico 63 37
Rio San Jose 76 24
Lower Rio Puerco 57 43

Table 6. Soil Production in the Rio Puerco Watershed (6)
SANTA CRUZ RIVER WATERSHED

The Santa Cruz River Watershed is an example of an area having a high
erosion rate, This watershed is located on the western slope of the
Sangre de Cristo mountain range in north central New Mexico and is in
the Southern Rocky Mountains Physiographic Province, The average
annual precipitation for the watershed, based on a nearby U.S. Weather
Bureau station, is 25.4 centimeters (10 inches) per year., Major floods
usually occur from high-intensity thunderstorms during the summer
months, Within the watershed is located the reservoir of Site No. 3
(see table 5) which has a drainage area of 3.0 square kilometers (1.16
square miles). This drainage area can be divided into two sections:
(1) the upper section consisting of extensively eroded Santa Fe Group
strata (see photo No. 1) which is Tertiary in age and (2) a lower
section of Quaternary alluvial deposits.

Photo No. 1. Santa Fe Group Strata, New Mexico,
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The Santa Fe Group of strata consists primarily of weakly cemented sand-
stone and siltstone, and geologic erosion is considered rapid. The
alluvial deposits consist of sands and silty sands with minor occur~
rence of gravels,

The highly eroded part of the Santa Fe Group is referred to as "badlands"
and the valley fill is considered "rangeland"” for purposes of this

paper. The average slope of the "badlands" area is 70 percent and the
average slope of the "rangeland" is 16 percent. Vegetative cover is
essentially zero in the "badlands" and ranges from 5 to 10 percent on

the "rangeland."

Photo No. 2. Vegetative Cover on Rangeland in Santa Cruz Watershed,
New Mexico.

The contributing drainage area of 3 square kilometers (l.l6 square
miles) contains approximately 67 percent "badlands" and 33 percent
"rangeland.™

Sedimentation surveys conducted on the reservoir indicated an average
annual accumulation of 12,944 cubic meters (10,5 acre-feet) in a period
of 7.0 years for an average annual rate of 4,334 cubic meters per
square kilometer (9.1 acre-feet per square mile), In this reservoir
between January and October of 1969 approximately 46,230 cubic meters
(37.5 acre-feet) of sediment was deposited,
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RIO PUERCO WATERSHED

A second watershed which contributes large quantities of sediment to

the Rio Grande is the Rio Puerco. This watershed, with a drainage area
of 19,011 square kilometers (7,340 square miles), is the largest tribu-
tary to the Rio Grande in New Mexico. The watershed is approximately
201 kilometers (125 miles) in length and about 137 kilometers (85 miles)
wide. It lies principally within the Colorado Plateau Physiocgraphic
Province with the northeast portion of the watershed in the Sierra
Nacimiento and San Pedro Mountains of the Southern Rocky Mountains
Physiographic Province.

In the mountains or headwaters, the stream flows through reasonably
stable gravel chamnels which, as they leave the mountains, develop into
sheer-walled tortuous arroyos that vary from 6.1 to 15.2 meters (20 to
50 feet) in depth and from 12.2 to nearly 305 meters (40 to 1,000 feet)
in width. The average annual precipitation varies from less than 17.78
centimeters (7 inches) in the lower elevation to about 43,18 centi~
meters (17 inches) in the mountains. About 50 percent of the annual
precipitarion ccecurs during the 3-month period of July through September,
usually in the form of brief but often intense thundershowers.

Rocks range in age from Precambrian to Recent and include sedimentary,
metamorphic, and igneous intrusive and igneous extrusive.

The alluvial soils are of special interest relative to erosion problems,
They are characterized by deep soil profiles and occupy the flood plains
and terraces, The soils crack easily and result in the piping con-
ditions that occur in most of the alluvial soils (see photo No. 3).

Photo No. 3 Piping in the Rio Puerco Watershed, New Mexico.,
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This piping condition may extend long distances underground before
entering the lower entrenched drainages., This furnishes an opportunity
for penetration and concentration of water and, as a result, along the
sides of the vertical banks of the stream channels (see photo No. 4) and
gullies, there is considerable caving in and sloughing off of earth
blocks.

Photo No. 4. Sloughing off of Banks in the Main Channel of the Rio
Puerco, New Mexico.

The magnitude of erosion in the watershed and sediment yield to the

Rio Grande is indicated from data collected at a sediment measuring
station located 4,83 kilometers (3 miles) upstream from the mouth. Be-
tween October 1963 and September 1964, more than 2,917,000 tons of sus~
pended sediment passed this station. This may appear to be considerable
material, but on August 7, 1957, approximately 2% million tons passed
the station. The maximum suspended sediment concentration to pass the
station is 267,000 mg/l which occurred July 26, 1957. (7)

CONCLUSION

Preliminary data indicate that each year about 97 million metric tons
(107 million tons) of soil are lost in New Mexico due to sheet, rill,
and gully erosion. A study recently completed by the Soil Comservation
Service indicates that if land treatment were installed on approxi-
mately 18 thousand square miles, the soil loss due to sheet, rill, and
gully erosion could be reduced by approximately 16 million tons per
year. This represents a 15 percent reduction. (3)
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This reduction in erosion and the consequent reduction in sediment
yield to urban and crop land, rivers, and reservoirs would have
substantial impact on improving the environment as well as on reducing
economic damages.
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6))
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DEBRIS FLOWS FOLLOWING WILDFIRE IN NORTH CENTRAL WASHINGION

By G. 0, Klock and J. D. Helvey, Principal Soil Scientist and Principal
Hydrologist, Pacific Northwest Forest and Range Experiment Station,
Forest Service, U.S, Department of Agriculture, Wenatchee, Washington,

ABSTRACT

A combination of rapid snowmelt, high intensity rainstorms, and fire-
denuded watersheds resulted in massive debris torrents from numerous
tributary streams of the Entiat River in north-central Washington during
the epring and summer of 1972, Debris torrents are summarized by location,
soil type, topography, and land use history for five adjacent watersheds.
Alternative forest management recommendations are suggested for minimizing
the impact of possible future debris terrents within the study area.

INTRODUCTION

An alluvial fan at the mouth of almost every tributary stream of the
Entiat River in north-central Washington testifies to the occurrence of
debris torrents durifig past centuries. Many new debris torrents during
the spring and summer of 1972 provided an unusual opportunity for insight
into the geologic, topographic, soil, vegetative, and climatic conditions
which are associated with debris torrents in this area, The purpose of
this paper is to document the conditions which led up to several debris
torrents in the Entiat Experimental Forest and two adjacent watersheds, to
point out forest conditions which possibly helped initiate debris torrents,
and to suggest some precautions for forest managers who operate on these
steep, unstable areas,

STUDY AREA

The study area is located in the Entiat River Valley which meets the
Columbia River about 32 kilometers (20 miles) north of Wenatchee,
Washington, The upper reaches of this southeasterly draining valley show
typical evidence of glaciation during the late Wisconsin stage of the
Pleistocene epoch. However, the upper slopes of the valley show little
evidence of mountain glaciation, Thus, many tributary streams appear as
hanging valleys above the present valley floor, During glaciation, the
lower reaches of these hanging valleys were filled with flowing glacial
sediments., Since glaciation, streamflow has deeply incised these highly
unstable sediments, At the base of the hanging valley on most tribu-
taries, alluvial fans consisting of large boulders and sediments have
developed, apparently the result of debris flows,
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Our particular study area within the Entiat Valley for discussion is
the three watersheds on the Entiat Experimental Forest--Fox, Burns,
McCree-—and two adjacent watersheds—-Brennegan and Preston (Figure 1),
These five watersheds contain about.5000 hectares (12,350 acres) in
total area and are located at latitude 47° 57' N and longitude 120°
28" W, Watershed elevations range from about 550 to 2100 meters
(1,800 to 7,000 feet) above sea level, The mean slope level is about
50 percent, but slopes of 90 percent are common, All five watersheds
were severely burned by wildfire in August 1970,

Bedrock consists primarily of granodiorite and quartz diorite, All five
watersheds are characterized by hanging valleys with deeply incised
fluvioglacial material above the cutoff wall. Since the glacial period,
much of the watersheds has been.covered by deposits of pumice and ash
originating principally from Glacier Peak, 56 kilometers (35 miles) to
the northwest, Depth of this volcanic material ranges from a few
centimeters to more than 6 meters (20 feet).

Before the fire, vegetation on slopes between 550 and 915 meters

(1,800 to 3,000 feet) elevation consisted of an overstory of ponderosa
pine (Pinus ponderosa Laws.), with an understory of bitterbrush (Purshia
tridentata (Pursh) DC.) and serviceberry (Amelanchier alnifolia Nutt,).
At elevations between 915 and 1675 meters (3,000 to 5,500 feet),
Douglas-fir (Pseudotsuga‘ggpziesii (Mirb,) Franco) became more
prominent in the overstory, with occasional small dense thickets of
lodgepole pine (Pinus contorta Dougl.). These thickets appear to be in
areas burned by wildfire in the recent past. Understory was predomi-
nantly snowbrush (Ceanothus velutinus Dougl,), willow (Salix spp.)
Sitka alder (Alnus sinuata (Reg,) Rydb.), and kinnikinnick ,
(Arctostaphylos uva-ursi (L.) Buckl,), At elevations above 1750 meters
(5,740 feet), whitebark pine (Pinus albicaulis Engelm,) was common,

Much of the lower elevations within Preston and Brennegan watersheds
was selectively logged before 1970, Fire salvage logging along with
associated road comnstruction proceeded in all watersheds in 1971 and
1972 except at Fox, which was retained as an unlogged and unroaded
control watershed, Fire salvage logging was predominantly by jammer
and tractor in Brennegan and Preston, with most salvage yarded by
helicopter or tractor over snow in Burns and McCree, The impact of
this logging on soils and vegetation is discussed by Klock (1975),

SEDIMENTATION ACTIVITY
Prefire

Sediment monitoring was begun about 1958 on Fox, McCree, and Burns
watersheds, The watersheds appeared to be stable under natural
conditions, and sediment trapped by weirs was extremely low, Weir
ponds on Burns and McCree did not require cleaning from the time of
installation until the 1970 fire., Fox Creek flows through an area
where side slopes are oversteepened and sparsely vegetated between 850
and 915 meters (2,800 to 3,000 feet), Scil material dry raveled into
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the stream channel during the summer months, and spring runoff carried
it to the weir pond where it was trapped for measurement, Annual
bedload on the 473-hectare (1,168-acre) Fox watershed ranged from 4.5
to 16,3 metric tons (5 to 18 tons) and averaged 10,9 metric tons (12
tons) between 1966 and 1970, Unfortunately, there are no prefire data
for suspended sediment production, Typical values as determined from
later studies might be 12 kileograms per hectare per year, or an
average annual load of 5.7, 6,8, and 6.2 metric tons for Fox, Burns,
and McCree watersheds, respectively,

Postfire

Maximum daily streamflow rates in 1971, the first runoff season
following the fire, were nearly double the maximum flow measured during
the ll-year watershed calibration period (Helvey, 1973). Thus, the
increased streamflow was responsible for channel enlargement and
congequent increases in sediment deposition in the catchment basins.
Sediment in 1971 measured 162, 126, and 52 metric tons (179, 139, and
57 tons) for Fox, Burns, and McCree watersheds, respectively. An
additional 9,9 metric tons (10,9 tons) of sediment were collected
behind the McCree Creek weir in the fall of 1971, Virtually all of
this material appeared to come from upstream road construction. All
sediment values reported here must be considered an estimate, because
most of the sediment was collected in a very short time while streamflow
was quite high, Undoubtedly some sediment flushed through the traps
and was not measured, In any case, bedload sedimentation levels the
first year following wildfire were considerably greater than those
monitored before destruction of the vegetation by fire,

In the fall of 1971 so0il moisture measurements showed increased soil
moisture storage in the fire-affected area because of greatly reduced
transpiration losses (Klock and Helvey, 1975)., In fact, the volume of
additional water stored in the soil profile was almost equivalent to
average ammual runoff measured before the fire., On the basis of these
soil moisture measurements, we predicted that she watersheds were very
sensitive hydrologically and that congiderable mass soil movement was
likely during the following spring runcff season,

During mid-March 1972, unseasonable warm weather hastened snowmelt from
a record high snowpack in the Entiat Valley, and considerable mass soil
movement occurred below 1050-meter (3,500-foot) elevation, particularly
in areas burned by the 1970 wildfire. In our study area two debris
torrents occurred, one on Preston and another on McCree, Both torrents
appeared to be initiated by excessive pore water pressure in small
pockets on very steep granitic slopes, In both locations the soil

pocket was in the dip slope of the rock structure. The Preston debris
torrent on the lower west side of the watershed did not affect the stream
channel, but it did deposit approximately 1000 cubic meters (1,300 cubic
yards) of rock, mud, and wood debris on or near the highway. The initial
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torrent in McCree crossed a newly constructed road, picked up some
construction debris on the downslope, and proceeded to the stream
channel, The debris blocked the McCree Creek channel momentarily.
Water appeared to reach depths of perhaps 6 to 7 meters (20 feet)
before the temporary dam broke, releasing a torrent into the Entiat
River about 800 meters (0,5 mile) downstream, The stream channel was
scoured to a depth of about 5 meters (15 feet); the stream gaging and
sediment collection station was destroyed; and several thousand cubic
meters of debris were deposited on the alluvial fan. An unknown but
substantial amount of debris was carried to the Entiat River,

About midday on June 9, 1972, a high intensity rainstorm (records show
about 335 millimeters of rainfall in 2 hours) struck the upper reaches
of the Fox watershed., Shortly thereafter, a debris torrent occurred

on Fox Creek, depositing several thousand cubic meters of debris,
including many large logs, on the alluvial fan and in the Entiat River,
Significant damages occurred, including loss of the stream and sediment
gaging station and the loss of about 20 meters (65 feet) of the highway,
The flow appeared to be exceedingly violent. A raingage located
approximately 16 meters (50 feet) above the channel near the gaging
station was destroyed by the torrent,

In the early morning hours of June 10 another high intensity rainstorm
struck the watersheds, A recording raingage at the 134l-meter (4,400-
foot) elevation between McCree and Brennegan showed 584 millimeters

(2.3 inches) of rainfall during this period, with maximum intensity of
about 282 millimeters/hour (1.1 inches/hour). As was the case of the
storm on the previous day in the Fox watershed, the heavy rainfall
occurred on the rocky uplands, where little soil water retention
capacity is available., Coupled with the already fully charged soil
profile in the lower watershed soils, overland flow occurred and record
volumes of streamflow developed., With the record flow and a high stream
channel resistance from debris, comstrictions, ete,, a wave appeared to
develop, creating a debris torrent on Preston, Brennegan, and again on
McCree and Fox. The torrent on McCree and Fox basically added additional
volumes of sediment to the already disturbed alluvial fans at the mouth
of these watersheds., On Preston Creek all forks were scoured from the
upper reaches of the stream chamnel, with maximum channel ‘scouring
occurring in the deeply incised canyon starting about 1500 meters (5,000
feet) above the glacier-formed cutoff wall, A massive volume of debris,
including very large boulders, flowed out on the alluvial fan in an
obviously fast and violent mammer, Several private cabins on the fan
were completely destroyed and four people killed. On Brennegan, high
flow and channel scouring were also evident from the highest water source
area in the watershed. A very large volume of debris was also deposited
on the alluvial fan and in the Entiat River,
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As if "enough was not enough,' heavy rainstorms again returned in
mid~-August of 1972, causing additional debris torrents with sediment
deposition from Fox and McCree, Although heavy sedimentation from
slides and rocad washouts made sediment monitoring impossible on Burns
watershed, this was the only drainage in the study area in which a
debris torrent did not .develop, No explanation is readily available

on why this watershed was spared when watersheds on both sides produced
debris torrents,

Basically two types of conditions developed which jnitiated debris
torrents within the study area. The first was the midslope "blow out,"
where a small pocket of soil was violently displaced by high pore water
pressures, These high pore water pressures were generated by cold
snowmelt water in areas of restricted drainage., Loose debris below the
initial soil displacement added to the intensity of the torrent, The
second type of torrent observed was developed by high intensity
rainstorms on steep mountain slopes characterized by rock surface with
little infiltration capacity or by hydrologically sensitive soils near
saturation, Streamflow volume increased very rapidly from the overland
flow inputs., Sudden high stream flow volumes connected with high channel
resistance appear to have allowed a very large wave to develop, This
wave carried massive amounts of debris which was respousible for the
serious destruction that was highly visible in the Jume 10 torrent in
Preston Creek,

Both types of torrent appear to have occurred periodically for centuries,
We could speculate from tree age and soil morphologic evidence on the
alluvial fans that torrent frequency is as coften as every 80 to 150
years. Although we are yet unable to correlate wildfire frequency with
frequency of debris torrents, there probably is a relationship. We
reason that any land condition which increases the hydrologic sensi-
tivity of the watershed, such as wildfire or vegetation removal by
clearcut logging, will increase the probability of debris torrents
within the affected area,

Creep 18 very evident in the so0il material adjacent to the streams
within the study area, We have estimated movement rates from tree
displacement as great as 2.5 centimeters (1 inch) per 10 wvears,. Creep
continues to fill the channels with soil debris until they are scoured
by a torrent. Streambanks are oversteepened by the scouring action;
and creep, along with other mass soil movement processes, is
accelerated to complete the cycle by refilling the channel,
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MANAGEMENT IMPLICATIONS

Qur investigation within the study area pointed out several areas where
forest management can reduce, but not eliminate, the hazards of debris
torrents within the region. Obviously, the prevention or control of
wildfire may reduce the probability of debris torrents. Forest harvest
practices which inerease goil moisture levels and significantly increase
the hydrologic sensitivity of a watershed should be carefully studied
and evaluated in terms of soils and topographic features for each
cutting unit, More research is also needed in defining the level of
soil moisture which makes a watershed significantly hydrologically
sensitive, Management activities within the riparian zone should
attempt to reduce the accumulation of debris within the stream channel.
Logging slash and road construction debris could possibly increase or
even initiate wave action in the stream channel, Megahan (1972) showed
that road construction can increase streamflow volumes by interception
and conversion of groundwater to streamflow. Increased streamflow
volumes can also increase the probability of debris torrents., Thus,
road design should be evaluated with respect to its possible effect on
streamflow in critical areas, particularly in areas similar to our study
watersheds, However, even with the best physical land management there
still exists the probability of debris torrents in the area we have
evaluated, Only by proper land use planning or the control of man's
activity on these alluvial fans can we minimize the possibility of the
tragic loss of 1life and property.
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SEDIMENT YIELDS FROM A MISSISSIPPI DELTA WATERSHED

By C. E. Murphree, Agricultural Engineer, C. K, Mutchler, Hydraulic
Engineer, and L. L., McDowell, Soil Scientist, USPA Sedimentation
Laboratory, Oxford, Mississippi.

ABSTRACT

Runoff and sediment yield were measured on a Mississippi Delta watershed,
land-formed to 0.2 percent slope, and farmed in continuous cotton.
Interest in sediment yields and hydrology of the flatland watersheds of
the Lower Mississippi River Valley or Delta (as it is commonly known)
has increased greatly due, primarily, to the concern that agricultural
chemicals may be transported into streams and lakes by sediment and
runoff waters from farmlands. However, sediment yields indicate a
serious erosion problem; 28.98 MT/ha/year (12.93 tons/acre/ year) were
lost from a 15.58-ha (38.5-acre) watershed during a 2-year period.
Because rainfall in these 2 years was extremely high (33 percent above
the 17-year average), long-term average annual sediment yield values
should be lower.

INTRODUCTION

The agricultural lands of the Lower Mississippi River Valley or Delta
(as 1t is commonly known) are intensively tilled. Because of the high
clay content of many soils in the area and high soil moisture levels
during winter and early spring, seedbed preparation for the next crop
begins at the first opportunity after harvest in the fall or early
winter. This practice leaves the soil disturbed and without cover
through most of the wet season; consequently, erosion rates are high and
sediments, consisting primarily of clays and silts, deposit in ditches,
drainage canals and lakes c¢f the area. Periodic maintenance is then
required to maintain channel capacities to meet drainage requirements.
Little research has been done, previously, to determine the magnitude of
erosion and sediment problems on these relatively flat slopes.

The Mississippi Delta is noted for cotton production, which requires
extensive use of farm chemicals. Since many of these chemicals move
while attached to eroding soil particles, knowledge of erosion and
sediment transport phenomena is necessary to compute chemical yields in
runoff. In this study, we determined runoff and sediment yields from a
Delta watershed, managed by conventionally accepted practices of the
area, to provide basic data for an analytical study of farm chemical
concentrations and yields in runoff. This paper discusses the magnitude
of the sediment yield problem on Delta watersheds with Sharkey scil and
provides preliminary information on runoff and sediment transport from
these nearly flat lands. '
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WATERSHED AREA AND INSTRUMENTATION

The study watershed is on the G. L, MeWilliams Farm near Clarksdale,
Mississippi. The drainage area is 15.58 ha (38.5 acres) and is the
north watershed indicated on Figure 1. The land was formed to a slope
of 0.2 percent with 1.02-m (40-inch) rows up and down slope in a north-
south direction. Runoff genmerally follows each individual row until it
enters the main east-west V-ditch and then flows into the pond through a
Parshall flume, Gaging Station 802 on Figure 1. The mean slope length
of the rows in the watershed is 186 m (610 feet).

The soil on the entire watershed is Sharkey silty clay. The erodible
soils at the 0- to 15-cm (0- to 0.5-foot) depth contain 47 percent clay
(<2ym) and only 0.6 percent sand (>0.063 mm). The geometric mean dia-
meter of the surface soils is 2.5um.

Precipitation data were obtained with a recording raingage near gaging
station 802, Figure 1. A standard 0.91-m (3-foot) Parshall flume was
used to measure the runoff with two digital punch tape recorders,
synchronized for simultaneous stage-time recording at 5-minute intervals.
Waterstage records were required at beth converging and diverging
sections of the flume because some submergence occurs. Instantaneous
point samples of runoff were collected at the gaging site with a US-PS-
69 automatic pumping sampler (St. Anthony Falls Hydraulics Laboratory,
1974; Murphree, et al., 1972). A sample was taken at l1l0-minute inter-
vals when the water was 6.1-cm (0.20-feet) or more deep, and at the same
time as the water stage and time were recorded by the digital waterstage
recorder.

PRECTPITATION

Average annual precipitation for 1941-1970 at Clarksdale, MS (approxi-
mately 17.7 km (11 miles) to the southeast) was 125.35 cm (49.35 inches)
(U. S. Department of Commerce, 1974). Precipitation at the watershed
was 165.89 cm (65.31 inches) for the water year beginning July 1972 and
174.40 cm (68.66 inches) for -the water year beginning July 1973 (Tables
1 and 2). Rainfall was extremely high during both years, 32 and 39
percent above the 30-year average.

CROP MANAGEMENT

The entire watershed has been planted to cotten for many years. Records
are maintained throughout the year on tillage practices, ground cover,
crop cover, and other management practices that may affect erosion and
sediment yields. Tillage practices followed. closely those recommended
for the area. Several different tillage methods are used for seedbed
preparation, depending on weather, soil moisture, grass and weed pro-
blems, and time available at planting. However, the following tillage
sequence is typical:
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Fall after harvest:

Cut or shred stalks
Chisel plow at angle to rows
Disk lightly with a tandem disk

Spring and Summer

Disk with tandem disk
Bed with disk hipper /
Pulverize soil with Do-All~' or similar equipment; apply preplant

herbicide
Bed with disk hipper and agyly nitrogen fertilizer
Pulverize soil with Do-All~" or similar equipment

Plant cotton and apply preemergence herbicide
Cultivate cotton several times and apply postemergence and layby
herbicides for weed control.

RESULTS AND DISCUSSION

Storm events were analyzed separately to determine runoff and sediment
yield. Monthly and yearly amounts of rainfall, departures from normal
rainfall, runoff, sediment yield and discharge-weighted concentrations
are given in Tables 1 and 2 for the first and second water years of the
study., When a storm began on the last day of a month, the rainfall,
runoff, and sediment yield were included in the record for that month.

In both years, the weather permitted tillage to begin during February.
As a result, the soil was in a tilled or disturbed condition from
February through July, with little or no cover until mid-July when crop
canopy approached 80% cover. During August-January the soil was undis-
turbed by tillage and was covered by a crop canopy (August—October) and
crop stubble (Movember-January). Data for these periods of different
watershed erodibility show that sediment yields per unit of rainfall
were much higher during February-July than during August—-January (Figure
2). Runoff as a proportion of rainfall was also less in August-January.

The effects of tillage on sediment yield are also evident when studying
individual storm runoff volumes and sediment yields. Individual storm
values, grouped by tilled period (February-July) and untilled, good
cover period (August-January) are shown on Figure 3.

A regression analysis of the storm sediment yield-runoff values as a
power function relationship resulted in an exponent of nearly one for
both periods. This allowed a representation of the data on a rectilinear
basis, (Figure 3). The resulting relationships were

3/ Trade names are provided for information only and do not imply
endorsement by the U. S. Department of Agriculture.
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Table 1.-~Monthly Amounts of Rainfall, Runoff, Sediment Yield and Concentrations, McWilliams Watershed 802,
July 1972~June 1973.

Month/Year Rainfall Departuresl/ Runoff Sediment Yield Concentration%/
cm inches cm inches cm inches MT/ha tons/acre mg/1l
July 1972 9.93 3.91 0.33 0.13 0.36 0.14 0.07 0.03 1891
August 1972 3.28 1.2¢9 -3.10 - 1.22 0 0 0 0 -
September 1972 5.69 2.24 -2.29 -10,90 0 0 0 0 -
October 1972 10.31 4.06 3.99 1.57 0.99 0.39 0.07 0.03 679
November 1972 21.31 8,39 10.49 4.13 12.17 4,79 1.50 0.67 1234
December 1972 21,92 8.63 9.42 3.71 14.35 5.65 2,60 1.16 1812
January 1973 13.61 5.36 1.40 0.55 7.72 3.04 1.77 0.79 2293
February 1973 2.75 5.02 0 0 9.93 3.91 2.87 i.28 2889
March 1973 23,85 9.39 10.06 3.96 12.42 4.89 7.26 3.24 5848
April 1973 21.51 8.47 8.20 3.23 14.83 5.84 7.02 3.13 4730
May 1973 12.65 4.98 0.69 0.27 4,70 1.85 2.98 1.33 6345
June 1973 9.07 3.57 1.35 0.53 3.35 1.32 2.67 1.19 7957
Annual total 165.89 65.31 +40.54 +15.96 80,82 31.82 28.81 12.85 3564

1/ Departures from monthly normal, period 1941-1970

2/ Discharge weighted mean concentration
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Table 2,--Monthly Amounts of Rainfall, Runoff, Sediment Yield and Concentrations, McWilliams Watershed 802,

July 1973~June 1974.

Month/Year Rainfall Departuresi/ Runoff Sediment Yield Concentrationz/
cm inches cm inches em inches MT/ha tons/acre mg/1
July 1973 12.32 4.85 2,72 1.07 1.83  0.72  0.31 0.14 1716
August 1973 4.67 1.84 - 1.70 - 0.67 T o/ T 03/ -
September 1973  6.20  2.44 - 1.78 - 0.70 0.13  0.05  0.02 0.01 1765
October 1973 7.57  2.98 1.24 0.4  0.03  0.01 T 03/ —
November 1973 21.69 8.54 10.87  4.28  12.57 5,95  2.35 1.05 1872
December 1973  11.86 4.67 - 0.64 - 0.25 5.69 2.264  1.46 0.65 2561
January 1974 22.61 8.90 10.39 4,09  15.27 6.0L  2.76 1,23 1806
February 1974 8.81  3.47 - 3.94 =~ 1.55 3.40 1.3 2.11 0.94 6191
March 1974 4.88 1.92 - 8.92 -3.51  0.23  0.09  0.04 0.02 1961
April 1974 12,95  5.10 = 0.36 - 0.14  6.07 2.39  2.29 1.02 3767
May 1974 37.85  14.90  25.88 10.19  26.64  10.49  10.09 4.50 3786
June 1974 22.99 9.05  15.27 6.01  15.88 6.25  7.71 3. 44 4858
Annual total 174.40  68.66  +49.05 +19.31 87,73 34.54 29,14 13.00 3322

1/ Departures from monthly normal, period 1941-1970
2/ Discharge weighted mean concentration
3/ Less than 0.011 MT/ha (.005 tons/acre)

4/ Less than 0.013 cm (.005 inches)
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8Y = -0.00046 + 0.225 RO (1)
for the untilled period and
SY = 0.061 + C.473 RO (2)

for the tilled period [SY is sediment yield (tons/acre) and RO is runcff
(inches)}. The correlation coefficient of the relationship for both
periods was 0.93.

The intercepts of both equations are nearly zero, which is to be expected
since runoff is necessary for any sediment yield. Thus, the slopes of
tte equations indicate the relative erodibility of the watershed during
the two periods. Sediment yield was about 2.1 times greater when the
soil was in the tilled and unprotected condition than from comparable
runoff during the untilled, good cover period.

U. 8. Weather Bureau records at Clarksdale, MS show the 30-year average
rainfall for February through July is 69.14 cm (27.22 incheg)., This is
55 percent of the long-term average annual rainfall. For the 2 years of
record on the McWilliams Watershed, 56 percent of the annual rainfall
occurred during February-July and produced 59 percent of the annual
runcff and 78 percent of the annual sediment yield. The discharge—
weighted mean concentration for February through July was 4560 mg/l
compared to 1820 mg/l for August through January. Thus, the mean sedi-
ment concentration was about 2.5 times greater during the tilled period.

Above-normal rainfall in March-April 1973 and May-June 1974, when the
soil was most vulnerable to erosion (Figure 2), produced sediment

yields of 14.28 and 17.80 MT/ha (6.37 and 7.94 tons/acre), respectively.
This was about 50 and 61 percent of the annual sediment yield fer the 2
years of study. Since rainfall amount greatly affects runoff, and herce
gsediment yield, as shown in Figures 2 and 3, the yield for each of the
water years is probably much higher than the long-term average.

Considering eack c¢f the 12 consecutive monthly periods available (Tables
1 and 2) for the 2 years of data on the McWilliams Watershed, only 1
selected year (May 1973 throught April 1974) received rainfall close to
the 30-year annual average precipitation observed at Clarksdale, MS.
Annual rainfall for that period on the watershed was 135.28 cm (53.26
inches), only 8 percent above the 30-year average. This rainfall pro-
duced 53.26 cm (20.97 inches) of runoff and a sediment yield of 16.99
MT/ha (7.58 tons/acre). This sediment yield was compared with erosion
predicted using the universal soil loss equation (USLE)

A=RELSC?P (3

where A is predicted soil loss, R is the rainfall factor, K is the scil

erodibility factor, L is the slope-length factor, S is the slope steep-

ress factor, C is the cropping and management factor, and P is the prac~
tice factor (Wischmeier and Smith, 1965).
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An R-factor of 370 was computed for the selected year (May 1973-April
1974) as defined by Wischmeier (1959). This value is larger than the
published value of 330 in Agriculture Handbook 282 because it was com—

puted from greater than normal rainfall rather than for average annual
conditions,

The K-factor was determined from the soil erodibility nomograph given in
Wischmeier et al. (1971) using entry values of 53 percent silt plus very
fine sand, 47 percent clay, 2.5 percent organic matter, blocky structure,
and slow permeability. The value of the soil erodibility factor, K,
predicted in this manner was 0.29. Using the values of slope length and
steepness given earlier, an LS factor of 0.14 was caleculated from the
slope-length equation (Wischmeier and Smith, 1965). A length expoment

of 0.3 was used because the slope steepness was less than 3 percent.

The cropping factor, C, was computed using EI distribution curve No. 22
and Table No. 2 of Agriculture Handbook 282, for continuous cotton; the
resulting value was 0.50, Cotton rows on the watershed were up-and-down
slope; therefore, the value for the practice factor, P, was one. The
resulting soil loss prediction was (370) (0.29) (0.14) (0.50) = 7.51
tons/acre or 16.84 metric tons/hectare.

In order to compare this USLE estimate with the measured sediment
yield, a delivery ratio (DR} was considered--this recognizes that some
of the eroded soil is deposited before reaching the watershed outlet.
Although the slope of the V-ditch from the end of the rows to the gaging
station was generally less than the row grades of 0.2 percent, little
evidence of net deposition was observed. A delivery ratio estimate was
computed from
24k, 56
DR = 4549 (Area) 33852 (4)
S T ARET
which was derived by Roehl (1962). Solving the equation for an area of
15.58 hectares, the estimated sediment delivery ratio was 0.97 which
agrees with the field observations. By multiplying the erosion predic-
tion by the delivery ratio, a sediment yield of 16.33 MT/ha (7.28 tons/
acre) was estimated compared to that measured of 16.99 MT/ha.

SUMMARY AND CONCLUSIONS

Two water years of rainfall, runoff and sediment yield data from a
15.58-ha (38.5-acre) Mississippi Delta watershed, continuously farmed in
cotton have been reported. While both years had rainfall amounts 32 and
39 percent above the average annual rainfall for the area and produced
abnormally high runoff and sediment yield values (28.8 and 29.1 MT/ha/
year), much valuable hydrologic information was gained.

The data indicate that sediment yield is highly dependent on runoff

volume for individual storm events. It will be particularly interesting
to determine if the runoff-sediment yield relationship will hold for
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years of normal and less than normal rainfall. Sediment yield estimated
by the universal soil loss equation and a delivery ratio was only 4
percent less than that measured during a 12-month period of slightly
higher than normal rainfall. Various people and agencies have had
extensive experience using the USLE on slope steepnesses of 3 to 4
percent and greater. The results reported here will allow greater
confidence in extending its use on low slopes.
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SEDIMENTATION IN BIRCH LAKE, IOWA COUNTY, WISCONSIN
By

Robert N. Cheetham, Jr., and Robert F. Wilke, Geologists
U.S. Department of Agriculture, Soil Conservation Service
Madison, Wisconsin

ABSTRACT

During March 1975, a reservoir sediment survey was made at Birch Lake,
latitude 43°00'10" N., and longitude 89°55110" W., lowa County, Wisconsin.
Twenty-three bottom sediment samples were collected through the ice along
eight ranges in the lake. Two ranges were augered on the flood plain of
Trout Creek above the impoundment. The samples were first described in
the field, and then selected portions of core profiles were analyzed for
physical and chemical properties. The volume and density of a 10.5~year
accumzlation of sediment in the reservoir were determined. The watershed
is predominantly cropland and pasture. Land use and land treatment wers
compared prior to dam censtruction and in 197%. Comparisons were made
between predicted watershed sediment yield and the measured sediment in
the reservoir. This study is a basis for future land use, land *treatment,
and sediment surveys at S-year intervals.

INTRODUCTION

In 1969, the Soil Conservation Service (SCS), U.S. Department of Agri-
culture, established a program for making reservoir sedimentstion surveys
at selected dams designed and constructed with SCS assistance. The
program has several purpoges: to measure sediment accumulated in small
reservoirs of 30,818,700m3 (25,000 acre-feet) capacity or less; to relate
land use, changes in land use, and land treatment measures to change in
erosion rates; to evaluate quantitatively sources of sediment; to locate
high sediment producing areas; to determine the reservoir trap efficiency;
and to estimate sediment yield to the reservoir. DPeriodic measurements
are contemplated at 5-year intervals after the initial sediment survey is
made. Between 1970 and 1974, five SCS Public Law-566 dams in Wisconsin
were permanently range monumented, and resurveys were made to locate range
markers and other newly constructed manmade features such as roads and
cuilverts.

In March 1975, a reserveir sediment survey was made at Birch Lake, Tcwa
County, Wisconsin. The dam at Birch Lake was designed and constructed
by SCS for the Iowa County Scil and Water Conservation District and Twin
Parks Watershed Association under the authority P.L.-566.
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LOCATION

Birch Lake, Iowa County, southwest Wisconsin, has a drzinage area of 389
hectares (96Q acres). See figure 1. The village of Barneveld is on the
southern watershed margin. Barmeveld is 69 kilometers (43 miles) west of
Madison, Wisconsin, and 23 kilometers (14 miles) east of Dodgeville,
Wisconsin.

ILLINGES

Figure 1. — Location Map

CLIMATE

Iowa County has a humid continentsl climate with wide extremes of tem-
perature. The coldest month is January with an average temperature of
-90 Celsius (16© Fahrenheit). July, the warmest month, has an average
temperature of 22° Celsius (72° Fahrenheit). Average rainfall is 81
centimeters (32 inches).

PHYSTOGRAPHY

The watershed is a part of the Upper Mississippi Drainage Basin and is
within the Drifi{less Area of Wiscomsin. About 2.4 kilometers (1.5 wmiies)
east of the watershed are two outliers of the Niagara escarpment called
the "Blue Mounds'" that rise 152 meters (500 feet) higher than the adja-~
cent ridgeland. Some 16 kilometers (10 miles) to the east is the outer
Johnstown Moraine of Wisconsin Cary Age. The land form, in late youth or
early maturity, is characterized by a few remnants of flat upland and a
relatively narrow valley with a steep gradient. The village of Barmeveld
has an elevation of 376 meters (1,235 feet) and at dam centerline the
channel has an elevation of 288 meters (944 feet) mean sea level (m.s.l.).
The relief-length ratio is 0.020.
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DRATINAGE

Birch Lake dam, on Trout Creek, has headwaters in the Barneveld area at
Z76 meters (1,235) m.s.l. and drains northwest to enter Mill Creek. Mill
Creek joins the Wisconsin River some 29 kilometers (18 miles) downstream
from Birch Lake. Trout Creek, a youthful stream having a dendritic
drainage pattern, is fed by numercus springs and seeps. The gradient of
Trout Creek is 10.5 meters per kilometer (55.7 feet per mile) to its con-
fluence with Mill Creek--a distance of 13 kilometers (7.9 miles).

BIRCH LAKE IMPOUNDMENT

Birch Lake is a roughly rectangular spring-fed impoundment of 4.4 hectares
(11 acres) on Trout Creek. The dam was constructed in 1964 as a multiple-
purpose reservoir for flcod control, sediment storage, swimming, and
fishing. The lake is "managed for rainbow trout which are stocked annual-
ly tc maintain the fishery," (Piening, 1968).

Physical characteristics of Birch Lake:

Length o & ¢ v 4w v v v o « v o+ 324 meters (1,062 Teet)

Average width . ¢ «v & o v « « « 13%  meters ( 5440 feet)

ATea v o « 4 o o ¢ v = o o s o «  H.t hectares (11 acres)

Length of shoreline . . . . . . 905 rmeters (2,970 feet)

Maximum depth « ¢ & ¢« ¢ ¢« « o« « 5 meters ( 15 feet)

Permanent pool elevation . « . . 292 meters { 960 feet) m.s.l.
At

S0ILS AND GEOLOGY

Soils in the watershed are derived from bedrock, residuum, windblown silt,
and alluvium. Two percent of the soils are Ashdale siit loam, 2 percent
Chaseburg silt loam, %4 percent Lawson silt lcam, 5 percent Dodgeville silt
loam, 20 percent steep, stony and rocky land, 22 percent a Sogn-Edmund
silt loam, and 45 percent New Glarus silt loam. Birch Lake Impoundment
occupies a L-hectare (1l-acre) tract of Lawson silt loam.

Marine sedimentary rocks of Ordovician age outcrop at and above Birch Lake
and are somewhat obscured by Quaternary deposits of soil, colluvium, loess,
and alluvium. The oldest exposed formation is the St. Peter sandstone
which forms ledges and cliffs. The lower portion of outcrop is freguently
covered by partially vegetated to loose sand slopes. The formation is a
massive medium~grained guartz sandstone that is nearly horizontal. The
formation is about 40 meters (130 feet) thick. Conformably above the St.
Peter are fossiliferous shales, sandy dolomites, and dolomites—-the
Platteville, Decorah, and Galena formations. Thickness of this sequence
varies from 67 to 82 meters (220 to 270 feet). Fxcept where slumped or
settled, the strata are essentially horizontzl. The regional dip of
Paleozoic sediments is about 10 feet per mile to the southwest. Bedrock
is overlain by varying asmounts of Quaternary loess, soils, residuum, allu-
vium, or colluvium that do not exceed a thickness of 7 meters (22 feet).
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AGRICULTURAL HISTORY

In November 1832, Sylvester Sibley, surveyor, mapped the area for the
federal land survey program. The scale was "40 chains to the inch," and
the only manmade feature of the area was the "Blue Mounds and Dodgeville
Road." Survey Volume 43 describes the township and range with comments

as "land, rolling; soil, good," "thinly timbered,™ '‘some burr-ozk timbers,"
and "brook" (Trout Creek). Three years later, the Military Road was built
providing better access to the lead mines and potential farmland. With a
decline in lead mining, immigrants of the late 1840's and 1850's settled
as farmers. The Civil War brought high values for wheat, dairy products,
and beef which encouraged farming. By 1870, dairying became more impor-
tant than wheat raising. Dairying "received great stimulus through the
coming of the Scandinavian and German settlers who were proficient in the
care of cattle and intensive farming, and of New Yorker's who were trained
as butter and cheesemakers. These settlers led in the establishment of
the dairy industry in the rougher areas more profitably pastured than
cropped," (Wisconsin Department of Agriculture, 1956). Therefore, in the
past 100 years, cropland and grassland have been dominant land uses in

the watershed ard dairying and livestock products the major agricultural
enterprises.

WATERSHED LAND USE 1960 and 197%

Land use in 1960 and 1974 was determined by field reconnaissance, aerial
photographs, and farm unit data furnished by former Work Unit Conserva-
tionist C. O. Tarrence and present Iowa County District Conservationist
G. G. Kinderman of the SCS.

1960 1974
Land Use Hectares Acres Hectares Acres
Cropland 147 362 155 381
Grassland 107 264 72 178
Forest and wildlife 97 240 65 161
Urban and built-up 33 81 33 81
Farm roads and buildings 5 13 5 13
Birch Lake Park - - 55 135
Birch Lake - - " 11
TOTAL 389 960 389 960

The comparison of 1960 and 1974 cropland acreages by capability class
and percent is as follows:
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1960 1974

Capability
Class Hectares Acres Percent Hectares Acres Percent
Ilez 36 88 24 36 88 23
ITITez 5% 131 36 62 153 40
Vel 8 20 6 8 20 5
IVeZ2 50 123 Bl 4y 120 32
TOTAL 147 362 100 155 %81 100

Crop rotations are RO2H, ROZH, and 2RQZ2H with R - corn, O - oats, and
H - hay.

Comparative land treatment measures on cropland prior to dam construction
in 1960 and in 1974 are as follows:

1960 1974
Practice Hectares  Acres Hectares Acres
Up-and-down hill cultivation 25 61 - -
Cross-slope cultivation 34 84 9 21
Contouring 2L 50 13 31
Contour strip cropping 67 164 133 329
TOTAL 147 362 155 281

The park and lake were important additions to recreational facilities.
Birch Lake Park is a venture of the village of Barneveld and the Iowa
County Soil and Water Conservation District with an easement from the
Wisconsin Department of Natural Resources.

PREPDICTED GROSS EROSION AND SEDIMENT YIEID

Sedimentation consists of several dynamic processes with highly variable
rates. Topography, geology, soils, climate, vegetation, and man are the
major determinants of the erosicn process. In this watershed, soil losses
from agricultural land are quantitatively greater than soil lost by gully,
gtreambank, and roadside ercsion. Wind erosion, scour, and streambed
erosion are negligible.

In 1960, before dam construction, sediment storage requirements for Birch
Lake were determined by field observations, comparisons with similar water-
sheds, and a predictive eguation. About 43 percent of the stream net was
walked to record bank erosion and gullying. Roadside erosion appeared
similar to other watersheds studied in southwestern Wisconsin. Sheet-and-
rill erosion from agricultural land was determined by the Musgrave formula
suitable for the Corn Belt, (Ghormley, 1956). Soil type, capability class,
erodibility, percent and length of slope, and rainfall were used to obtain
%oil and slope factors. Rotation and management gave a cropping factor.
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301l loss in acre inches per year was determined by multiplying the acreage
of a particular capsbility unit, cropping pattern, and practice with these
factors and dividing by 12 to get zcre feet., Acre feet were converted to
tons and tons per acre. Data was obtained for each farm unit in the water-
shed during Twin Parks Watershed work plan development in 1960 and again

in 1974. TFor comparability, the Musgrave formula was again used. Table 1
shows the predicted soll loss from gross erosion, sediment delivery ratios,
and average annual sediment yield to Birch Lake.

Total deposition in the 50-year period design life was estimated to be
26,222 metric tons (28,904 English tons) with a trap efficiency of 93
percent.

The annual sediment yieid from the watershed using 1960 data was predicted

to be 1.88 metric toms/ha (0.84 T/AC) and in 1974 predicted to be 1.59
metric tons/ha (0.71 T/AC).

TABLE 1. - PREDICTED AVERAGE ANNUAL SEDIMENT YIELD BY SOURCES - 1960 and 1974

Land Use 1960 1974
—————————— Average Annual Soil Loss - Sheet and Rill Erosion s———e—————c—o—em—a——q
metric tons/ha |Metric tons/acre |[English [merric tons/ha |metric tons/acre [Bnglish
tons tonsg tons tons
Cropland 1%.95 2046 5.23 2255 10.80 1666 L.82 1836
Grassland 0.27 29 0.12 32 0.20 15 0.09 16
Forest 0.27 26 0.1z 29 O.22 15 0.0 16
Urban &
Built-up 2.%6 109 1.50 120 2.2h 93 1.00 81
Farm roads
% Buildings 11,20 59 5.00 65 11.20 59 5.00 65
Park - — _— _— 0.27 15 0.12 16
Birch Lake —_— -— —_— —-— —— - — —-—
Total 2269 Total 2501 | Total 1843 Total 2030
Delivery |Metric Tons|English Tonsl Delivery [Metric Tons English Tons
Ratio Delivered | Delivered Ratio Delivered | Delivered
Sheet Ercsion — Total 27% 613 64 275 498 558
Gully and Streambank
Erosion 55 &1 55 61
Streambed Erosion Negligible Negligible
Ficodplain Scour Negligible Negiigible
Wind Erosion Negligible Negiigible
Total 668 735 553 609
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SAVMPLING AND ANALYSES

Measuréments of sediment thickness were obtained through the ice across
eight monumented ranges on Birch Lake and along two flood plain ranges.
Seventy~eight measurements were made with a calibrated aluminum sounding
pole. Twenty-four undisturbed samples were obtained using a drill rig
with a hydraulic piston sampler. Samples were collected in steel tubing
45,7 centimeters (18 inches) long and 7.6 centimeters (3 inches) in dia-
meter. Fourteen soil borings were made by hand along the two Trout Creek
flood plain ranges. Figure 2 shows the sediment ranges and location of
core samples, pole scundings, and auger borings. Twelve undisturbed
samples were extruded and described in the field. One sample was dis-
carded. The remaining cores were extruded in Madison, and 22 samples
from 12 cores were analyzed at the Soil and Plant Analysis Labeoratory,
Department of 8Soil Science, University of Wisconsin, Madison. Analytic
procedures for determining pH, inorganic phosphorus, organic matter and
particle gize are described in Schulte and Olsen--1970. Results, rounded
to whole numbers, are given in table 2. Three samples (1.12, 9.33, and
15.21) were a part of the original Lawson 8ilt loam profile on the flood
plain. These show a higher percent of organic matter, a lower pH, and

70 percent or greater sili content.

3 'z‘/
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+ — sounding

-— auger boring
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€ elevation 292.6 meters
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: 6 —35 range fine
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2 “— "trace of old channel
L*)
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e ———
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Figure2, — Birch Lake sediment ranges, and location of
core samples, soundings, and Quger borings.
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TABLE 7. CORE SAMPLE ANALYSES BIRCH LAKE

SAMDT E mzfl = B Parsan r Or— Cand 1841+ Klaw
Sand |3

SAMFLE ng/l -~ P, | Perceat Or- and 7811t [lay
mﬁ NUMBER | SAMPLE DEPTH | Inorgeanic | ganic Matter i Fercent
i-2 i1 0-13.97cm.
0=5.5") 195 5 1 1] by 1%

1.12 | }4.0-38.1cm.
{5.5-15") 203 13 6 |17 | 70 13
5-6 5.21 0-19, Zem.
(0=4"} 180 & 8 29 Sk 17
5.22 |{10,2-17.8 em,
(4-7") 162 3 8 51 50 09
5.23 |17.8-24.1 cm,
{7-9.5") 150 3 8 25 36 o9
7-8 | 7.11 | 0~17.8 cm.
(0= 185 3 ] 19 0 11
7.12 | 17.Bcm25.4
(7"-10") 165 2 8 o7 8o 13
7.21 | 0-43,2cm.
{0-17"2 196 1 8
3-10 9,21 | 0-15.Zem.

(0-6™) 144 3 8 17 70 13

9,22 | 20.3-39.4cm.
(8-155") 113 1 8 | 19 £7 ik

9,31 | D-16.5cm.
(0-6.5™) 117 2 718l u a4

9.32 | 16,5-34.3cm,
(6.5-13.5") 151 2 7|37 | 52 11

9,33 | 34,3-45.7
{13.5-18") 173 9 6 paj 82 o7

11-12 | 11.111| 7.6-16.5 cm.
(3=6,5") 1395 3 8| 43 51 06

11.12 | 16.5-43.2 cm,
(6.5-17") 225 2 7
11,21 | 7.4-8,9 em.
{2.9-2.5") 1 3 8|3 |52 | u

13-4 | 13,12 0-20.3 cm.-
(0-8") 201 5 7| 47 38 15
15-16 | 15,131 0-40.6 cm.
{D-16") 293 3 74 14 74 12
15,32} 40.6-50.% co.

(16~-20") 233 4 8l 48 | 36 16
15,21 50.8-76.2 cm.

(20-30") 101 26 6| 14 | 72 14
15,31 0-20.3 cm

{0-8") 174 3 8l a8 | 60 12
15.33] 20,3-45.7 em.

(8-18") 1544 4 8| sk 42 O

THICKNESS AND DISTRIBUTICN OF BOTTOM SEDIMENTS

The thickness of bottom sediment deposits ranged from 12.7 centimeters

(5 inches) to a maximum of 66.0 centimeters (26 inches). Range 1-2 had
deposits with an average thickness of 20.3 centimeters (8 inches). The
thickest deposits were near the upper end of the lake and had an average
thickness of 48.3 centimeters (19 inches). See figure 3 for sediment dis-
tribufion profiles. End area accumulation shows the same variation _with
36.1m° (388.8 £t2) of sediment along Range 1-2 and 67.7m= (723.2 £t2) of
sediment along Range 15~16. Variation in sediment thickness was found on
every range. These differences are in part due to irregular pre~deposition
topography, the gradual filling of the original channel, meander scars, low
stream terraces, and manmade excavations contributed to non-uniform distri-
bution of sediment. Nearshore slumps, abutment slope wash, and intermittent
contributions of sediment from culverts have created additiocnal micro-relief.

Trout Creek is building a delta 5 to 9 meters wide (15 to 20 feet) which
extends about 38 meters (125 feet) into the lake. Natural levees, just
above water level, have formed alang the sides of the channel for a distance
of 18 meters (60 feet) into the lake. The deltaic deposits are silty sands.
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DENSITY AND COMPOSITION OF BOTTOM SEDIMENTS

The specific weight of deposited sediments was computed from core samples
of known volume that were gven-dried and weighed. The 24 samples ranged
from 0.79 g/cc (49 1bs./ft) to 1.36 g/cc (85 lbs./ft3). Because of
variation in organic content and/or particle size distributiom, several
cores were later divided into smaller units. These partial samples had
more variation in weight per unit volume, with a low density of 0.26 g/cc
(16 1bs./ft3) in organic silts, to a high of 1.52 g/cc (95 1bs/ft7) in
silty guartz sands. A4n average density for the reservoir sediment is

1.11 g/cec (69 ibs./ft7). Composition of reservoir sediments averaged 34
percent sand, 52 percent silt, and 11 percent clay. =Sand ranged from 7

to 85 percent; silt ranged from 11 to 82 percent; and percent of clay
ranged between 4 and 19 percent. Using analyses from soil surveys, the
weighted average A-horizon of Chaseburg, Dodgeville, Ashdale, Lawson, New
Glarus, and Sogn-Edwards soils was 88 percent silt and clay, and 12 percent
sand. St. Peter sand from a colluvial slope near the dam was 82 percent
sand and 18 percent silt and clay. Slope-washed sediment from a road bank
on county trunk T was 80 percent silt and clay and 20 percent sand. Sand
from outcrops of St. Peter sandstone, a greater sand content in the subsoil
and parent material, and sand added to the beach and swimming area account
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for the additional amount of reservoir sand. Trap efficiency is also
higher for sands.

In terms of general sediment distribution, there is no significantly
higher sand concentration in any part of the reservoir except for the
delta of Trout Creek and the swimming area. During construction, the
chanrnel of Trout Creek within the pool area was partially vackfilled to
the top of the bank. The small reservoir size, turbidity currents, and
other hydraulic complexities may account for this finding.

SEDIMENT AND STCRAGE VOLUMES

Table 3 gives the original "as built" storage capacity sllocations in
Birch Lake.

TABLE 3 - AS BUILT RESERVOIR STORAGE ALLOCATICONS

Elevationm.s.l.
Storage hectar-m, | acre-ft.| WS cm |WS inches| m. ft.
Sediment 1.7 13.5 0.429 0.169 290.2 952.0
Permanent Pool 7.9 64.1 2.032 0.860 292.7 960.0
Floodwater
Retention * 17.5 142.0 4,509 1.775 295.1 967.8
TOTAL STORAGE | 27.1 219.8 7.070 2.744 - -

*To high stage inlet on riser which is equivalent to
emergency spllliway steorage. The top of dam is at
elevation 296.1 meters (971.3 feet) m.s.l.

Sediment accumulation was computed by two methods: range line with modi-
fied Dobson prismoidal formula and range line method using planimetered
average end areas. Volume of sediment accumulated by each methcod is as
follows:

Dobson prismoidal o « « « o« « o « = 12,056m3 e o « (9.77 acre-feet)

3 . « (10,69 acre-feet)

Planimetered end areas . « « o » « « 13%,191m
The two methods seem comparable in accuracy and give an average volume of
1.? hectare-m (10.23 acre-feet) of sediment in Birch Lake. The reservoir,
which has been receiving sediment for 10.5 years, has a design life of 50
years.

Total deposition in 10.5 years determined by the 1975 reservoir sediment
survey was 13,949 metric tons (15,376 English tons) as compared with a
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predicted deposition of 5,507 metric tons (6,070 Engiish tons) in the same
period of time and computed prior to dam construction.

The reasons for this difference are numerous and varied. They include
above average yearly precipitation for several years, high erosion rates
from borrow areas within the reservoir, and almost annual replenishment

of beach and swimming area sands (35 tons average annual). Location of
the damsite in non-resistant quartz sandstones abkove which are less ero-
sive calcitic-dolomites gives a steep gradient above site. The gradient
flattens rapidly in the area of the reservoir with coansequent deposition.
During the planning stage of Twin Parks Watershed which terminated in March
1961 with a published work plan, storage requirements were less precise
than those developed in April 1963 for a final design. In addition a
supplemental watershed work plan was issued in March 1963 when the spon-
soring organization requested that the damsitfe plan be revised to include
a recreation pool. This added more storage to the reservoir and increased
trap efficiency by 3 or 4 percent.

Most illustrative of non-straightline sediment accumulation, or average
annual amount of sediment entrapped in a reservoir, is the variation in
amount and intensity of rainfall. A daily rainfall record is available
for Blue Mounds, 2.4 kilometers (1.5 miles) east of Birch Lake. Daily
records have been kept since 1963. TFrom 1964 through 1974 there was above
average precipitation in 1965, 1968, 1972, 1973, and 1974, ranging from
15.37 centimeters (6.05 inches) in 1973 to, 20.37 centimeters {8.02 inches)
in 1965. Ten 24-hour rains exceeded 5.08 centimeters (2.00 inches). On
July 1k, 1966, there was a rainfall of 11.07 centimeters {4.32 inches) in
a 24-hour period. On June 21, 1974, a rainfall of 9.78 centimeters (3.85
inches) occurred within a 24-hour pericd. The former was slightly higher
than a 10-year frequency event, and the latter slightly more than a S5-year
2h-hour freguency.

SUMMARY AND CONCLUSIONS

Basic data compiled from the Birch Lake study will be quite useful in
determining sediment yield and storage needs of dams in southwest Wisceonsin
areas that are predominantly cropland and pasture.

The 1975 sediment survey indicated an average annual sediment yield im 1G.5
years of 3.45 metric tons/ha (1.54 tons/acre) as compared with a predicted
average annual yield of 1.88 metric tons/ha (0.84 tons/acre) in 1960 prior
to dam construction and 1.59 metric tons/ha (0.71 tons/acre) in 1974.

Sediment in the reservoir is thickest near the inlet of Trout Creek with

an average thickness of 48.3 centimeters (19 inches). At the dam the
sediment averaged 20.3 centimeters (8 inches) in thickness. Bottom sedi-
ments have an average composition of 34 percent sand, 52 percent silt, and
11 percent clay. The sand is in the fine to very fine size grades of quartz
grains. Organic matter in the sediment profile varies from 1 to 5 percent
averaging 3 percent. All ranges but 15-16 decrease in organic matter with
depth, suggesting an initial and rapid accumulation of sediment after dam
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closure from normal sources and borrow areas, culvert discharges, slope
wash and normal decomposition of vegetation. The southern portion of
range 15-16 is near marsh with a luxurious growth of emergent vegetation
and algae. _The predicted volume weight of submerged sediment was 0.10 g/cc
(65 1bs./ft7) and an analysis of 24 bottom sediment samples averaged 0.11
g/cc (69 1lbs./ft>). The difference between the predicted and actual sedi-
ment accumulation is probably due to underestimating the amount of sand
reaching the lake from the terrain through which Trout Creek flowed.

Fifteen bottom sediment samples were mildly alkaline, three were neutral,
and two samples were moderately alkaline, In contrast, uniimed upland
soils are slightly or medium acid. The reguits of liming the plow layer
are well demonstrated by devosited sediment.

Source materials of reservoir sediment are a combination of soil, subsoil,
loess, weathered and slope washed Ordovician marine sediments, clay-chert
residivum, alluvium, and colluvium. In addition to normal geologic erosion,
and quantitatively of much greater significance, are the activities of man
in his farming processes. Sheet-and-rill erosion from cropland is probably
the largest source of sediment delivered tc Birch Lake.

It is suggested that there were several short term sediment contributions

to the reservoir. No data is available for a quantitative evaluation.

During dam construction, borrow areas adjacent to the dam or within the

pool area were unvegetated., These areas had both high erosion and sediment
yield rates. We can assume an erosion rate of between 134-157 metric tons/ha
(60-70 tons/acre) and a delivery rate of 90 to 100 percent. Occasionally
high water covers the beach area after storms and when the water recedes a
silt layer remains. This makes the beach undesirable for sunbathing or
swimning. Additional sand is added to the beach. In the smoothing and
mixing process, some of the sedimernt is raked intc the lake.

High soil losses from cropland are directly related to the raising of row
crops in a dairy-livestock economy on steep class IVe lands. This is par~
ticularly frue of watersheds in the Driftless Area of southwest Wisconsin.
In 1960, 6 percent of the watershed cropland--8 hectares {20 acres)--was
Class IVel, and 34 percent of the cropland--50 hectares (123 acres)--was
Class IVe2. By 1974, there was no reduction in Class IVel cropland, and
only three acres less Class IVe2 cropland. Class IV land has severe limi-
tations and requires very careful management. In order to reduce gross
erosion in the watershed and sediment yield to the lake, cooperators with
the Iowa County Soil amd Water Conservation District should be encouraged

to divert their Class IV cropland to pasture and/or woodland. This goal

can be accomplished by a change in rotations and management vpractices on

the remaining cropland. As of December 1974, five Towa County SWCD coopera-
tors owned 287.6 hectares (710 acres) and four non-cooperators owned 101.2
hectares (250 acres). Before the 1980 resurvey of Birch Lake, it is hope-
fully anticipated that landowners will reduce the amount of Class IV land
being cropped and extend additional soil-conserving land management practices
to all cropland.
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For an accurate determination of gross erosion and sediment yield to
impoundments in similar agricultural, climatic, geographic, and geologic
settings, there is no substitute for one or more reservoir surveys of
manmade lakes in the region. Volumetric determinations, sediment analyses,
and data-gathering for land use, agricultural practices, and sediment
sources are necessities.
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SEDIMENT YIELD FROM STEEP LANDS IN THE DRIFTLESS AREA

By Richard S. Sartz, Principal Hydrologist, USDA Forest Service, North
Central Forest Experiment Station, Forest Watershed Laboratory, La Crosse,
Wisconsin.

ABSTRACT

Suspended sediment in runoff water was measured on natural runoff plots
and small watersheds in different land uses on southwestern Wisconsin's
ridge and valley lands. Substantial amounts of sediment were discharged
only from cultivated or heavily grazed catchments. The greatest amounts—-
sometimes exceeding 200,000 ppm—-came from tilled cropland in early stages
of crop development. Values varied greatly from one catchment to another,
probably because of differences in erosion patterns that developed under
tillage and because of differences in cover density.

Ungrazed forest and prairie in the Driftless Area yield no significant
amounts of runoff or sediment, regardless of slope steepness, unless they
intercept water from overlying fields. However, field runoff can carve
huge gullies on forested slopes that lie below cultivated uplands. Thus,
the forested slopes of the area have been a major sediment source from
gully erosion since the time of agricultural settlement.

INTRODUCTION

Floods, erosion, and muddy streams are major resource problems in the
unglaciated or "Driftless Area' of Wisconsin, Minnesota, and Iowa. They
result from farming erosive loessal soils on steep slopes. The present
paper summarizes the data from 4 years of measuring suspended sediment on
small experimental catchments and presents some additiomal observations
on sediment movement from 15 years of research on the hydrology of small
Driftless Area watersheds.

THE AREA AND ITS BASIC HYDROLOGY

The area is a 25,000kn? (16,000 miz) relict of the preglacial landscape.
The terrain is highly dissected with steep, wooded slopes separating flat
or gently rounded ridges from narrow valleys, or "coulees." Ridgetops
lie up to 120 m (400 £t) above the valleys. Forests of oak, hickory, and
associated mesophytic species normally occupy only the steeper slopes,
sandwiched between two levels of farmland.

The soils are predominantly loessal silt loams and range in depth from a
few centimeters to more than 5 m (15 ft). The geology is simple, Ridges
are capped with dolomite with underlying layers of sandstone. Both the
caprock and the various sandstone formations are horizontally bedded and
permeable. Thus, rain that falls on top of a ridge may eventually perco~
late to the valley water table 125 m (410 £ft) down.
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The climate is midcontinental with hot summers and long, cold winters.
Annual precipitation is about 800 mm (32 in), two-thirds of which falls
from May through September, much of it as high-~intensity convection
storms. The steep, unglaciated terrain, and a peculiar land use
pattern give the region a distinctive hydrology. The variable source
area concept of runoff as described by Hewlett and Hibbert (1967) for
mountain watersheds in the East_does not appear to apply here. Water-
sheds smaller than 250 ha (1 mi“) normally have no perennial streams,
Because of practically unlimited water storage opportunity in the soil
and rock mass, water flows from the land surface only when rainfall or
snowmelt exceeds the infiltration rate or the percolation rate of a
saturated subsurface layer. Thus land use greatly influences runoff and
sediment movement in the area.

Convection storms are the usual cause of summer floods but their occur-
rence on any one watershed is erratic and unpredictable. Some years
none occur; in others, a whole series may occur in quick succession.
Most Driftless Area streams flood to a certain extent every spring.
However, because they are caused by frozen ground overland flow, spring
floods carry less sediment than summer floods.

PAST WORK

Previous reports stressed the need for agricultural conservation prac-
tices (Hays, McCall, and Bell, 1949), and the importance of land use on
runoff (Sartz, 1963; 1969; 1970). Rainfall intensity is the one single
factor most related to overland flow. Prolonged, heavy storms may pro-
duce little overland flow and sediment if intensities are not high
(Hays et al., 1949; Sartz, 1970).

Tiiled cropland is by far the greatest source of flood runocff and stream
sediment, particularly from summer storms. Runoff from tilled land may
be 10 times greater than from hay and pastureland, and soll loss may be
100 times greater. Although hayland produces much less runoff than
tilled land, it is a source of rainfall runoff during heavy storms and

of snowmelt runoff when the ground is frozen. Pastureland may produce
more ot less runoff than hayland, depending on the grazing intensity.
Runoff from forest land is minimal, regardless of the slope and condition
of the forest (Sartz, 1970).

STUPY METHCDS

Overland flow from small, single-use catchments was measured for 10 years
and suspended sediment in the runoff water for 4 years. The catchments

are all on the Coulee Experimental Forest, a 1,200 ha (3,000 acre) area

of mixed open land and forest near La Crosse, Wisconsin. Land uses studied
included uncut, logged, and grazed forest; hayland (alfalfa meadow); tilled
cropland; old field; open-land pasture; and goat prairie (shallow-soiled
areas with sparse herbaceous cover and rock-strewn surface).
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The Experimental Catchments

The forested catchments are single, ridge-to-valley topographic units
with sharp divides. Of five forested catchments studied, four were
relatively undisturbed at the beginning of the experiment and one was
grazed. The grazed catchment has a parklike forest cover with some
patches of goat prairie. It is traversed by a tractor road, that con-
tributes to overland flow. The area was used as cattle pasture for
many years, and because of the poor condition of the forest, the amount
of exposed soll, and obvious signs of overland flow, it is an extreme
example of heavily grazed forest. :

The meadow, tilled cropland, and old field catchments are segments of
tidgetop fields that lie above forested slopes. The segments are
bounded by natural divides on the sides and top but were terraced at
the bottom to cut off downslope runoff and channel it to a flume. The
terraces trapped some sediment; so the amount that moved through the
flumes was less than the amount that washed from the land. Because of
their small size and the artificial terraces, these catchments might
better be described as natural runoff plots. Five of the open-land
catchments were in corn or ocats for 5 consecutive years and were then
seeded to alfalfa meadow. BHayland was usually cropped twice a year,
The o0ld field catchments had been cropped and pastured for many years
until 1960,

Open pasture runoff was measured on two pairs of adjacent catchments.
One pair was the primary pasture for a dairy herd and was heavily

grazed throughout the growing season. The other pair was used only as
supplemental pasture and was not grazed until late in the summer. The
land use, number, size, and slope of the catchments are given in table 1,

Table 1.--The number, size range, and average slope of the

catchments
Land use : Number : Size range : Average slope
(Hectares) (Percent)
Tilled 5 0.7-1.1 15
Meadow iz—s 0.7-1.3 15
01d field 1-3 0.3-0.6 15
Open pasture 4 2.3-2.7 25
Forest pasture 1 1 7.3 35
Undisturbed forest 3-4 15.5 35
Logged forest 1 16,0-25.0 35
Goat-prairie 1 0.5 50

1The number varied over the years of study.

Four dval-use catchments were also studied. These are made up of forested
slopes rimmed by a segment of open land at the top. The open uplands rim

the catchments in a rough contour belt that averages about 100 m (300 ft)

wide on a slope of about 15%. Gullies carved by overland flow from the
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fields slash the forested portions frem top to bottom. Further description
of these catchments was given by Sartz (1971).

Runoff And Sediment Measurements
Runoff was measured with H- or San Dimas flumes and water-level recorders
equipped with automatic trips. Suspended sediment was sampled with stage
samplers as described by Sartz and Curtis (1967) (fig. 1). The stages
were as follows:

46 cm H-Flume 61 cm H-Flume 61 cm San Dimas Flume

(In liters per second)

0.6 0.7 13.9

2.0 2.4 39.9

19.0 21.1 185.8
59.2 63.7 385.1
160.0 682.4

(513781).

Because the "one-shot" samples collected by the stage sampler were only
of the rising stage, they did not permit accurate estimates of total
sediment discharge. However, they did provide a means of estimating
comparative discharge from the different land uses.

Sediment content was determined by drying and weighing and was expressed

as the ratio of dry sediment weight to total sample weight, in parts per
million.
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Data Analysis

Because of the erratic nature of soil detachment and sediment movement,
sediment data at best give only gross estimates of the true sediment
discharge. Although sediment content of the water is normally related
to stage of flow, it is also known to be higher at rising stages than
at falling stages. Thus, estimating total sediment discharge with any
kind of precision requires proportionate sampling over the total range
of flow.

Because our samples came essentially from the rising stage only, and
were limited to not more than four or five samples per discharge event,

I could not justify computing total sediment discharge by summing the
values for ecach stage. I, therefore, chose to simply compute mean
sediment contents, using all stages for a given catchment and flow event.
I also computed means (for both runoff and sediment) for a given land
use where we had records from two or more catchments in the same land
use. Thus, table values, unless otherwise stated, were derived from
mean sediment rates for all stages and mean sediment and water discharges
for one or more catchments. Sediment discharges per unit of land

(tables 2 and 3) were computed to allow comparison with results from
other places. However, these data should be used with caution because
of the limitations imposed by the sampling method.

Table 2.~-Annual runoff and sediment discharge, 1964-1967

H Runoff : Sediment
Land use : 1964 : 1965 : 1966 : 1967 : 1964 : 1965 : 1966 : 1967
(Millimeters) (Metric tons pei hectare)

Tilled eropland 31.90 151.97 130.35 - 4.601  80.600 .690 -
Hayland .76 32.00 9.73  22.40 .002 .081 .004 .029
Open pasture
(Heavily grazed) 11.89 49,86 2y 22.35 .520 3.501 412 242
Open pasture :
(Lightly grazed) %y 16.08 3y 14.35 % 047 3y .069
01d field .03 14.10 .28 19.46 .0 .004 .0 .047
Forest pasture 2
(Heavily grazed) .0 7.65 .10 ) .0 .616 .002 .139

1The catchments were in first—year meadow, but still produced large amounts of
runoff and sediment because of extensive rilling in 1965.
2Record incomplete.
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Table 3.--Runoff and sediment discharge from individual ungrazed forested

catchments for two storms

: Runoff : Sediment!
Storm date : Unlogged : Logged : Unlogged Logged
and amount : catchments ¢ catchment : catchments : catchment
e I I T T T T D -
(Millimeters) (Metric tons per hectare)
June 15, 1967
(107 mm) 0.60 2.62 0.25 3.61 0.0435 0.0025 0.0116
June 21, 1968
(102 mm) .00 .33 .02 .87 0002 . 0000 L0141
1Sediment was not measured on T1 catchment.
RESULTS

Although the relation between discharge stage and sediment content was

not evident from individual storm values, it became evident when the data

from all storms were pooled, especially at the higher stages for high
sediment-producing land uses (fig. 2).

B0~ 28

2
TILLED CROPLAND,
40
53 GRAZED FOREST,
30 */

20~

SEDIMENT CONTENT {parts per million/1.000/}
D

1] 13 L | 1 1
20 40 &0 80 100 120 146 160

WATER FLOW {liters per second)

Figure 2.--Relationship between water
flow and sediment content for tilled
cropland and grazed forest. The
tilled cropland values are means from
five catchments, the grazed forest
values, means from one catchment.
Numbers show the number of sediment
samples at each point.

Substantial amounts of sediment were diecharged only from cultivated ox

heavily grazed catchments (table 2).

As expected, the greatest amounts

came from tilled cropland in early stages of crop development when the

soil surface was essentially bare.
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sometimes exceeded 200,000 ppm. Maximum amounts measured for the var-
ious land uses were:

ppm
Tilled cropland 238,000
Open pasture (heavily grazed) 82,000
Forest pasture (heavily grazed) 55,900
Open pasture (lightly grazed) 13,000
Hayland 19,800
01d field 300
Logged forest 3,600
Undisturbed forest 100

Values varied greatly from one catchment to another, probably because of
differences in erosion patterns that developed under tillage and because
of differences in storm rainfall and cover density.

Just a few storms each year accounted for most of the sediment. For ex-
ample, in 1965, a year of many runoff-producing storms, two storms within
5 days~~May 21 and May 25-26—produced 93 percent of the year's sediment
yield from cropland catchments. The May 25-26 storm alone produced 78
percent. Both rains fell on almost bare soil. The catchments had been
seeded to oats about 3 weeks before the storm and the newly emerged oat
seedlings offered little soil protection. Furthermore, rill patterns had
already developed on the land from four smaller storms in the preceding
10-day period.

None of the four ungrazed, forested catchments or the goat-prairie catch-~
ment produced measurable flows during this period. In fact, only two
storms (both exceeding 100 mm of rain) during a 13-year period of record
produced measurable flow from these catchments. Based on this record,
mean annual flow from undisturbed forest was 0.1 mm (0.004 in.) and mean
annual sediment discharge was 0.0002 metric tons per ha (0.0001 tons/acre).

Logging had some effect on both runoff and sediment movement. One of the
four forested catchments was logged (two-thirds of the area was clearcut)
in the fall of 1966 after a 5-year period of no flow. Large storms on
June 15, 1967 (107 mm), and June 21, 1968 (102 mm), produced more flow
from this catchment than from the other ungrazed forested catchments
{table 3). However, it has yielded no flow since June 1969,

Dual-use catchments (open land on the ridgetop, forest land below) gener-
ally yielded more sediment than the contributing open land (table 4).
This was not surprising. We have seen muddy water flowing through lower
station flumes when upland runoff (from snowmelt) was clear. Apparently
the water picks up sediment deposited by earlier, smaller flows—-or by
bank sloughing--as it flows through the steep, eroded channels of the
forest zone.
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Table 4.--Mean sediment content at upper and lower stations
on duel use watersheds C2 and C3
(In parts per million/100)

: c2 : C3
Date of storm : Upper : Lower ; Upper : Lower
May 21, 1965 1,667 1,969 716 918
May 25, 1965 1,95 1,392 818 1,406
July 9, 1965 232 431 80 432
August 14, 1965 40 205 36 83
August 17, 1965 58 129 22 86
August 27-28, 1965 24 59 11 97
June 9, 1967 103 375 46 1,300
Average 583 651 247 689

DISCUSSION

Tilled cropland was by far the most important source of sediment, and
most of it was produced by a few storms each year, usually high intensity
rains falling on bare soil. Sediment movement from hayland, lightly
grazed pasture, and old field was minimal. Heavy grazing increases run-
off and sediment yield to the extent that animal traffic bares the soil.
One heavily grazed catchment produced more runoff and sediment than the
other because it had a gully above the flume. The forest pasture, although
heavily grazed, produced more runoff and sediment than would have been
normal because of a tractor road through the catchment. Cessation of
grazing brings rapid reduction in runoff, however, with a corresponding
reduction in sediment discharge (Sartz and Tolsted, 1974). Ungrazed
forest——and even clearcut forest——produced insignificant amounts of
sediment, even when heavy rains did produce some runoff.

Although the forests are not a source of floods, they have yielded a large
part of the sediment carried by floodwaters over the years. This is the
result of the distinctive Driftless Area land use pattern. A 1963 survey

on the Coulee Experimental Forest showed that gullies slash the slopes
wherever ridgetop fields have dumped water into the woods. Gully systems

on wooded slopes often show dendritiec or branching patterns where runoff
water from large fields runs into the woods at many different points (fig. 3).
Although many of the gullies were formed years ago, some are recent (fig. 4).
The bouldery outwash fan is locally known as a rock or limestone run. Often
they cover roads or clog culverts and bridges. The gullies and the debris
that accumulates in them between storms that flush them out are a source of
substantial quantities of both suspended sediment and bedload material im the
area's streams. Thus, soil conservation practices that reduce runoff and
erosion from farm fields would also reduce the sediment contribution from the
wocded slopes below.
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Figure 3.--Gully on wooded slope Figure 4.~-Woodland gully with rock

below open land, Coulee Experi- outwash fan at base. This was
mental Forest. Note man holding caused by one storm in 1960.
rod (lower left) (504138). Runoff was from a2 small field on

top of the ridge (500517).
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RELATION OF EROSION TO SEDIMENT YIELD

By R. F. Hadley and L. M. Shown, Hydrologists, U.S. Geological Survey,
Denver Federal Center, Lakewood, Colorado.

ABSTRACT

Sediment yield is dependent on the gross erosion in the drainage
basin and the transport efficiency of the channel network. Stream
channel characteristics, diversity in landforms, and flood-plain
development all are important factors in determining conveyance, ot
sediment delivery to downstream points.

Qualitative evaluation was made of sediment conveyance, on a scale
of zero to one for Ryan Gulch basin, northwestern Colorado. The presence
of alluvial fans, dams and irrigation works, headcuts and ungullied
reaches of valley floor and general channel condition were considered.

An average conveyance for the basin was computed by weighting ratings

of individual reaches. The estimated conveyance for the whole basin
indicates that only a very smal] part of the eroded material is presently
being transported through the system.

INTRODUCTION

The relation of erosion on an upland site to sediment yield at
a measurement point somewhere downstream in the drainage network has
been the subject of considerable research in the past three decades.
Progress in recent years has resulted in a better understanding of
erosion processes and methodologies for routing the products of erosion
through a drainage system. An ultimate goal, however, is a predictive
sediment-yield model that is based on physical processes, Empirical
relations, such as sediment-delivery ratios derived from data on small
basins, do not satisfactorily explain the processes. If it is assumed
that a part of the eroded material accumulates as coluvium and flood-
plain deposits then the concept of equilibrium in sediment transport
cannot be valid. The storage of sediment enroute in the system must
fluctuate with changes in land use, conveyance efficiency of channels,
and climatic conditions. This is especially true in the arid and semi-
arid environments of the western United States. The vegetation cover
is generally sparse and the percent of bare soil exposed to erosion by
raindrop impact or overland flow is, therefore, very high. Alsc, the
high-intensity thunderstorms that produce most of the runoff in the
ephemeral stream channels are generally localized and only a small part
of a drainage system is affected by a single storm event. As the stream-
flow continues beyond the storm area, sediment-laden runoff is absorbed
by the dry channels resulting in deposition of sediment loads.

The common relation shown by most studies of sediment yield is
a decrease in unit sediment yield as well as unit runoff with increase
in drainage area. An example of this is a study of 99 small basins in
eastern Wyoming (Hadley, 1961). Figure 1 shows the data for sediment
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yield from the 99 basins divided into five groups ranging from less
than 0.13 km? (0.05 mi2) to about 5 km? (2 mi2). Sediment yield
decreases from 1,140 m® per km? (2.4 acre-ft per mi?) at .07 km?
(0.03 mi2) to 95 m3/km2 (0.2 acre-ft per mi2) at about 5 km? (2 miZ).
The data shown for the 99 basins represent the total sediment yield -
inasmuch as the points of measurement are reservoirs that trapped
virtually all of the eroded material from the contributing drainage
areas. In order to illustrate the interaction of processes that are
responsible for this decrease in sediment yield, data from a basin in
northwestern Colorado, that of Ryan Gulch in the Piceance Basin, are
used in this paper to route the sediment through the drainage network
in a qualitative way.

Example Case

The Piceance basin in northwestern Colorado contains many tributary
sub~basins 2.6 to 5.2 km? (1 or 2 mi2) in area, where significant amounts
of sediment are discharged, but only small amounts of sediment are
discharged from larger tributary drainage areas. This is caused by the
loss of transport capability when flows are absorbed into the coarse
material on alluvial fans, flood plains, and ephemeral stream channels.
Ryan Gulch basin is used to illustrate these transport processes.

BPasin characteristics

Ryan Gulch is an ephemeral stream, which is tributary to Piceance
Creek. Its draipage basin is about 26.4 km (16.5 mi} in length and
averages about 4.8 km (3 mi) in width, and has an area of 124.8 km?

(48 mi2). The altitude along the drainage divide of Ryan Gulch basin

iz about 2,621 m (8,600 feet), and the altitude at the mouth is about
1,859 m (6,100 feet); the average valley gradient is 2.9 percent.
Annual precipitation ranges from about 330 mm (13 inches) in the lower
part of the basin to about 508 mm (20 inches) in the upper part. About
60 percent of the precipitation occurs as snow during the period October
through April. The soils of the uplands are stony sandy loams and stony
gilt loams derived from sandstones and marlstones of the Tertiary Uintah
formation. A moderately dense plant cover of big sagebrush, mountain
shrubs and grass understory exists in the upper half of the basin, and

a sparse to moderate cover of big sagebrush and pinyon-juniper exists in
the lower half of the basin. The bottomlands are covered with moderately
dense stands of big sagebrush and rabbitbrush.

Annual runoff from the hillslopes is low with some occurring from
melting snow, but the largest flows occur as the result of intense
summer thunderstorms. Estimates of annual source-area sediment yield
were made for watershed areas having third- and fourth-order channels
(based on interpretation of 1:12,000 scale aerial photographs and using
the Strahler, (1952) method for ordering channels) (¥Frickel, 1975).
These estimates range from 50 to 380 m3/km? (0 to 0.8 acre-ft per mi2)
in the upper 35 percent of the basin and from 240 to 710 m3/km? (0.5 to
1.5 acre-ft per mi?) in the lower 65 percent of the basin.

1-134



Much of the sediment transported in the Ryan Gulch basin is derived
from the rilling of hillslopes with moderate to steep gradients. Some
sediment also is contributed by headcuts in the wvalley alluvium and in
alluvial fans and by lateral migration of gullies across the valley floors.

Tributary channels--Figures 2 and 3 show an aerial photugraph an
map of a reach of the Ryan Gulch basin from about .8 km (one-half mile)
to 2.4 km (1% miles) upstream from the mouth. This reach, which is
typical of many of the tributaries of Piceance Creek, contains excellent
examples of the relation between channel morphology and sediment transport.

Twenty-five percent of the principal (third and fourth order)
tributaries to Ryan Gulch are incised to the main channel as shown at
Point A in figure 2. Sediment transport to the main valley is efficient
and the chamnel would be assigned a relative sediment-delivery factor
of 1.0 using the scheme shown in table 1, which was adapted from Frickel
(1975). The remaining 75 percent of the tributaries are gullies that

Table l.--Guidelines for evaluating relative sediment delivery in the Ryan
Gulch basin, northwestern Colorado, modified from Frickel, (1975)

Relative sediment Channel conditions

delivery
1.0 Unvegetated gullies with no. deposition
0.75 Unvegetated gullies with sediment deposits
0.5 Gullies healed with vegetation indicating shallow
flows
¢.3 - 0.5 Channels intermittently gullied
g -0.4 Shallow, vegetated, ungullied or braided channels

with evidence of deposition such as active
alluvial fans or sediment deposits on bottom-
lands where flows spread naturally or are used
for irrigation.

discharge onto fans at their mouths., Much of the flow is absorbed by
the rocky fans, thus causing deposition of most of the sediment (point B
in figure 2). These tributaries are assigned a relative sediment-
delivery factor of 0.3. These results indicate a lower percentage of
the area graded to the main channel than reported by Hadley (1961) for
seven tributaries to Lance Creek In the upper Cheyenne River basin of
Wyoming. However, Hadley's study was concerned with drainage area and
this example involves measurements of percentage of gullied channels.
Hadley found that 59 percent of the Lance Creek drainage was graded to
the main channels and 41 percent was graded to flood plains or terraces.
His results are analogous to the alluvial fan sediment-trap category of
the present paper.
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Figure 2,—Aerial photograph showing channel morphology and depositional
features in the lower part of Ryan Gulch Basin. The center point
of the photograph is at 39°54'56" North Latitude and 108°19' West
Longitude.
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Main valley channels--The total wvalley length in the Ryan Gulch
basin is about 69.2 km (43 mi) including its mostly parallel tributaries
which converge in the main valley about 12.9 km (8 mi) downstream from
the upper divide to form a fifth-order channel. This total length is
composed of 20 percent raw gullies, 63 percent gullies with vegetated
beds and 17 percent poorly defined chammels and braided rills as
illustrated at points, C, D, and E, respectively, in figure 2. Sediment-
delivery factors would be 0.75, 0.5, and 0.2 for points C, D, and E,
respectively.

Infiltration of water into the sandy alluvium in the main valley
is the chief factor that severely restricts sediment transport within
and from the main Ryan Gulch valley. Flows are dissipated, therefore
sediment is deposited at points such as C, D, and E (figure 2). Probably
the only time that sediment is transported through untrenched reaches
such as E is during wet years when the alluvium becomes saturated and
during runoff events of large magnitude.

Frickel (1975) estimated the area-weighted mean sediment yield
in the source areas of Ryan Gulch basin to be 285 n3/xm? (0.6 acre-ft
per miz). Using a scheme similar to that shown in table 1 a mean basin
sediment-delivery factor (conveyance) of 0.3 resulted from the length
welghting of the various sediment-—delivery factors assigned to iIndividual
reaches of channel. The resulting sediment yield from Ryan Gulch was
95.2 m3/km? (0.2 acre-ft per mi?), This means that only one-third of
the amount of sediment yielded from areas of 0.5 to about 5.2 kmZ (2 mi?)
is transported to the mouth of Ryan Gulch. This is about the same
percentage of sediment transported through the system as reported by
Emmett (1974).

SUMMARY

The cycle of erosion in semiarid and arid drainage system is
generally distinguished from that in more humid enviromments by the
lack of accordance of many stream junctions and the characteristic diminu-
tion of streamflow due to absorption in dry, sandy channels. This loss
of flow results in an increase in sediment concentration in a downstream
direction and eventual deposition at intermediate sites in the system.
These factors make the routing of sediment through the system a complex
problem because many tributaries are responding independently to individual
storm events. The foregoing analysis of sediment-transport processes is
admittedly qualitative but a more quantitative model would require data
on the processes and rates of transport from hillslopes to stream channels
and the residence timeg of sediment at intermediate points.
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EROSION AND SEDIMENT FROM FCREST IAND USES,
MANAGEMENT PRACTICES AND DISTURBANCES IN THE
SOUTHEASTERN UNITED STATES

BY GEORGE E. DISSMEYER, AREA HYDROLOGIST, SOUTHEASTERN
ARFA, U.S. FOREST SERVICE, ATIANTA, GEORGIA

ABSTRACT

The data and information presented defines the nature, extent and
magnitude of erosion and sediment sources from forested in several river
basins in the Southeastern United States. Data shows that not all sedi-
ment from forest land is related to silviculture, but in some areas past
abusive agriculture and present woodland overgrazing are the most im-
portant sources of sediment. It shows that forest practices acts, which
contain blanket regulations, are likely to be inappropriate for some
areas, insufficient for others or sometimes unnecessary. Control of
forest sediment needs to be prescriptive and site specific in nature to
meet not only water quality, but other resource needs.

INTRODUCTION

With passage of the Federal Water Pollution Control Act Amendments
of 1972 (PL 92-500), forest land managers need to know the nature, extent
and magnitude of pollution from individual forest land uses and distur-
bances. With such information, they can adjust forest practices to
accommodate water quality goals.

What do we know about sediment yield from forest land in the South-
eastern United States? During the past seven years, erosion and sediment
have been evaluated in 1) river basin studies (Map 1). Here, nearly
5000 field plots have been sampled to determine the nature, extent and
magnitude of erosion and sediment problems associated with various forest
land uses and forestry practices. This data has been analyzed by using
the First Approximation of Suspended Sediment (FASS) procedure (Dissmeyer,
1973), which approximates the suspended sediment contribution of individual
forest land uses or disturbances by associating back to the land units
thelr proportional share of measured sediment output.
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TABIE 1 Relative Contribution of Forest lLand to
Total Sediment Yield

% of % of Sediment

Total Basin In Yield
River Basin Sediment Forest Ratic
Alabama 24 68 .35
Cape Fear 5 éa 09
Green 2 34 .06
Obion=Forked Deer 8 21 «33
Santee 10 63 +16
St. Francis 3 18 17
5W Louisiana 1 39 0%
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PERSPECTIVE

One of the first questions to be answered is the matter of perspective:
what percent of the total sediment yield comes from forest land as compared
to nonforested lands? In seven basin studies where the analysis are com-
plete, forests occupy from 18 to 68 percent of the area (TABLE 1), while the
percent of total sediment yleld produced by forest land ranges from 1 to 24
percent. This does not include stream channel erosion. Perspective can
best be gained by computing the ratio of percent sediment production to
percent of forest, which ranges from 0.03 to 0.35. The smaller the ratio,
the smaller the relative conmtribution of forest land to sediment production.
A ratio of 1.00 would mean that the forest was yielding sediment at the
same rate as nonforested lands.

The two highest ratios ocecur in the Alabama and Obion-Forked Deer River
Basins, where intensive mechanical site preparation and woodland overgrazing
with high erosion rates are the causes, respectively. More discussion on
individual sources of sediment will come later.

NATURE AND EXTENT OF FORESTRY PRACTICES
AND IAND USES

When looking for sources of sediment in forest land, one must realize
that the vast majority of the forest is undisturbed and not yielding more
than natural levels of sediment from watershed slopes. The term undisturb-
ed as used here does not mean virgin conditions, because most forest land
has been disturbed sometime in the past. The termdis used to describe
the area that has not been disturbed in the past two to five years and the
area is experiencing only natural erosion rates. For the nine basins for
which area data has been developed, the area of forest in the undisturbed
condition ranges from 69 to 9L percent (TABIE 2).

The percent of area logged each year varies due to the type of timber,
the products grown and rotation. The area experiencing erosion and yield-
ing sediment is a function of area cut and time required to heal distur-
bances. In the Southeast, the area experiencing erosion from logging
ranges from L.1 to 12,0 percent (TABIE 2).

The area experiencing erosion from skid trails landings and spur roads
was considered as a separate category from the logging area, because dif-
ferent control strategies are needed. Also, these areas tend to have
somewhat longer recovery periods than areas where the bikees are felled
and removed. The area in spur roads, landings and skid trails ranges from
0.1 to 5.1 percent of the forest area.
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TABIE 2. Percemt of Forsst Tand Experiencing Erssion From Various Causes By River Basin

Skig Trails wechanical
River Basin Undisturbed Logging Spur Roads Fire Grazing Jite )
and Landings Preparaiion
Alabama 86 5.8 1.8 2.5 30k 1.6
Cape Fear 93 Lel 1.0 1.6 Trace G5
Green 78 7.5 3.1 1.6 10.0 G0
Qbion=Forked Deer 81 2.0 5.1 0.5 Ged Ja0
Santee 94 Le5 Gal 9,7 Trace 0.5
St. Franciz 78 12,0 1.1 Ou7 8,0 Q.0
SW Louisian 69 bel 3.5 10.5 13.4 Trace
Tar - Neuse 2] 4.5 Cud G.3 lal L0
Yazoo 72 12.0 Gedy 3.5 12.1 0.0

Flatwoods (353)

TABLE 3, Percent of Logged Area inm Skid Trails and Spur Reads by Land
Rescurce Area
i
Percent of Logged Area in: | Total
Land Resource Area Skid Trails Spur Roads Area-%
Texas Claypan Area (8§7) 1.5 - 1.5
Central Miss. Valley 1.3 7.0 8.3 :
Wooded Siopes (115}
CQzark Highland (116} 1.8 3.5 5.3
Ky. & Ind. 2.9 12.7 16.6
Sandstone & Shale
Hills & Vallews (120}
Highland Rim & Pennyroynl 8.1 17.1 5.2
€122)
Southern 8.3 i 1.2 9.5
Appalachian Ridges E
and Vallevs (128)
Sand Mountain (129) i 4.1 2.2 6.3
Blue Ridge {130) i 3.0 2.2 5.2
!
Southern Miss. 0.0 9.4 9.4
Valley Allwvium (131)
Southern Coastal i 3.3 i 3.3 6.6
Plain (13%) i | i
i i i
Southern Miss. Trace ' 4.2 4.2 ;
Valley Silty ! : i
Upland (134) ! ] i
i ! !
Ala, & Miss., ! b.1 ! 7.3 ! 1.4 [
Blackland Prairies{135) i : ; i
i i :
Southern Piedmont (136) 5.3 1.9 6.2 ;
Carolina & Ga. Sand [ 2.5 i 1.5 ; 4.0
Hills (137) i ! i ;
! : i
i i i
Atlanta Coast { 1.7 i 2.3 ' 4.0
| i
1
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It should be noted here that not all spur roads found were exclusively
used for logging. A portion of these roads are used for farm management,
recreation, fire control, stc.

The percentages in skid trails and spur roads vary widely, because of
differences in terrain among land resource areas (LRA), types of products
being harvested and harvesting systems. The area in skid trails and spur
roads, expressed as a percent of the logged area, by land resource area is
presented in TABIE 3. In IRA's 131, 133, 134, 137 and 153, the primary
product harvested is pulpwood in either thinnings or clearcuts. Here trees
are felled and the pulpwood is usually stacked without skidding. Then
trucks drive across the land to pick up the piles of pulpwood. Therefore,
the area of skid trails is small. Also, because the trucks drive across
the land, few spur roads are needed. Exceptions are where whole tree
chippers are used and where sawlogs are harvested, which require skidding.
However, such areas commonly are mechanically site prepared for planting,
and skid trails and roads are obliterated.

In hilly and mountainous IRA's such as 120, 122, and 128, where hard-
woods are harvested for sawlogs, roads are bullt to gain temporary access
to timber, and logs are skidded to landings. Here, skid trails and spur
roads can occupy between 9.5 and 25.2 percent of the logged area.

Pire includes both wildfire and prescribed burns. The area experi-
encing erosion from fire ranges from 0.3 to 10.5 percent (TABLE 2)._
When forests are managed for pine, fire is an important tool in control-
ling hardwoods. Also, fire is used to improve quail habitat.

Mechanical site preparation is used to prepare a site for planting
pine. After a stand is harvested, the residual noncommercial pine and
scrubby hardwocds are felled using heavy equipment. A variety of treat-
ments are used including the following: chops chop and burn; chop, burn
and bed or discj; KG-blade, windrow and burn; KG-blade, windrow, burn and
bed or discji and bulldoze, windrow and burn. This is not an all inclusive
list, but it does show the intensity of some treatments. The area in each
basin experiencing erosion from mechanical site preparation ranges from
zero to 4.0 percent.

Finally, the area experiencing woodland grazing ranges from essen-
tially none to 13.)4 percent of the forest land. Grazing is a viable and
prover forestland use in some pine forests, but causes problems in hard-
wood forests. It is important to note that not all forest disturbances
are exclusively related to silviculture.

RECOVERY TRENDS

An important concern in evaluating sediment from forest land uses
and practices is how fast the affected areas heal. Disturbances from a
few days tc several years old were field sampled and the recovery trends
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TABLE 4. Averuge Cover Factor; Recow

Trends in Cover Factors, and Representative Erosion retes for Various Forest Land Uses and Conditions by Lapd
Respurce Areas in Southeastern United States

(1} (2} {3} {4} {5) (6) m (8 {9) (10) (11)
Land Rezource Area Land Use or Averape Cover Factors Year ing Recovery Period Average Number of Raepresentative Esb. Sediment
Conditian e — %R-EEQL_ T Cfactor for  Plots Erosion Rate  Productive 1/
fear Year Year Yaar fear Pericd T/ TS
Central Holling Red Undisturbed K & Iz 0
Plains (78) Grazed 010 116 58 K
Central Rolling Red Undi sturbed 006 4 05 .00
Prairies (80) Graged 008 Lo 06 Trace
Cross Timbers (84} Undisturbed #O0L 52 W1 Trace
razed 005 61 .13 30
Grand Prairie (83} Undisturbed 7 28 .51 .11
rezed 007 41 .51 o1
Texns Blackland Undisturbed 017 13 #33 Tragce
Prairie (36) Grazed JO70 b 1.37 Trace
Texas Claypen Undisturbed 027 3z 38 14
Arsa {87) Crazed 2143 37 2,15 Trate
Central Miss. Valley Undisturbed 00 22 .10 Trace
Wooded Slopes (115) Grazed 98 ] 254 .25
Ozark Highland (116) Undisturbed 006 78 W62
Grazed .329 8 3,08
L1382 D032 LG10 075 36 kN
Spur Roads 550 <158 023 2h 15 15,4,
Skid frails 610 2020 033 221 2 17.08
Kentucky and Undisturbed S004 106 .33
Indians Sandstone 1083 .028 008 119 L 9.68
and Shale Hills Grazed 037 ES 3.01
ard Yalleys (120) Loy 018 005 012 8 .58
Highlang Rim and Undisturbed 004 143 W51
Permnyroyal {122} Grazed .203 5 25,77
Lo - 0L 015 313 JOLL 24 1,78
Spur Rond +525 050 £300 800 k22 13 52,94
Southern Appalachian Undisturbed 003 25 1.29
Ridges & Valleys (128) Burned +O06 .Das 005 13 2,15
Logged 051 02 009 2030 35 12.87
sand Mountain {129) Undisturbed 2002 25 +91
Logeed NN -102 0k £052 15 23,56
Blue Ridge {130} Ui sturbed 002 ] <77
Logged 053 007 071 32 12,76
Sidd Trails G50 - b 2133 75 T 105.20
gouthern Miss. Uodisturbed L002 7 3.14
Ysiley Allwdum {331)  Grazed 161 19 57429
Logged D1z 012 016 2013 ] 3040
Spur Roed -8%0 2015 <453 i 59.85
Soathern Coastal Undisturbsd 009 722 53
Plain (133) Burned -7 2055 <005 058 57 3.10
Graged 071 80 ba17
Logged -113 096 .21 010 060 240 3.52
landings B30 950 A <597 19 19,70
Spur Roads 712 535 .251 005 401 45 20,21
Sidd Trails <433 - 567 <333 «003 « 334 43 .23
Chopping 30 272 005 £236 26 11.84
K¢ Blading 950 2700 276 .133 525 12 32,80
Bulldosed 190 867 216 008 L5 30 27.51
KG & Disced 750 583 +333 020 4380 9 22,29
Bulldozed & Dis. 800 660 -137 020 A0t 1 23.70
Disced & Bedded .767 &
KG,Chopped, Burn.  .190 3
Logged & Burned ,305 »hE2 +050 <010 232 21 12,44 62
Southern Miss. Urdisturbed 2005 L8O «85 212
Valley (134) S5iity Burned 115 +004 +060 1Z 10.18 43
Uplands Graged 145 95 24,60 9.75
R 008 .010 0G5 012 90 2.0 11
Skid Trails +567 010 285 7 14,00 420
Alabama & Miss {135) Undti sturbed +012 .95 W7 W00
Eizcidznd FPrairies Burned 2037 2003 20 10 1.18 .0t
Griged =106 37 6e23 2,87
Logged 47 129 00k 060 27 3.52 .35
Spur Roads 505 il 1200 i ] 5 9.9 .10
Southern Piedmont {136) Undisturbed 006 369 .55 L0
Burned 007 018 007 14
Grazed o122 13 11.19 1.40
Logged 040 <O 2011 o2 120 3.85 K
Roads 75 <522 -5 L0 S ke Pl B3k
Skid Trails 840 +700 271 007 455 28 48.94 15.92
EG Bladed «BL5 547 2401 00 o453 33 41,56 247
Disced «750 430 125 0L #2329 8 30.18 Tolidy
Carclina & Georgis Undi sturbed 003 121 07 Trace
sand Hills {137} Burned 013 010 008 010 1 .22 et
Logged 008 .03 O3 o013 005 L0613 57 25 <01
Gulf Coast Undisturbed 003 26 “2 .00
Flatwoods (152) Logged 237 ST .157 13 1.26 .11
Spur Roads 892 «500 990 2794 39 10.34 L
Atlantic Coast Ynet) sturbed 016 329 213 - +00
Flatwoods (153} Grazed ) 4010 1, 08 00
Logged 353 066 227 210 +08% T o Th +0
Spur Roads +553 900 * 290 1.000 b6 10 1,92 1.3
3icid Trails 227 o128 290 SO52 £16 R0-] 1 .39 00
Choppad +380 202 251 [ 2,43 00
KG & Chopped 450 <O 250 3 2.09 00
TG & Bedded 993 «269 S50 05 <329 19 24T5 2T

1/ This is 4o sstimate of all sediment that reachss the stresw. soctiment,
perticles (silt, clay, and fine sand) and would therefors, be someshat lowsr thar shown.

Moat

mpAsurenents are
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in cover factors (C-factor) were analyzed. Recovery trends are summarized
by IRA and depicted for various forestry practices in TABLE 4. The recovery
periods vary from 2 to 5 years.

In Column 8, the average cover—factor for the recovery period is
presented. Note that undisturbed and grazed conditions are assumed to be
static conditions and thus no recovery trend or period are defined.

A special problem in recovery trendsis found for spur roads. Here, no
trend can be defined because these roads are often not allowed to heal.,
They are used by the farmer for managing his farm; by hunters, jeepsters,
and cyclists, and by forest managers and fire control personnel.

The number of plots taken in each condition is entered in Column 9 to
indicate the relative reliability of the data. Some situations have strong
data bases, and others are weak and shall be strengthened by future sampling.

REPRESENTATIVE EROSION RATES AND ESTIMATED SEDIMENT PRODUCTION RATES

Where sufficient data has been collected, representative erosion and
estimated sediment production rates were computed (TABLE 4). From the
data bank, the predominate soll was selected from each land resource area.
For each soil grouping in the data bank, with its basic erosion rate (K);
the average rainfall factor (R), slope (S) and slope length (L) were com-
puted. Using these average values plus the average cover factor for the
recovery period, a representative sheet erosion rate was computed using
the modified Musgrave soil loss eguation.

E-KR (s) 3 (1) ¥
10 2.6

(sC3, 1968) and is entered in Column 10. This rate approximates the
middle ground for erosion from a forestry practice in a land resource area.

When the practices were field sampled, the observers estimated what
proportion of the erosion reached the nearest stream{sediment delivery
ratio) using techniques described by Dissmeyer (1973). For each practice and
land resource area, a recovery trend in estimated sediment delivery was
computed by slope class. An average sediment delivery ratio was computed
for the recovery pericd and multiplied times the representative erosion
rate to produce the estimated sediment production rate in Column 11.

REIATIVE CONTRIBUTION OF FOREST PRACTICES

The relative contribution of each forest management practice to sedi-
ment yield in eight completed studies is shown in TABLE 5, along with the
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TABIE 5. Weighted Frosion Rates and Relative Contribubion of Forest Practices to Forest Sediment Yield

Weighted Forest Percent of Forest Sediment by Source
River Basin Average Sediment  Un-— Logged  Skid Spur Fire Graz— S5ite
Er. Rate T/A/Y P.P.M, disturbed Trails Roads ing Prep.
Alabama 3.6 81, Trace 5 22 2 1 2 68
Cape Fear Ouly Trace 20 11 11 28 30
Green 1.7 2 30 2h 1 3G
Obion-Forked Deer 3.0 3 Trace 92
Santee 0.7 3 Trace 7 2 10 80
St. Francis 1.2 Q 1 14 10 27 1 L7
SW louisiana 0.5 Qi/ 2 38 Trace 1 Trace
Yagoo 1,0 QE/ 37 21

1/ Flood plain scour was responsible for 59 percent of sediment for forested avea.

2/ 42% of the sediment is from erosion on old abandoned farm land being invaded by

forest, but not yet stabilized by forest.




weighted average erosion rate for forest land in each basin. In three
basins, average suspended sediment data was available and the portion con-
tributed by forest land management has been approximated in parts per
million using the FASS procedure.

The FASS procedure also identified what percent of the sediment
yielded by forest land comes from each forestry practice or land use
(TABIE 5). The results presented here clearly demonstrates that major
causes of sediment vary from river basin to river basin. In some cases
mechanical site preparation is the most important; in others, woodland
overgrazing; and others spur roads and skid trails.

Also in the Southeast, not all sediment from forest land is from sil-
viculture practices. In some areas, woodland overgrazing is clearly the
major source of sediment. In other areas, former agriculture wore out and
gullied the land. These lands were abandoned and forests either invaded
or over planted. These lands are still eroding and the sediment is not
due to present forest management, but past agricultural abuse.

Finally, this data clearly shows that forest practices acts, which
contain blanket regulations, are likely to be inappropriate in some areas,
insufficient in others or sometimes umnecessary. Control of sediment must
be prescriptive and site specific in nature to meet not only water quality,
but other resource needs. In some cases, more attention should be given
nonsilvicultural land uses than to forestry.
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SEDIMENT PROBLEMS AND PLANNING IN THE SAN FRANCISCO BAY REGION,

CALIFORNIA

By William M, Brown III, Hydrologist, U.S. Geoclogical Survey,
Menlo Park, California

ABSTRACT

A procedure has been developed to define the relations among terrain
properties, human activities, and erosional and depositional processes
and problems. The procedure involves four basic steps: (1) Identifying
the critical physical elements that control erosion of the land, the
transport of eroded materials, and the deposition of transported
material; {2) analyzing the land surface using high-resclution aerial
imagery:; (3) mapping the erosional and depogitional features and
provinces; and (4) developing a planning matrix that relates land use to
human activity. The procedure has been applied in the San Francisco Bay
region, California, and the Willamette River basin, Oregon.

The San Francisco Bay region, vastly altered by human activities during
a 200-year period, experiences serious and pervasive sediment-related
problems, Today no significant unaltered part of the region exists from
which quantitative conclusions regarding "natural" versus "human-
affected" sedimentation conditions can be reasonably drawn. A review of
present-day problems reveals that their early solution is not in the
realm of the resource scientist but first must await action by the
political community.
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INTRODUCTION

The San Francisco Bay region (fig. 1) is defined by the political
boundaries of nine counties surrounding the San Francisco Bay estuary.
The bay region thus includes about 19,000 km? (7,400 mi?) of land and
water that has long been regarded as one of the most desirable
environments for human existence in the world. The many favorable and
remarkably diverse aspects of the land, air, water, fauna, and flora
that compose the region offer great advantage for human living
conditions. As a result the bay region has attracted rapid population
growth and presently is the place of residence for nearly 5 million
people.

The people largely inhabit the lowlands peripheral to the central and
southern parts of the estuary. There, urban-suburban expansion has
created a continuous built-up belt extending from San Francisco
southeasterly to San Jose, and thence northwesterly to Richmond.
Additional expansion persists in the wvalley southeast of San Jose and
radiates from such urban cores as Livermore, Walnut Creek, Petaluma,
Santa Rosa, Vallejo, Napa, and Fairfield. A cursory inspection of the
relief shown in figure 1 will reveal that most of the urban centers are
on flat to gently sloping terrain. WNevertheless, the pressures of
urban-suburban expansion on the lowlands and wvalley flocors have led to
considerable development of foothill and mountainous areas peripheral to
the flats. Thus, a rather definite pattern of further urban-suburban
expansion is cast, and the use of steeply sloping land for building
purposes has become a planning problem of major proportions. 1In
particular, planners and developers need information on the stability of
steep slopes. Furthermore, they need to know the probable travel routes
of moving sediment, the probable areas of deposition, and the gquantities
of sediment that might be deposited. Such information, together with
other environmental data, would be useful in delineating areas that are
hazardous for building or that need protective structures.

The San Francisco Bay region is an exemplary site for the study of
flatland and hillside building, their interrelations, and conseguent
problems, Notably, the bay region contains diverse landforms, a variety
of microclimates, dense urban development, and a rapidly expanding
population, The interactions among these elements provide several
models of experience that can be applied in many other regions. Indeed,
a cooperative study by the U.S. Geological Survey and the

U.S. Department of Housing and Urban Development was designed to
delineate and evaluate the natural physical features, resources,
hazards, and processes of the bay region and to seek regional-analysis
models that might apply elsewhere. The products of the study are aimed
at providing the planning and decisionmaking community with natural
gscience information in support of efforts to:
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1. Minimize disruption of those aspects of the environment that make
a community or region a desirable place to live;

2. Avoid unnecessary and uneconomic risks from geologic and hydrologic
hazards;

3. Avoid detrimental interactions between natural processes and
human activities; and

4. Use the natural resources--both renewable and nonrenewable--in a
manner that is compatible with orderly development and that
results in economic use and environmental protection.

One primary element of the study was a regional analysis of erosion,
transportation, and deposition of sediment and interpretations of the
analysis for regional planning and management uses. The remainder of
this paper describes the evolution, results, and impact of the sediment
studies and outlines a method for communicating sediment-related
information effectively to planners and managers.

A REVIEW OF BASIC PROBLEMS

The initial finding on erosion, transportation, and deposition of
sediment in the San Francisco Bay region can be simply stated: Sediment
data were commonly lacking where needed and obscure in meaning
(particularly to the planning community)} where data did exist. Sediment
data consisted primarily of concentrations and size analyses in concert
with stream-discharge measurements and reservoir surveys, The data were
commonly collected for special-purpose projects, and sampling sites were
not necessarily selected with community or regional planning in mind.
Thus, several major parts of the bay region were devoid of a
conventional sediment data base. Because the establishment of a data
base in those areas would in itself exhaust the time and funding
allocated for the study, alternative methods for understanding the
sediment situation became mandatory. A review of the problem suggested
first that members of the planning community be asked what they know and
want to know about sediment. The responses indicated that the following
questions be answered in planning reports.

1. What is sediment?

2. From where does sediment come?

3. Where does sediment go?

4. what causes sediment to move?

5. What problems does sediment cause?

6. Where and how fregquently do the problems occuzr?

7. How serious are the problems in terms of lives and dollars (damage,
cleanup, and person-hours of time)?

8. How many of the problems occur naturally and how many are related
to human activity?

8. How can the problems be alleviated?
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The planners who were consulted also suggested that the information in
planning reports be presented, inasmiuch as possible, in nontechnical
language and in a simple graphical, map, or photographic format.

A LANDFORM CONCEPT FOR PLANNING

The answers to many of the guestions posed in the previous section are
not commonly found by the analysis of the sediment discharge of streams.
The answers may be more readily found by analyzing landforms. A
landform is defined as:

"Any physical, recognizable form or feature of the Earth's
surface, having a characteristic shape, and produced by
natural causes; it includes major forms such as a plain,
plateau, or mountain, and minor forms such as a hill, wvalley,
slope, esker, or dune. Taken together, the landforms make
up the surface confiquration of the Earth" (Gary and others,
1972, p. 395).

Sediment is derived from erosional landforms., Sediment is deposited to
build depositional landforms. Geologic information about the landforms
suggests the type of sediment available and its rate of erosion or
accumulation. A cursory inspection of a landform may suggest whether it
is susceptible to, or has been deposited by the action of flowing

water, flowing ice, organisms, wind, gravity, water waves, or human
activities. An inspection of an undisturbed part of a2 landform may
reveal the naturally occurring erosional or depositional features. A
lock at the human activities on a particular landform suggests the
problems that sediment may cause, why the problems occur, and what to do
about them.

A landform analysis technique, therefore, was applied in the

San Francisco Bay region (Brown and Jackson, 1973, 1974) in a preliminary
form. The technique was subsequently revised and applied in studies of
the Willamette River basin, Oregon (Rickert and Hines, 1975; Hines and
others, 1275). The technigue involves four basic steps.
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1. The critical physical elements that control erosion of the land, the
transport of eroded materials, and the deposition of transported
material are identified and collated for a given region. The
critical physical elements may be found among the seven factors
affecting worldwide sediment movement. First, there is gravity
that translates into forces of motion of soil and rock debris and
also controls the energy potential of certain climatic forces to
act on the Earth's surface. Second, there is geology, including
the attributes of rocks from which sediment is derived. Third,
there are soils, or the loose surface materials of the Earth
consisting of disintegrated rock mixed with organic matter.
Fourth, there is c¢limate, or the aspects of the atmosphere that
interact with rock and soil surfaces. Fifth, there is vegetation
that commonly is an interface between soils and climate and is
dependent upon both for its sustenance. Sixth, there is. topography,
or the aspects of slope that affect the energy of climatic forces
and the influence of gravity. Seventh, there is human activity
that variably affects the other six factors. For any region on
Earth of any size, assumptions and criteria can be developed for
defining distinctive units of terrain herein called erosional and
depositional provinces and defined as follows:

Erosional province--An association of erosional landforms.
Depositional province--An association of depositional landforms.

2. An analysis of the present-day land surface is made using aerial
imagery. Preferably, the imagery should be color infrared imagery
obtained from satellite or high-altitude aircraft flights. The
color infrared imagery affords high resolution over a broad area
and dramatically accentuates erosional and depositional features.
The erosional and depositional features are observed and analyzed
as to their probable causes and effects using the aerial imagery
and appropriate ground checking.

3. Erosional and depositional features and provinces are mapped on a
suitable base {Vickers and Brown, 1975). The base should be
selected only after consultation with prospective users and should
be easily readable. Fully or semicontrolled photomosaic bases are
excellent for depicting landforms and human activities, although
other standard and less expensive maps would also suffice. The
completed base allows the presentation of an up-to-date, synoptic
view of erosional and depositicnal provinces, features, problems,
and related surface conditions, both natural and human-affected.
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4, BAn erosional or depositional problem matrix is developed. The
matrix shows selected human activities along the horizontal axis
and erosional or depositional features along the vertical axis.

A matrix may be developed for each erosional or depositional
province. The body of the matrix may be filled with numerical or
symbolic information that indicates the relative impact of an
activity association with an erosional or depositional feature.
Thus, the matrix allows the planner to estimate the relative
severity of erosional or depositional problems {or potential) in
different provinces as a function of human activity.
Alternatively, a matrix mayv be produced that lists provinces as
columns and human activities as rows. From information compiled
on the map base, the provinces are ranked numerically in order of
their potential to erode or to accommodate deposition. The human
activities are ranked numerically in their order of land-surface
disruption as interpreted from aerial imagery. The magnitude of
the numerical rank from each column and row would indicate the
relative seriousness of erosional or depositional problems likely
to develop under the various combinations of provinces and human
activities. As an aid to problem selving, the matrix boxes

(fig. 2) may be split to offer space for a number, letter, or
symbol that would guide the user to a solution reference. The
reference may be a report, or it may be one of a set of guidelines
in an appendix to the matrix.

The four-step procedure would provide information that is useful to
land, air, and water-resource planning. The principal attributes are:
{1} Graphic depiction of the relations among terrain properties, human
activities, and impacts on erosion, transportation, and deposition- of
sediment; (2) provision of information to resource planners and
scientists in a ready-to-use format; and (3} amenability to reqular
updating to provide information under rapidly changing conditions. The
techniques are flexible and may be readily modified for studies of any
area. At a minimum, the techniques would demonstrate vividly the data
needs for analyzing an area in terms of land, alr, and water quality.
At a maximum, the techniques would provide a predictive guide to land-
use planning and regulation in terms of the overall physical quality of
an area.

PROVINCES AND SEDIMENT PROBLEMS IN THE SAN FRANCISCO BAY REGION

The techniques described in the previous section, applied and revised
during studies of the San Francisco Bay region, provided much useful
information. In this section, some of the information is summarized.
However, the reader is encouraged to consult the reference list for
specific items that could not be expanded upon in this short paper.
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Degree of land-
E surface disturbance
§ I~ (subjective).
= .
= B
< (:::) None
EROSIONAL OR @ Slight
DEPOSITIONAL
FEATURE OR PROBLEM P—{
Q Moderate
Great

Solution reference symbol.
This symbol may be used
to direct the user to

a biblieographic citatien
or an appendix offering
detailed information

on the specific preblem
inferred in the matrix
interaction box.

FIGURE 2.--Schematic of a matrix interaction box showing a simple,
symbolic-alphabetical notation code. Many variations on this
theme are possible, but the matrix body should be uncluttered
and easily readable.
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B brief overview of the San Francisco Bay region suggests the
categorization shown in table 1. In practice, province boundaries were
well-defined by geomorphic criteria, and 18 provinces were mapped for a
single subregion of the bay region. Thus, table. 1 serves only as a
guide for discussion purposes and does not reflect the detail expressed
in the referenced reports.

The bay region is currently beset with sediment-related problems largely
due to human activities. BAccelerated gullying may have begun in the
late 1700's when the foothills south of San Francisco were subjected to
logging, grazing, and land conversion by the coleonizing Spaniards.

Major deposition in the estuary during the late 1800Q's was ascribed to
hydraulic mining for gold in the Sierra Nevada to the east (Gilbert,
1917, p. 8). Logging, roadbuilding, land conversion, and artificial
filling of the bay combined during the past century to imbalance further
any natural sedimentation processes in the region. Currently, ne river
flows unaltered into the San Francisco Bay estuary, and no major tract
of land in the nine-county region retains all of its natural geomorphic
facets., Certainly, sediment yield has been decreased in many areas due
to the protective aspects of pavement or careful agricultural practices.
However, the onset of paving, clearing, and tillage is commeonly
accompanied by temporary but major increases in sediment yield (Knott,
1973; Wolman, 1967). In any event, no significant unaltered part of the
region exists today from which quantitative conclusions regarding
"natural" versus "human-affected" sedimentation conditions can

be reasonably drawn.

Nevertheless, several useful statements regarding sediment problems and
processes in the bay region can be made, and these will aptly serve to
conclude this paper.

1. Present-day erosion is most severe and widespread in the mountainous
uplands of northwestern Sonoma County. Accelerated erosion began
there during the late 1800's and persists today because of
intensive roadbuilding, logging, grazing, and land conversion
(Poli and Roberts, 1958; U.S. Department of Agriculture, 1966).
Sediment yield data and definitive studies of coastal streams in
the area are lacking.
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TABLE 1.-~Summary of geomorphic conditions in the San Francisco Bay region and related sediment problems
[Location of place names shown in figure 1]

Sediment yield

Landform Example Typical {erosional) or
associations location(s) problems accumulation rate Remarks
(depositional)
Dominantly erosional province types
Mountainous Western Marin, Landsliding; road cut High to extreme: Human activites have
uplands Sonoma, and and fill failures; long-term suspended- caused disturbance
(near- San Mateo streambed sediment yields of unstable terrain
coastal) Counties. aggradation; in excess of in high rainfall
gullying. 2,500 (t/km®)/yr areas producing
in Sonoma County. numerous fresh
erosional features.
Mountainous Eastern Sonoma Landsliding; gullies; Low to moderate: Although terrain is
uplands County; Napa wind erosion of long-term suspended- highly unstable,
(interior) County; exposed surfaces. sediment yields erosional activity
eastern Santa less than is not sustained
Clara County. 150 (t/km?)/yr in because of dry
eastern Santa climate. Also,
Clara County. land-surface
disturbance by
human activities
is minor
compared to
other areas,
Foothills Marin-Sonoma Gullying; road cut Moderate to very high: Rapid suburban
(coastal County border; and fill failures; long~term suspended- expansion in
and western San reservoir sediment yields about foothill areas
peripheral Mateo County} sedimentation; 1,000 (t/km?)/hr conmonly generates
to San bayward expo- rilling on in western Contra numerous erosional
Francisco sures of all construction sites. Costa and Alameda problems. Short-
Bay) counties Counties. term yields may be

excepting San
Frahcisco.

extreme,
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TABLE 1.--Swmmary of geomorphic conditions in the San Francisco Bay region
and related sediment probleme--Continued

Sediment yield

Landform Example Typical {(erosional) or
associations location(s) problems accumulation rate Remarks
{depositional)

Dominantly erosional province types——Continued

Foothills Northwestern and Minor gullying and Sediment yield Dry climate and soil
(interior) southeastern landsliding; wind unmeasured, but lack conservation
Solano County} erosion of exposed of erosional practices inhibit
eastern Contra surfaces. activity suggests erosion.
Costa and very low yields.
Alameda
Counties.

Dominantly depositional province types

Alluvial Central Sonoma Streambed aggradation; Accumulation rates in  Gravel mining,

valleys County; streambank failure; river channels dredging, and stream
central Napa overbank deposits; variable and largely channelization are
County* flooding. unmeasured. common. Erosion
central of channel banks
Alameda is a major problem.
County;
central
Santa Clara
County.

Marshlands All counties; Shoaling; Deposition and Marshland areas were
and margins of the concentration of disposal of dredged reduced from 810 to
madflats San Francisco sediment-borne waste have added 324 km?, or to

Bay estuary. pollutants; 135 km? of land to 40 percent of their
excessive turbidity; the bay since the size {n mid-1800's,
damage to waterfront mid-1800"s. dominantly by human
equipment; reduced activity.
estuarine

circulation.
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TABLE 1.--Summary of geomorphie conditions in the San Francisco Bay region
and related sediment problems--Continued

Sediment yield
(erosional) or
accumulation rate
(depositional)

Remarks

Mixed erosional and depositional province types

Landform Example Typical
associations location(s) problems
Coastal Western borders  Coastal retreat;

(Pacific of Sonoma, landsliding; road

coastline) Marin, San and housing site

Francisco, and failures.
San Mateo
Counties.

Upland All counties Minor gullying and
valleys and excepting San landsliding; minor
ridgetops Francisco. streambed
(isclated aggradation and
in larger streambank failures

units) in valleys.

Sediment movement in

the coastal zone is
largely unmeasured.

Sediment yield largely

unmeasured, but
probably much lower
than that of
surrounding terrain.

Coastal retreat rates
commonly exceed
0.5 m/yr on coastal
terraces of
San Mateo County.

Ridgetop erosion is
largely related to
roadbuilding along
ridges.




2. Excessive, short-term sediment yields and numerous sediment-related
problems have been noted for foothill areas subjected to rapid
suburbanization (XKnott, 1973). Building in foothill areas
probably will continue to produce the bulk of new, short-lived,
small-scale sediment problems. The aggregate cost of the
sclutions to such problems probably will be large and not easily
estimated. Further, most of these problems could be avoided by
careful construction practices.

3. The massive problems of dredging in the navigation channels of the
San Francisco Bay estuary probably cannct be resolved to the
extent where dredging would no longer be necessary. The mass of
sediment in circulation in the estuary, placed during the past
century within the confinement of dikes and landfill, probably
will not reach an eguilibrium pattern congistent with navigation
needs for the next several decades. The problems of dredging and
dredge-waste disposal have accrued during the past century and may
be ascribed to a variety of sources.

4, Conflicts caused by aggregate mining in river channels and in areas
of suburban expansion will persist as building and agricultural
space on alluvial flats decreases. No definitive studies of
aggregate-mining effects on river channel morphology have been
made in the bay region.

5. Shoreline erosion and sediment transport in the coastal zone will
become highly important factors in the resclution of plans for the
Pacific shoreline of the bay region., Definitive studies of
gsediment transport in the coastal zone of the bay region are
currently lacking.

6. Most sediment-related problems, although widespread and pervasive,
can be located, predicted, interpreted, and solved. Solutions to
many of these problems are documented, are readily available to
the public, and in many instances, funding specifically marked for
their application is available. Communication between the
scientist, those who alter the land, and those who formulate and
enforce so0il conservation practices is needed to resolve or
prevent these problems.
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SIMULATING EROSION DYNAMICS WITH A DETERMINISTIC
DISTRIBUTED WATERSHED MODEL

By R. E. Smith, Research Hydraulic Engineer, Southwest Watershed
Research Center, 442 E. Seventh St., Tucson, Arizona 85705.

ABSTRACT

A simulation model is described which incorporates the differen-
tial equation for continuity of suspended sediment into a kinematic
numerical model for hydraulic response of a watershed surface. The
model is practical since it includes an advanced infiltration function
and has the ability to accept complex rainfall patterns. Relatively
complex watershed shapes may be simulated using a watershed composed
of small branched channels fed by an arrangement of non-rectangular,
converging planes with distorted slopes. b

The realism of the model's ability to simulate sediment produc-
tion is limited by the necessity to specify rather empirical functions
for soil detatchment rates from rainfall impact and from flowing water.
Either tractive force or stream power function may be chosen as a
model for sediment-carrying capacity.

Several examples are shown to demonstrate the capabilities of
such a dynamic and distributed simulation of watershed sediment
production, including effects on erosion of rainfall patterms, slope
convergence, and comparative sediment-production rainfall, overland
flow, and channel flow.

INTRODUCTION

Since the pioneering work of Wooding (1965) and Woolhiser (1967),
many watershed models have employed the kinematic wave equations to
represent the hydraulics of watershed surface flow. There have also
been many field and laboratory demonstrations of the validity of the
kinematic assumption.

Flow of water on the surface of a watershed is only one part of
a complex process, dependent on many variables and processes, but on
which other processes, like erosion, are in turn dependent. No
theoretical model can accurately simulate all the processed, as well
as the complex spatial variation and inhomogeneities. Nevertheless,
evolution of simpler, engineering models depends on assessing the
relative merit of altermative approximations to nature; to evaluate
simplifying assumptions, complex but more complete models must be
constructed.

A rather complex but efficient kinematic watershed model being
developed for this purpose is emploved here, since it provides the
basis of a model for water-borne pollution transport. Space limita-
tions do not allow either a complete model description or a compre-
hensive demonstration of its capabilities, but several examples of
results are presented.
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The Basic Hydraulic Model

Wooding (1965) employed a simple rectangle, with flow parallel to
one dimension, to represent the watershed surface as part of an elemen~-
tary watershed., Since then, a cascade of planes of various sizes and
slopes (Brakensiek, 1967; Kibler, 1970) or a converging section of a
cone (Woolhiser, 1971) have been used for geometric representation
of complex surfaces. Mathematical treatment can be made more general
by including variable slope, length, and convergence, in a single
kinematic equation. This usually eliminates the need to model a
watershed with an awkward assembly of rectangular planes, Imn the
definition sketch of Figure 1, convergence is expressed by the
variation in width, w, of a hypothetical uniformly widening plane,
go that

LA + b(L=x) = qﬁ - bx (@&))

where L is maximum distance from stream perpendicular to the contours,
x is measured from upstream point L, and w = w_ + BL is width of
hypothetical plane at its top. This does %Dt 1mit application
to watersheds which widen uniformly, since this relation can be considered
to describe only convergence rate. Convergence is 0 for b = 0,
and flow lines diverge for negative b.

The continuity equation then becomes

dh 3 (uhw) _
Wiz FTR = aw (2)
or
2h, 3Gh) _ _uh 3w
t + ax 17 % §x 3)
buh
*qF W ~bx

where h 1s point surface water depth
t is time
x 1s distance from upstream edge of plane
u is point velocity
and q is input rate of rainfall excess,
Smoothly varying slope S = S(x) may be simulated in evaluating the
term o (uh), since u = u(h,s). Moreover, the kinematic rating equation

u=c S, ()

where C_ is a friction coefficient, may incorporate both laminar and
turbulent flow, since C, m, and n are functiomns of flow reginme,
transition of which occurs at a specified critical Reynolds number
(Woolhiser, 1970).

With these modifications, numerical simulation of a linearly
distorted planme proceeds similarly to that discussed by Kibler (1970),
using a Lax-Wendroff, second-order, explicit scheme. For efficiency,
a Crank-Nickolsen type implicit method is used in stream channels.
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Channel hydraulics are analagous to that of the planes, except that
at channel depths a transitional friction relation is unnecessary,
and areas are used in place of depth, h, in Equations 2 and 4. In
Equation 2, q(x,t) for a channel is the sum of the plane output from
each side of the channel (cfs/ft) multiplied by the cosine of the
respective mean angle of interception of the channel, 0 (Figure 1).
For a plane with variable flow-path lengths (L = L(x}), solution
of depth at each t along the longest path provides information for
estimating channel discharges for shorter path lengths. This efficient
approximation is inaccurate, however, if § = S(x) is not true for x in
all fiow paths,

Infiltration Submodel

Critical to accurate subhumid watershed simulation is the computa-
tion of water actually forming the source of overland flow, The model
employed here is basically that reported by Smith (1973) with improve-
ments by Parlange (1975). This model allows accurate prediction of
ponding time and explicit interaction of surface hydraulic conditions
with infiltration calculations at all points along the surface. This
contrasts with methods calculating excess from rainfall, routed over an
impervious surface; infiltration continues as long as water remains on
the surface, independent of rainfall after runoff begins.

Erosion-Sedimentation Submodel

Bennett (1974) presented a comprehensive discussion of sediment
yield modeling. A good model of sediment production from a watershed
depends heavily on the accuracy of the hydrologic modél for water flow.
Following Bennett (1974), but ignoring the dispersion term, the
continuity equation for sediment on the watershed surface may be written

3 (he) + 9 (hu
3t ax

where ¢ is concentration of sediment (or other water-borne pollutant},

z 1s surface soil depth, and d is surface soll porosity. The term
including z is the sediment-production term, which includes erosion
from raindrop impact, as well as erosion and deposition by moving water.
Dispersion is not considered in this kinematic simulation.

Empirical functions describing erosion processes are well discussed
in the literature. Wischmeier (1958) introduced a factor EI to
represent erosive energy of rainfall and further incorporated the
concept Into a soil loss equation (Wischmeijer, 1960) for small plots
based on overall storm depth. Meyer (1969) extended this analysis to
an empirical, steady-state model for erosion and sediment yield from
plane, one-dimensional surfaces, but did not compare results with field
data. Foster (1972) included transient conditions under uniform
rainfall by including a linear carrying capacity~detatclment relation,

where erosion rate is essentially a linear function of transport capacity
deficit,

&) 4 (1-d) "';—f:— =0 ()
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Numerically, Equation 5 is solved implicitly with a time-weighted,
four-point method at each time step, after Equations 2 and 4 are solved
for the arrays of h and u, Empirical functions for rate of erosion by
rainfall and transport capacity of flowing water are supplied as
interchangeable subroutines., A linear erosion-deposition model for rate,
similar to that of Foster, is used so_that over an interval (&),
average erosion or deposition rate ‘(ef) may be derived as

-GAt (6)

= G(c—cmx) e
where C is transport capacity as concentration at any point x, ¢ is
current sediment concentration, and G is a rate~controlling parameter.

Local transport capacity, c__, may be computed from several possible
empirical relationships involving dependence on velocity, slope, and
depth of flow, A tractive force relation was used by Meyer (1969):

2.5
c ="g" (7

where C_ 1s a soil-dependent parameter. Several other relationships
resulteg from experimental work by Kiline (1973). A critical tractive
force or ''stream power concept from Yang (1972) is employed here;

1.58
CO [u(TO - TC)]

Cmx Yuh @)

where T is boundary shear force, T 1is critical boundary shear
(tractlge force), y is unit welght of water, and C is a coefficient,
For channel sediment transport capacity, the unit Stream power concept
from Yang (1972) is employed here:

log cx = A+ B log (us - Egg} (9)

where A, B and uS are parameters., Tractive force relations are
as easily applied? '

Rain splash erosion may be related to the second power of
rainfall rate, as in Meyer (1969). This reportedly produces results
similar to the experimentally based Soil Loss Equation now in wide
use. Choice of empirical eroslion and transport relations is critical,
although the primary purpose here is the development of a framework
within which alternative erosion and transport models may be compared.

Sample Model Applications

If the relative complexity of a watershed is measured by the
density of the channel network developed therein, then simulation
of more complex watersheds is largely a problem in computer software and
storage capacity, FElementary watershed units, like the pattern in
Figure 1, will suffice here to demonstrate essential ability of the
watershed erosion model and to indicate some erosion phenomena that
presently are not quantified.
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The sediment and water discharge simulated for one sample rainfall
and elementary watershed are shown in Figure 2, For this example, the
sediment discharge generally conforms to the water discharge hydrograph.
There is a small amount of hysteresis as the model structure dictates,
since aside from rain splash erosion, the sediment transport capacity
would lead the actual concentration during rising discharge as Equation
6 implies.

The particular relations used yield approximately 0.25 Mt (0.28T)
total sediment production for the 6.4 mm (,25 in) rainfall event on
this 1.13~ha (2.9 a) watershed. It should not be inferred that this
pattern of sediment production is necessarily typical. The actual
pattern of erosion should be controlled by the relative erosive impor-
tance of rainfall and surface water flow.

The pattern of sediment discharge entering the watershed channels
is of particular interest with respect to erosion processes on the
watershed surface. Figure 3 shows hysteretic sediment discharge rating
for a simple plane surface. Two sediment capacity laws are compared
for this purpose, one from Bagnold using a stream power concept (Kilinc,
1973), labeled S., [equation (8)] and another employing a tractive
force method from Meyer (1969), labeled §, Jequation (8)]. Parameters
were chosen to match c¢__ at the flow peak, What appear to be discon-
tinuties on the risingm%alf of each curve occur at time of transition
from laminar to turbulent flow at the lower end of the plane. Also
shown on this graph is the steady-state relation of discharge to
carrying capacity of flow, ¢, for each assumed relation. The sediment
discharge leads the c¢ relaPion only at the earliest part of the
hydrograph, resultingmfrom rain splash erosion; otherwise the lag is
as in a simple linear system,

Figure 4 is the time~dependent analogy of Figure 3, showing
changes in sediment concentration of plane discharge, rather than
sediment discharge. Here the effect of the transition in hydraulic
roughness law seems more dramatic on the recession. The particular
form of the relation of sediment concentration, ¢, to u and h governs
the reaction of the sediment concentration to thiS small perturbation
in hydraulic response. Such a transition has been observed and is more
than a theoretical-numerical phenomenon (Woolhiser 1971);
although it is diffused, well masked, and not crucial in real watershed
data. The simulated role of rain splash erosion can, in part, be
observed by the result (shown in Figure 4), for which the splash
erosjon coefficient is increased by a factor of 10. Since these
relations in this demonstration are arbitrary, the case is not excluded
in which most of the sediment is produced early, as a result of
rain erosion, and the erosion by overland-flowing water is minimal.
Further, this model does not attempt to account for the possible
case where rainfall before runoff loosens surface goil and produces
material much more easily transported than that available at the
surface during later flow. These effects conceivably could reverse
the hysteresis associated with surface hydraulic erosion.

Figure 5 presents modeled results of the time evolution of
cumulative watershed erosion in terms of small changes in soil depth.
Figure 5a is the rainfall rate pattern on this hypothetical elementary
watershed--two rectangular, sinusoidally-sloped, convergent planes
feeding a central channel, Figure 5b shows net watershed depth changes
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on each plane, The effects of the variable slope are evident:

convergence of flow simply distorts the effect at the lower end;

a nonconvergent plane would exhibit a longer length of late-

storm deposition., For this sinusoidal slope, deposition at the

lower end continues after erosion on the steep central area has

virtually ceased, owing to deceleration of flow in this area.
Storm~based changes in the central .channel, (Figure 5c), are some-

what different, The channel responds to the sediment introduced

from the planes along its length, as well as to the channel sediment

transport capacity dictated by the empirical function adopted (Yang,

1972).. Ia this example, the channel tends to steepen

(from an interesting combination of upstream deposition and downstream

erosion), related mostly to the longitudinal velocity distribution.

This pattern would be somewhat altered in field cases by downstream

hydraulic control. It seems that by proper choice of (variable)

channel slope, one could minimize event-related changes in channel

profile. This suggests a relation between mean watershed erosion,

geometry, and evolution of relatively stable upland channel slope

profiles.

Sumnmary

Limited space has prevented meore than a summary presentation of
the basic abilities of this watershed transport model. The general
objective here has been the description of the model as a framework
within which alternative erosion and transport models may be evaluated,

The structure of the watershed model allows complex watershed
shapes to be more accurately modeled, and the erosion submodel is
treated as a completely time~varying relation; previous models have
either dealt with lumped events or assumed uniform rainfall rate.

Results presented here on hypothetical watersheds demonstrate
sensitivities to relative erosivity of rainfall and flowing water,
choice of erosion models, and accuracy of hydraulic simulation.

Such features as rill development, for example, could be incorpor-
ated by modifying the surface hydraulic equations to operate with
hydraulic description of rills with a varying relation of mean depth
and hydraulic radius or by treating flow dominated by rills in a
partitioned manner as is done with overbank flood flow.

A more extensive study of model sensitivity, Inclusion of other
detail, and comparison of model with field data now being assembled
are planned for a subsequent report.
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Figure 1. Definition Sketch for Example Watershed Geomerry.
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Figure 2. Sample Discharge-Time Graphs for Water and Sediment
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SEDIMENTATION OF A FLATLAND WATERSHED IN LOUISIANA

By C. R. Akers, Geologist, Watershed Planning and River Basin
Studies Staff, Soil Conservation Service, Alexandria, Louisiana

ABSTRACT

Recent emphasis on the downstream effects of the Public Law 566
flatland watersheds has created an additional need to examine the
various aspects of the sedimentary process in areas of low relief.
Presently accepted evaluation procedures were developed in areas of
greater relief and generally dealt with coarser soils. .The data

for evaluation described here is a joint effort between the Agricultural
Research Service (ARS), the United States Geological Survey (USGS),
and the Soil Conservation Service (SCS). Each group has unique
expertise, and the coalition of this expertise is expected to furnish
the maximum knowledge in minimum time at minimum expense. Basic

sheet erosion has been determined by ARS using a "rainfall simulator.”
Sediment in transport is being measured by USGS using PS5-69

samplers. Rates of sediment deposition are being measured by ARS
using Cesium-137 concentrations as date markers. SCS is monitoring
activities that affect the land, providing personnel in the

immediate area, correlating activities dealing with the study,
analyzing results of the various studies, and evaluating the elements
of the sedimentary process.

INTRODUCTION

The area being studied is located in southern Louisiana where the
greatest relief is the natural levees (maximum elevations between

20 and 25 feet) of Bayou Lafourche and the present Mississippi River
(Figure 1). The natural levee of Bayou Lafourche reflects a period
of time (from approximately 1100 AD to 1900 AD) when Bayou Lafourche
served as a diversion of the Mississippi River. The similarity of
age and deposition between the natural levee of the present Mississippi
River and the natural levee of Bayou Lafourche provides a situation
where the soils and slopes of the two different natural levees are
similar. There is a definite break in the slopes where the natural
levee intersects the backswamp deposits. The backswamp deposits
gradually merge into Lake Verret. Average slopes on the natural
levee are approximately 0.07 percent. The local slopes due to minor
breaks are somewhat larger and are estimated to generally average
about 0.2 percent. The soils on these levees are approximately

80 percent Commerce and 20 percent Convent. Land use is primarily
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agriculture, sugarcane acreage accounting for more than 90 percent.
The soils of the backswamp are in the Sharkey series. General
slopes average approximately 0.04 percent, but locally they are
estimated to average approximately 0.2 percent. Slope lengths
between quarter drains average approximately 300 feet on both the
Commerce and Sharkey soils. Sugarcane and some soybeans are grown
on the Sharkey soils but the most of Sharkey soils are used for
woodland production. Where the woodland is above 4 feet mean sea
level, hardwoods are the dominating vegetation. Below 4 feet mean
sea level, the woodland is predominately cypress-tupelo. The
elevation of Lake Verret normally ranges between 1 and 3 feet
above mean sea level.

The concept being used in this study is the multiple checking of
each element of the sedimentary process by comparing and correlating
data derived by different methods.

The rate of erosion has been computed by the Universal Soil-Loss
Equation (USLE) (Wischmeier and Smith, 1965), the Musgrave Equation
(Musgrave, 1947), and field checked by measurements from the
"rainfall simulator" (Meyer and McCane, 1958). Measurements of
material being removed from a 560-acre drainage area are being made
on a storm basis with P5-69 automatic samplers (Water Resources
Council, 1972) and the rainfall from each of the storms will be
converted to the "EI" factor (Wischmeier and Smith, 1958) in the
USLE. C(rop stage will be noted for comparison. Data developed
from these methods will be used to predict rates of erosion.

In addition to the continuous sampler being used to establish
erosion rates, three other PS-69 sampling stations and a "grab
sample" station have been installed. The sampling stations have
been located to evalute sediment delivery ratios, the effects of
a sump area on sediment delivery ratios, the effects of channel
deposition on sediment delivery ratios, and to act as a check on
the station measuring erosion. This information will be related
to a factor relating drainage area and channel density. It will
also be related to storm runcff and the curve for estimating
sediment delivery ratios in the Blackland Prairies Problem Area
(Maner. and Barnes, 1953). The rate of sediment deposition, as
established by the Cesium-137 concentration study (Ritchie et al.,
in press), versus the determined erosion rate will alsoc be used to
establish a sediment delivery ratio.

The sediment accumulation rate at Lake Verret and the trap
efficiency of the lake are being checked by measurements of the
Cesium-137 concentrations in the bottom sediment. Sediment samples
have been taken from the bottom of main bayous entering Lake Verret,
Lake Palourde, and from downstream lakes connected to Lake Verret.

1-175



The sampling station being used to evaluate erosion (Station No. 4)
monitors a drainage area of 560 acres. Ten of these acres are
occupied by a sugar refinery. The remaining acreage is planted in
sugarcane. The area has Commerce soils. Using the Musgrave

Equation to compute erosion, the average erosion rate "E" is 0.79 tons
per acre per year. This amount is based on a soil factor "F" of

104, arainfall factor "R" of 1.75, an adjusted slope "S" of 0.01,

and a cover factor "C" of 0.433.

FRSC
104 x 1.75 x 0.01 x 0.433
0.79 tons per acre per year

E
E
E

f

Using the USLE (A=RKLSCP}, average erosion (A) amounts to 4.55 tons
per acre per year. The following values for the factors were used:

R, the rainfall factor, = 350
K, the soil erodibility factor, = 0.37
LS, the percent slope and slope length factor, = 0.11
(based on M = 0.3)
C, the annual crop management factor, = 0,32
P, the erosion-~control practice factor, = 1
A =350 x 0.37 x 0.11 x 0.32 x 1 = 4.55 tons per acre per year

Rainfall simulator tests were conducted on the Commerce soils of

this drainage area. Tests were conducted under cover conditions

of "flat-fallow," "bare-rows,'" "stubble,” and "full-canopy." The
annual "C" factor of 0.32 used in the above computation was derived
from these tests. Erosion rates computed from the rainfall simulator
data were considered to be very high and the data is being reexamined.

The PS~69 sampler monitoring the erosion from simulator-tested areas
is still being rated. Extreme difficulties have been experienced

in relating stream gage elevations to flow velocities. Differences
in the stage of Lake Verret and the confluence of other channels
which drain much larger areas below the station cause the difficulty.
When this problem is solved, erosion of the controlled drainage area
will be equated with the sediment yield to the station. Sediment
will be computed on a storm basis; the "R" factor in the USLE will
be computed from the rainfall gage records; and the frequency of the
storms will be established. From this, an average annual erosion
rate will be approximated and compared to the other rates that have
been developed.

Difficulty has been experienced at all of the P$-69 sampling
stations. The trouble has ranged from sediment collecting on the
floats and prohibiting the activation of the sampler to having the
same flow velocity at different stream gage elevations. The
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mechanical difficulties have been readily overcome, but the flow
ratings are still in the process of being evaluated. In addition
to the normal stream gage installations at each of the four PS-69
sampling stations, Station 3 (located on Grand Bayou) has vanes
installed to show the direction of flow. It has been observed

that upstream flow occurs at all stations., This flow is being
correlated with the flow direction as recorded by the vane at Grand
Bayou. The present plans for rating the flow at the different
stations include the correlation of the vane information and development
of a flow gradient. In addition to this procedure, an experimental
recording flow meter is to be installed by USGS.

Sediment discharge from several storms has been computed at PS5-69
Stations 1 and 2. While this information will be modified as the
flow rates are refined, the information is considered to have
approximately 25 percent accuracy.

At Site No. 1, a total of 6,690 tons of sediment were calculated
as being discharged as a result of a total of 6.48 inches of raim.
The drainage area above Site No. 1 is 22.6 square miles,

Site No. 2 had a total of 19,163 tons of sediment calculated for
12.26 inches of rainfall. The drainage area for Site No. 2 is
37.2 square miles.

Bottom samples of the sediment in 27 different locations have been
taken in Grand Bayou, Bayou Carne, Lake Verret, Grassy Lake, and
Lake Palourde. These samples were analyzed qualitatively and
quantitatively for Cesium-137. The peak concentrations were
assumed to represent the peak cesium depositional years of 1962-64.
The six locations sampled in Grand Bayou and Bayou Carne had sediment
thickness above the maximum concentration, in centimeters, of 30-40;
30-40; 30-40; 10-20; 50-60; and 30-40, respectively. This would
indicate approximately 4 cm/year (0.13 ft/year) of sediment being
accumulated in these bayous. The 11 locations sampled in Lake
Verret showed a wide variation in thickness of sediment to maximum
concentrations (0 to 40 em or 0-1.3 ft). Most of the sediment
appears to be in deltas where major streams are entering the lake
and no deposition is occurring near the center of the lake. Four
locations were sampled in Grassy Lake. Three of the locations

(the inlet from Lake Verret, the inlet from the east, and the center
of the lake) showed little or no sediment. The fourth location, in
the exit section, showed a peak concentration between 10 and 20 cm
(0.3 and 0.6 ft). Nine locations were sampled in Lake Palourde.
With the exception of the location near the mouth of Bayou Milhomme
(Belle River), very little sediment was observed. It is thought
that most of the sediment entering Lake Palourde has a source other
than Lake Verret.
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Additional locations will be sampled for Cesium-137 concentrations.
Band 6 ERTS photographs show anomalous conditions in the areas of

high deposition. These areas will be sampled and if the results
indicate a correlation between sediment deposition and the photographs,
the photographs will be used to determine the area of deposition.
Samples will be taken in the swamp area north of Lake Verret along
Crand Bayou and Bayou Carne. Channels between Lake Verret and Lake
Palourde will be sampled.

Although additional time is necessary to accomplish the goals of

this study, preliminary results of the wvarious tests are encouraging.
The ability of Lake Verret to trap sediment, prior to its being
deposited in Lake Palourde, has been established by the Cesium-137
study. The rainfall simulator tests established the erodible nature
of the soils and have shown the necessity of additional erosion
studies on soils with low slopes. The PS5-69 samplers have

established the presence of a high sediment yield, and the preliminary
data seems to substantiate the high erosion rates found with the
rainfall simulator.
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STORM-PERIOD VARIABLES AFFECTING SEDIMENT
TRANSPORT FROM URBAN CONSTRUCTION AREAS

By William J. Herb, Hydrologist, U.S. Geological Survey,
Parkville, Maryland, and Thomas H., Yorke, Hydrologist,
U.S. Geological Survey, College Park, Maryland.

ABSTRACT

Eight small drainage basins, ranging in size from 0.91 to 25.2
square kilometres (0.35 to 9.73 square miles), located in the suburbs of
Washington, D.C., were studied between 1963 and 1974 to determine sedi-
ment transport characteristics of streams draining urban construction
areas. Annual construction ranged from less than 1 percent of basin
area to more than 15 percent. Five hundred and twenty-four storms were
analyzed to determine the effects of 14 storm-period variables on sedi-
ment load. Factors found to be most significant were storm runoff and
peak discharge. Rainfall intemnsity, runoff peakedness, percentage of
basin under construction, and a time-trend factor were found to be less
significant. Multiple correlation coefficients for best regression
equations with four independent variables ranged from 0.85 to 0,96, and
standard errors ranged from 0.300 teo 0,221 log units. The equations
reflect the significant impact of both construction activities and
summer storms on the sediment discharge of urban streams.

INTRODUCTION

Suspended-sediment discharge of streams is highly variable, depend-
ing on runoff conditions, rainfall duration and intensity, and land use.
The relative effects of some of these factors on individual storm-—
sediment loads have been analyzed for several large drainage basins in
the AtlanEic coast area (Guy, 1964). Basins rangiag in size from 235 to
11,840 km~ (square kilometres) or 98.4 to 4,571 mi” (square miles) were
studied. Factors such as storm runoff, runoff peak ratio, and rainfall
intensity explained much of the storm-to-storm variation of sediment
discharge for these large basins, This paper presents the results of a
similar investigation of small urban streams, and illustrates sediment-
load response to various storm-related parameters in areas undergoing
urban development.

The drainage basins studied are located in the headwaters of the
Rock Creek and Anacostia River basins in Montgomery County, Md. (fig. 1)
Physiographic and climatic conditions of the study area are generally
representative of the Piedmont Plateau between central Virginia and
northern New Jersey. The typical upland topography is gently rolling,
and the stream valleys are steep and narrow. The predominant soils are
silt loams and silty clay loams formed from a residuum of igneous and
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Figure 1.--Location of study area (shaded).

metamorphic rocks. These soils are highly susceptible to erosion when
exposed by construction activities. Precipitation averages about 1,070
mm/yr (42 in/yr), and is evenly distributed throughout the year. Average
monthly precipitation ranges from 71 mm (2.8 in) in February, to 124 mm
(4.9 in) in August. Much of the summer precipitation comes in short,
high-intensity rainfalls from convective storms, whereas winter precipi-
tation comes mostly in low-intensity rainfall from frontal storms.

Streamflow, precipitation, suspended-sediment, and land-use data
were obtained for eight drainage basins in the study areg between 1963
ang 1974, The basins ranged in size from 0.91 to 25.2 km™ (0.35 to 9.73
mi”)., Four of the basins remained mostly rural during the study period,
while the remaining four basins underwent considerable development
(table 1). Streamflow was monitored at each site with digital water-
stage recorders having recording frequencies of 96 or 288 readings per
day, depending on basin drainage area and land use. Recording rain
gages in each basin were used to obtain rainfall intensity. A supple-
mentary network of nonrecording rain gages was used to define the areal
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TABLE 1.--INFORMATION ON BASINS USED IN REGRESSION ANALYSIS OF THE EFFECTS OF STORM-PERIOD VARIABLES

NUMBER OF
DRATINAGE PERIOD STORMS PERCENTAGE OF BASIN UNDER CONSTRUCTION
AREQ OF USED IN BASINI/

BASIN KM RECORD ANALYSIS CLASS~' 1966 1967 1968 1969 1970 1971 1972 1973 1974

Williamsburg Run 5.83 Nov 1966~ 93 LU 3.1 7.6 4.7 3.0 3.3 5.1 7.4 5.1 1.0
near Olney Sept 1974

North Branch Rock 25.2 Nov 1966- 92 LR 2,2 3,2 2,0 1,5 1.9 2.2 2.5 2.0 0.5
Creek near Norbeck Sept 1974

Manor Run 2,62 TNov 1966- 71 sU 5.7 10,8 11.8 9.6 7.4 5.4 3.9 0.8 0.9
near Norbeck Aug 1974

Northwest Branch Anacostia 6.35 Mar 1967- 58 LR 6.2 1,1 0.2 0.3 0.4 0.2 0.1 0.9 2.5
River at Norwood Aug 1974

Batchellors Run 1.22 Aug 1967- 26 SR 0.0 1.7 0.7 0.7 0.7 0.3 0.3 0.3 4.0
at Oakdale Aug 1974

Nursery Run 0.91 Apr 1967- 52 SR 0.4 ¢.0 0,0 0,0 0,0 0,0 0,0 0.4 0,0
at Cloverly Sept 1973

Bel Pre Creek 4.38 June 1963- 92 LU 14,0 13.9 9.8 11.1 9.7 8.9 13.7 15.2 11.0
at Layhill Adug 1974

Lutes Run 1.22 June 1963- 40 Su 13.3 9.3 4.3 4.3 4.3 1.7 1.7 1.7 0.7
at Lutes Sept 1974

1/ NOTE: - Drainage area larger than 3.9 km2

- Drainage area smaller than 3.9 km2
More than 10% of basin area in urban residential and public-commercial land-use categories
Less than 10% of basin area in urban residential and public-commercial land-use categories
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distribution of storm rainfall, Suspended sediment was sampled with a
combination of automatic single-stage samplers, manual depth-integrating
samplers, and automatic pumping samplers, which were used at four sites.
The percentage of construction area in the basins was determined from
aerial photographs obtained annually between 1966 and 1974 and adjusted
for seasonal variations in construction activity.

REGRESSION MODEL

A stepwise multiple regression model was selected to evaluate the
effects of the different storm-period variables on sediment lecads. In
the first step of the regression program, all the variables are included
in the computations. TIn subsequent steps, the variable with the least
significant partial-regression coefficient in the preceding equation is
eliminated from further computations. The elimination and recomputation
continues until one independent variable remains. The final output of
the multiple regression model consists of a simple correlation matrix of
all selected variables and a series of multiple regression equations for
each basin.

From 26 to 93 storms (table 1), depending on the availability of
stage, sediment-concentration, and precipitation data, were used in the
analysis of the relative effects of selected storm-period variables, A
total of 15 variables was determined for each basin studied. These
variables are:

Storm sediment load (SL) total load transported during
the runoff period, in tons.
Total runoff (QT) - total runoff during dgys of
: surface runoff, in ft”/s-d

(cubic feet per second-days).

Storm runoff (QS) - total runoff migus egtimated
baseflow, in ft~/s-d.

(Baseflow was estimated as
the runoff below a straight
line drawn from the point
of initial rise to the point
where the recession limb of
the hydrograph approached a
straight line.)

Peak discharge (Qp) instagtaneous peak discharge,

in ft7/s (cubic feet per second).

}

Antecedent discharge (Qa) mean dally discharge the day

before the initial rise, in ft”/s.
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Antecedent days (AD) - the number of days between storms.

Total precipitation (RT) ~ total precipitation orn the drainage
basin as determined by isohyetal
maps for each storm, in inches.

Rainfall intensity - maximum rainfall during a given
interval as determined by the
- ¢closest available recording-
rain gage:

R05 - maximum 5-min fainfall, in in/hr (incheé per hour).
R15 - maximum 15-min rainfall, in in/hr.
R30 - maximum 30-min rainfall, in in/hr.
R1H - maximum l-hr rainfall, in in/hr.
R3H - maximum 3-hr rainfall, in in/hr.
Note. - The 5-min, 15-min, 30-win, and 1-hr
rainfall intensities were .determined
for the Lutes Run basin. The 15-min,
30-min, l-hr, and 3~hr intensities
were determined for the other seven
basins.
Number of Peaks (NP)' - number of peaks during storm.
Time (T ) - number of months between the
1l s
beginning of the record and the
storm.
Construction (C_) - percentage of basin area under
P active comstruction at the time
of the storm.
Peak ratio (Pr) - approximated as: Pr =Q =~ Qa
Qs

In order to meet the assumptions of a linear regression model,
hydrologic data generally must be transformed to logarithms. A review
of the study by Guy (1964) and a partial graphical analysis of data used
in this study indicated that the following transformations were required:
log 8., log Q_, log Q , log (10 x Q ), log (10 x RT), log (10 x RO Y,
log (EO xR 5?, log fo x & ), loga(lo X Ryy,), log (10 x R_..), ana log
P_. Antece&ent runoff and %ge rainfall fac%grs were multipiged by 10
béfore conversion to simplify the logarithmic expression of the original
values,
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CORRELATION MATRICES

Correlation matrices of selected variables for individual stations
were examined with three objectives in mind: to imvestigate the possi-
bility of bias introduced into the regression analysis by changes in
sampling procedures or climatic conditions; to determine the degree of
relation between sediment load and the independent variables; and to
determine the intercorrelation of the independent variables. The rela-
tion between time, in months (hereafter referred to as the chronology
factor), and the other independent variables was used as an indicator of
a climatic or sampling bias during the study period.

Chronology and total storm rainfall exhibit only a low, nonsignifi-
cant intercorrelation, indicating that there has been no significant
change in the magnitude of the rainfall events used in the regressions.
Lutes Run is the only exception, exhibiting a highly significant (99~
percent confidence level) negative intercorrelation between chronology
and total precipitation. Apparently, more small storms were sampled
toward the end of the study period. This probably resulted from an
improvement in pumping-sampler hardware and techniques,

While there is a low, nonsignificant intercorrelation between
chronology and total storm precipitation, there is generally a positive
intercorrelation between chronology and net storm discharge. Intercorrela-
tions are significant at the 95 percent confidence level for Williamsburg
Run, Manor Run, and Northwest Branch Anacostia River, These positive
intercorrelations are probably related to significant posgsitive inter-
correlations between chronology and antecedent discharge, which are a
reflection of a trend toward wetter years at the end of the study. This
theory is supported by the precipitation records for stations near the
project area, which indicate an Increase in average annual precipitation
of about 250 mm (10 in) during the second half of the sample period.
Apparently there were more storms and a shorter time between storms near
- the end of the project. Therefore, higher scil moisture levels and
higher baseflows existed at the onset of many of the later storms.

Lutes Run and Bel Pre Creek, draining the two most extensively
urbanized basins in the study area, are the only streams exhibiting
significant positive intercorrelation between chronology and peak ratio.
This relationship indicates that the ratio of peak discharge to storm
discharge has been increasing, probably due to the effects of increased
impervious area and storm sewers in these basins. 1In the Lutes Rum
basin, the smaller storm size and disproportionate number of summer
storms for 1973 and 1974 also contributed to the significant positive
correlation between chronology and peak ratio, Summer storms with low
runoff volumes generally have a single peak of relatively short duration,
resulting in a high peak ratio.

The effect of each independent variable on sediment load was evalu-

ated in subsets to facilitate comparison between basins, Basins were
classified as urban or rural and small or large (table 1). BRasins with
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less than 10 percent of the area in urban residential or public-commer-
cial land-use categories were considered rural, and the others were
considered urban. The urban basins gemerally had active construction
sites throughout the study period, Basins were classified as small or
large depenging on wBether the drainage area was less than or greater
than 3.9 km~ (1.5 mi™).

There was a highly significant positive correlation between sediment
load and storm runoff. This is expected since runoff was a component of
sediment load computation in this study.

Other variables with a significant positive relation with sediment
load are peak discharge, total precipitation, and rainfall intensity.
These are significant for all basins--small, large, rural, and urban.

The chronology factor and percentage construction are only significant
for the urban basins. That there was no significant correlation between
chronology and sediment load in the rural basins is further evidence

that the sediment data were not biased by changes in sampling or climatic
conditions,

The correlation of antecedent discharge, antecedent days, and peak
ratio with sediment load differs for large and small basins, Sediment
load has a significant positive correlation with antecedent discharge,
and a significant negative correlation with antecedent days on the large
basins. The correlations are insignificant at the 95 percent confidence
level on the small basins., This difference between the large and small
basins probably reflects higher correlation between runoff volume and
sediment loads on the large basins, The sediment load from small basins
is less affected by runoff volume and more dependent on the intensity or
peakedness of runoff., This is indicated by a significant correlation
between peak ratio and sediment load for the small basins,

A number of independent variables were found to be significantly
intercorrelated. The intercorrelations between the various rainfall
intensity parameters were highly significant. Correlations between
rainfall parameters, peak discharge, and peak ratio were also high., A
generally negative intercorrelation exists between antecedent discharge
and rainfall intensity., This is apparently a reflection of the seasonal
variation of storm types. Intense convective storms usually occur
during the growing season when the baseflow is generally lower than
during the dormant season. Because of the intercorrelation of these
variables, the regression model was set up so that these variables would
not be considered simultaneously. As many as ten runs of the model were
made for each basin so that the effect of each of these variables could
be evaluated without the influence of the other highly correlated in-
dependent variables.
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REGRESSION EQUATIONS

The computer analyses of various combinations of independent vari-
ables produced regression equations of the form

log SL = bo + bl X, + b2 Xy + .0t bn X
where
SL = gediment load,
b0 = regression constapt,
bn = regression coefficient for the

corresponding variable (Xn).

Each model for an individual station was analyzed and the best
equations with one, two, three, and four independent variables were
gelected based on the multiple correlation coefficient and the standarxd
error of estimate. The regression equations summarized in table 2 are
generally consistent with the results of the correlation analyses.
Storm runoff is the most significant parameter affecting sediment load.
It explained 52 to 72 percent of the variation of sediment load for the
5 sites when it was the most significant independent variable., Peak
discharge was the most significant independent variable at three sites:
North Branch Rock Creek, Manor Run, and Nursery Run. It explained 40,
83, and 86 percent of the variation of sediment load, respectively.
There was no apparent relation between the size of the basin or degree
of urban development and the significance of peak discharge in the
regression equations. The addition of a second independent variable to
the regression equation for each basin generally resulted in a marked
i