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Foreword

The international community is becoming increasingly aware of
the dangers that soil erosion and sedimentation pose to sustainable
agriculture and the overall stability and quality of the environment.
Formation of Subcommission C: Soil Conservation and Environment
by the International Society of Soil Science not only recognizes these
dangers but also reflects a commitment by all soil scientists to use
their skills in developing effective solutions.

This publication is one of the first major activities of this subcom-
mission. Members of the subcommission and other interested scien-
tists perceived the need for a volume that would provide an over-
view of research methods to assess the magnitude and impact of soil
erosion. They believed that such a publication would help disseminate
proven technology while also stimulating research on better methods
of assessing the damages of erosion throughout the world and of
developing and applying soil-saving farm practices.

We are grateful to the authors for their contributions, to the insti-
tutions for which they work for providing the opportunity for re-
scarch, and to the Soil and Water Conservation Society for its assis-
tance in publishing this book at a price that will make it accessible
to scientists in all countries. We also acknowledge the financial sup-
port from the International Institute for Tropical Agriculture and
the U.S. Agency for International Development, without which this
publication would not have been possible.

Samir A. El-Swaify, Chairman,

and Klaus W. Flach, Past Chairman
Subcommission C: Soil Conservation and Environment
International Society of Soil Science



Preface

Soil erosion is a major environmental concern of modern time.
As an emotional and debatable issue, two schools of thought have
developed about the consequences of soil erosion.

One school. comprised of ccologists and environmentalists, believes
that accelerated erosion is a cancer on the land that rapidly is
depleting the soil's productive capacity and causing the pollution and
cutrophication of natural waters. In support of their claim, adherents
of this school cite the fact that the annual loss of agricultural land
due to soil erosion and desertification is as high as 3 million hectares
and 2 million heetares, respectively. At this high rate of agricultural
land loss. they fear that the world may lose from one-fifth to one-
third of its agricultural land by the year 2000. The annual global
discharge of sediment into the oceans has inereased, presumably, from
2 billion tons before the development of settled agriculture to 24
billion tons now.

The other school believes that the effects of soil erosion are
drastically exaggerated, though they accept that excessive soil ero-
sion can be a problem. Some soil scientists sincereiy believe that +he
loss of topsoil can be compensated for easily by adding a few kilo-
grams of additional nitrogen to the soil. They further argue that on-
site crop yield reductions may be compensated for by increased yields
at the site of deposition. The development of most fertile valleys,
afterall, they contend, is attributed to erosion in the upper reaches
of the catchment. The proponents of this school believe that the “cry-
ing woll attitude™ can be counterproductive,

The effects of soil eresion on this resource specifically and the en-
vironment generally are easily exaggerated when factual informa-

xi



xii PREFACE

tion is scarce. Despite the voluminous literature on the global,
regional, and national problems of soil erosion, quantitative and
reliable data on the magnitude of problem are iadeed scarce. Fur-
thermore, there are few if any checks to verify the validity of available
statistics on the magnitude of soil erosion. Most available informa-
tion, especially that from the tropics, is based on reconnaissance
surveys or on experiments that lack a standardized methodology. Such
an information base may be of some use in creating public awareness,
but it is of little value in developing and implementing strategies to
prevent or control erosion. Whatever quantitative data are available,
particularly from the tropical countries, usually are obtained with
unstandardized methodology. The size of runoff plots, the method
of collecting runoff and sediment samnples, use of a partitioning or
muitislot system, design of storage tanks, and other factors differ
among researchers. Equipmen’ design and the size of the field plots
are dictated more by budgets and the available manpower than by
the need for scientific precision and data accuracy. A survey of the
equipment and methodologies used in field plot experiments would
indicate a wide range of techniques used in evaluating soil erosion.
The results thus obtained are methodology-specific and cannot be
compared among widely scattered experimental sites.

The belief that “some data are better than no data” has produced
crroncous results. which have led to costly mistakes - designing
ineffective crosion control measures. Erosion research, although
capital- and labor-intensive, is not expensive. There is indeed a pau-
city of results produced from well-designed and properly equipped
crosion experiments. I is preciselv that data from such experiments
that scientists and policymakers require for developing appropriate
resource management strategies.

It is for these reasons that the newly formed Subcommission C:
Soil Conservation and Environment of the International Society of
Soil Science undertook this project of standardizing erosion research
methodology. While preparing the outline, the subcommission care-
fully chose the topics to reflect the most basic of research needs. In
addition to professional competence, authors were selected on the
basis of their experiences in diverse ecological and geographical
regions.

The book includes 10 chapters. The first addresses the issues of
evaluating soil erosion problems with unstandardized methodologies
and of data precision and reliability. Chapters 2 through 9 deal with
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methodologies involved in the laboratory, field runoff plots, and large
river basins; the design and use of rainfall simulators; modeling soil
erosion processes; methods of monitoring erodibility and erosivity
and of the canopy cover; and assessing the impact of erosion on pro-
ductivity. The last chapter discusses the important topic of wind ero-
sion and available techniques to measure and predict its magnitude.

The project, initially planned and discussed in January 1983, got
off to an excellent start. All authors responded enthusiastically and
prepared and revised their manuscripts on schedule. T express my
profound appreciation to each of them for their sincere efforts to
prepare top quality manuscripts on schedule. Once the manuscript
was assembled, the projeet ran into unforeseen financial difficulties.
Once again, 1 express iny thanks to all authors for their cooperation
and understanding of this difficult situation. Sincere efforts to pro-
ciire the financial support were made by Dr. Klaus Flach, president
of Subcommission C; by Dr. W. Sombroek, secretary general of the
International Society of Soil Science; and by Dr. Ray Meyer and
Dr. Hari Eswaran of the U.S. Agency for International Develop-
ment. Dr. Flach left no stone unturned in getting this project com-
pleted. The financial support received from the International Insti-
tute of Tropical Agriculture and from USAID made it possible for
the Soil and Water Conservation Society to publish this important
document.

This publication is an important step toward realizing the dream
of standardizing erosion research methodologies. It has been an honor
to work with members and officials of Subcommission C and many
accomiplished and distinguished scientists who prepared their respec-
tive manuseripts meticulously and on schedule, Finally, I received
full cooperation and support from Messrs. Max Schnepf and James
Sanders of the Soil and Water Conservation Society. It has been a
pleasure working with them and with other members of their editorial
staff. T hope that this association will help the scientific community
in moving a step closer to understanding and solving the severe prob-
lems of soil crosion,

Rattan Lal, Editor

January 1988
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R. Lal

Soil erosion by wind
and water: Problems
and prospects

That accelerated soil erosion is a serious global problem is widely
recognized. What is difficult to assess reliably and precisely, however,
are the dimensions—the extent, magnitude, ar.d rate—of soil ero-
sion and its economic and environmental consequences. Informa-
tion readily available in the literature often is based on reconnaissance
surveys and extrapolations based on sketchy daca.

Judson (8) estimrated that river-borne sediments carried into the
oceans increased from 10 billion tons a year before the introduction
of intensive agriculture, grazing, and other activities to between 25
billion and 50 billion tons thereafter (I). Dudal (4) reported that
the current rate of agricultural land degradation worldwide by soil
erosion and other factors is leading to an irreversible loss in produc-
tivity on about 6 million ha of fertile land a year. According to the
United Nations Environmental Program (15), crop productivity on
about 20 million ha each year is reduced to zero or becomes uneco-
nomic because of soil erosion and erosion-induced degradation. On
the basis of information available worldwide on soil erosion, Higgins
and associates (7) reported that crop yields in rainfed areas might
decrease 29 percent over the next 25 years. Since the beginning of
settled agriculture, soil erosion has destroyed about 430 million ha
of productive land (9). Buringh (2) estimated that the annual global
loss of agricultural land is 3 million ha due to soil erosion and 2 million
ha due to desertification. Of the total annual sediment load of 1
billion tens carried by rivers from the continental United States, about
60 percent is estimated to be from agricultural land (10, 11). The
off-site damages caused by sediment in the United States are estimated
at 36 billion annually (3), including $570 million for dredging several

1



2 R. LAL

million cubic meters of sediment from U.S. rivers, harbors, and reser-
voirs (12).

Equally ruinous are the adverse effects of wind erosion. Although
wind erosion is less than water erosion on 2 world scale, the prob-
lem is severe in many semiarid and arid regions. However, even less
research data is available for wind erosion than for water erosion.
The basic principles governing wind erosion processes and erosion
control are similar to those for water erosion. Nonetheless, the specific
cause-and-effeet relationships, the magnitude of wind erosion in dif-
ferent ecologies, and the effectiveness of erosion control practices on
Inanagement systems have not been investigated widely.

The need for improved data

These frightening statistics leave many Guestions unanswered on
data sources, methods of data collection and extrapolation, and data
accuracy and reliability. Soil erosion research is a capital-intensive,
time-consuming exercise. Global extrapolation on the basis of few
data collected by diverse and unstandardized methods can lead to
gross errors. Erroneous and unreliable information is worse than hav-
ing no information because it cun lead to costly mistakes and mis-
judgements on critical policy issues.

There is an urgent need for standardizing methodologies to in-
crease the reliability and accuracy of data on soil erosion. The in-
forrmation should be factual and devoid of emotional rhetoric. Some
basic problems with data collection are as follows:

Data extrapolation. Extrapolations based on limited data and to
regions outside the ecological limits in which experiments were con-
ducted are often misleading. Two examples are the attempts to com-
pile suspended sediment yie!ld maps for Africa and Souch America
(Figure 1). Fournier (6) determined sediment yield in Africa south
of the Sahara Desert on the basis of extrapolation of relationships
between specific sediment vield and catchment relief in other regions,
for example, continental Europe. In another case, Strakhov (13) used
meager data and extrapolated it to the entire African continent. These
two maps differ both in trend and in sediment yields by several orders
of magnitude.

More recently, Walling (16), in collaboration with UNESCO, com-
piled the most up-to-date map based on sediment yield data for Africa
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and other regions of the world. This map, based ou existing data,
differs from both the Fournier and Strakhov maps. Walling indicates
the dangers of insufficient data and points out that his map is still
tentative, subject to furtner refinements. The magnitude of error
caused by using Strakhov’s map or Fournier’s map, if Walling’s is,
ir. fact, more reliable, is striking indeed.

Rather than quantitatively measuring soil loss, field assessment
often irvolves a qualitative evaluation of soil erosion. Soil movement
is visually judged to be none, slight, moderate, or severe. Assessment
of soil erosion by this technique is rather selective and depends upon
personal judgement. It is also difficult to relate quantitively erosion-
caused effects on soil properties and crop yields to soil erosion. Infor-
mation of this nature, though usefu), is only of relative importance.
Uniess supported by data on soil profile characteristics, such quali-
tative inlormation is hard to generalize. Slight erosion may have
severe effects on crop vields in a ma) ginal soil, whereas severe ero-
sion mav have little effect on crop yields in a deep, fertile soil.

Standardization of methodology end data reliability. A wide range
of plot dimensions and runoff and crosion collection systems are used
to monitor the severity of erosioi in different ecologies. The equip-
ment used is often insufficient for expected runoff; overflow thus is
a common proolem. A range of multidivisor systems, storage and
siltation tanks and reservoirs, and sediment collection and filtration
methods makes soil erosic  research more of an art than a science.

In collecting samples for determining suspended sediment and bed-
load measurements in rivers, Walling (16) listed some important con-
siderations, for example. equipment and procedures used for collect-
ing samples, sampling frequency, sampling location in relation to
river bank, depth of sampling, and methods of data caleulation and
analysis. In fact, data reliability is one of the serious problems in
soil crosion research. Erosion rates assessed by an unstandardized
methodology are unreliable. Regrettably, the literature is polluted
with such data.

Attempts have been made to estimate soil erodibility from em-
pirical equations developed elsewhere. The estimated values of erod-
ibility often differ from the measured values by a factor of 2 to 5.
Similar problems are encountered in estimating rainfall erosivity
without prior knowledge of drop size dis*ribution, intensity, and
kinetic energy and the relationships among these variables. Isoerod-
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ent maps prepared on the basis of guestimated R factors can do more
harm than pood.

Record duration and data continuity. Data should be obtained with
standard equipment and for a reasonable length of time to provide
long-term trends. Soil erodibility and detachability are time-depend-
ent functions. Rain and wind erosivity assessments should be made
based onJong-term trends in rainfall or wind velocity, The sediment
load in rivers is subject to scasonal and annual fluctuations. The
interannual variability of these parameters can only be ascertained
from long-term data obtained nsing standard methods. Spot mea-
surements of erodibility. erosivity. or load can be misleading.

Toward standardization

soil erosion is among the most critical environmental hazards of
modern timnes. Vast areas of Tand now being cultivated may be ren-
dered unproductive or at least economically unproductive if erosion
continues anabated. Although accelerated erosion and erosion-caused
soil degradation are unmitigated evils, quantitative data on the rate
of soil crosion for different enviromments and land uses are not
available in many regions. Guesses, emotional statements. and qual-
itative assessments should be replaced by Tacts and figures supported
by verifiable data. There is a need for more basic research to generate
data that is accurate, reliable. and obtained by standardized methods.
There is munch talk abont the severity of erosion. vet little is known
about quantitative rates of soil crosion. What are the criteria to
evalaate the degree of soil d-gradation cansed by erosion? Tow can
one assess the itmpact of soil erosion in cconomic terms?

For results te be comparable and for their extrapolation from one
region to another, it is imiportant that methodologics he standard-
ized. This vohne is an atterapt to define standard methods and
techniques used for soil erosion and sedimentation rescarch. The em-
phasis is on basic data collection, Fxisting models also are explained,
and those that can be used as tools to identify the knowledge gaps
and to extrapolate the duta to other regions are diseussed.,
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C. K. Mutchler, C. E. Murphree, and K. C. McGregor

Laboratory and
field plots for
soil erosion studies

S()il erosion research must be based on experimental results of some
form. Often, laboratory and field plots are nsed to obtain experi-
mental data for predicting and evaluating soil erosion and sediment
vield.

Laboratory and field plots are important only as tools to acquire
data to accomplish some research objective. Plots must be designed
to furnish data that can be analyzed to test hypotheses and to pro-
vide some knowledge or technique useful for soil conservation.

A project outline

The first step in any research project should be a working outline
that gives specific instrnctions for performing and completing the
experiment. Firstis a set of objectives and justification for doing the
rescarch. These elements are necessary for two reasons: to obtain
money and materials for the research and to guide the research
through the life of the project

The next part of the outline is a literature review. This ensures
that the rescarch does not reinvent the wheel. The length and time
spent on a literature review depends upon the experience of the
researcher and the technical guidance provided.

The procedures part ot the outline describes in detail the instrumen-
tation required and data collection methods. No single part of the
outline can stand alone, except perhaps the objectives and justifica-
tion. The procedures section in particular must support all other parts
of the research outline.

The last part of the outline is a plan for analysis. Experiments using
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erosion plots generally are expensive. Therefore, rescarchers must
take care that all the needed data are collected to complete the anal-
vsis. Also, the plan for analysis helps to ensure that questions in the
objectives will be anwwered.

Careful preparation of a research outline is critical because of the
peculiar nature of erosion research. Most procedures tend to destroy
the erosion plot. This is especially so in laboratory experiments that
require expensive, time-consuming efforts to prepare a plot for appli-
-ation of a simulated rainstorm. In short, all data must be collected
correctly the first time 1o prevent repreparation of the laboratory
plot or a long wait to allow plot conditions to be established once
again,

Physical modeling of the soil surface with or without plants must
always be done in full scale. Sand, silt, and clay particles cannot
be scaled for reduced-scale experiments. Agricultural soils have many
chemical and physical properiies, particularly those of cohesion, that
differ for cach soil type. Also. land invariably has some runoff chan-
nelization tendeneies that are modified by cropping patterns. These
factors require plots to be full size. Likewise, plants are difficult to
use except in a full-size model. Most important, rainfall cannot be
scaled. Every raindrop has its own shape and velocity, depending
upon its size. Consequently, plot size is important to represent prop-
erly the soil and plant situation being sampled. The research outline
should ensure correct use of the plot.

The crosion process

The term “erosion™ often is used as an all-inclusive word to describe
the wearing down of a landscape. However, we prefer to define ero-
ston as the detachment or entrainment of soil particles, thus distin-
guishing it from deposition or sedimentation and sediment transport.
Herein, we use the term sediment vield to refer to the amount of
eroded material that passes a designated point at the outflow end
of a plot, field, channel, or watershed (catchment). The term soil
loss, expressed as a quantity per unit area and time, often is used
for small plots. Even in the most erodible situations, soil loss or sedi-
ment vield 15 limited by the transport capacity of the runoff. As runcff
flows through a watershed, changes in topography, vegetation, and
soil characteristics often reduce this transport capacity. There are
various opportunitics for deposition as a result. Gross crosion in a
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watershed. as predicted from plot results, must be reduced by a sedi-
ment delivery ratio (unique for each watershed) to obtain an expected
sediment vield for a watershed.

Basically. any thin depth of water on a slope concentrates as it
flows downhill becaase of the surface tension properties of water.
The result of this phenomenon can be seen after landscapes have
croded under the flow concentrations. Rescarchers have devised var-
ious systems of strean orders to study the results of runoff concen-
trations on the land. Although farm operators are more concerned
with the farmable arcas between stream channels, the same general
effect of flow concentrations is observable in areas between chan-
nels that cannot be crossed in a farming operation.

Raindrop impact crodes the land surface hetween rills and also
initiates transport of detached soil particles to the rills. The com-
plete transport system involves the initial movement of soil from the
point of raindrop impact to small rills, to larger rills, to ephemeral
channels, and to continuously flowing rivers. Erosion and sedimen-
tation can occur at any point in the svstem. This process is called
aeologic erosion when it oceurs without human influence. Alterna-
tively, the process is called aceelerated erosion when activity by
humans causes increased erosion, such as land disturbed for crop
production,

During agricultural operations, cultivation, row dircetion in plant-
ing. and water management practices designed to convey runoff
without allowing excessive erosion all change the natural rill system.
In row-crop agriculture, rills generally form in tillage paths, espe-
cially where the crop is cultivated. ior up-and-down-hill rows, the
rills enlarge as runoff amounts and rill erosion increase. For con-
tour rows, rill enlargement is slower because of lower runoff veloe-
itics. However, the capacity of rills parallel to *he rows often is ex-
ceeded under Targe storms, and rills parallel with the slope are
tormed. Terraces built across a slope interrupt dow nslope rill pat-
terns and keep il formation at the clementary stage.

Knowledge of the erosion process is necessary because erosion stud-
ies use plots that are samples of this “big picture.” To be valid. results
of such rescarch inust be from a representative sample of the land-
seape. Researchers. of course. use various plot types to study soil ero-
sion. The major concern is that any plot is a sample of the landscape,
and it must furnish data that can be analyzed and formulated for
use on the land.
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In summary, then, a land area is comprised of rills and channels
and the land between them. More specifically, farmland can be
described as rill and interrill areas and the erosion processes as inter-
rill erosion, rill transport, rill erosion, and deposition. Plots can repre-
sent full-size areas of interrill erosion or rills separately, or they may
represent areas that include all of the processes. Thus, erosion plots
fall into three categories: small plots, USLE (universal soil loss equa-
tion) plots, and large plots.

Small plots

Researchers use small plots to study separately rill or interrill ero-
sion. Such plots are typified by the square-meter plots used by Meyer
and Harmon (12) to study interrill erosion on cropland in row crops.
Laboratory plots, used to isolate some small part of the erosion pro-
cess for intensive study, are also common because of space limita-
tions (Figure 1.

Figure 1. A laheratory erosion plot used to study the effects of crop residue place-
ment on soil erosion. The 46-cm x 46-cm plot is surrounded by a border 23 c¢m
wide. Runoff enters a slot at the bottom of the small plot and is collected in a con-
tainer for measurement and sediment analysis. Rainfall is applied with a nozzle-
type rainfall simualator mounted 3 m over the plot.
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Small plots nsually use rainfal! simulation (sce chapter 4).

There s extensive literature in soil physies on the use of small soil
plots. Here, we discuss nnly those principles that are important to
crosion rescarch,

Objectives. Generallv, researchers nee smuall plots to study basic
crosion phases that are difficult to study in detail on farger plots,
for example. surface scaling, aggregate stabilty, raindrop detach-
mient. and splash transport. Note that these topies deal with pro-
cesses incthe interrill area. Experiments with rill Processes require
plots Tong enough to develop sufficient runoff. Mever s studies of rill
and interrill erosion are examples of small plots used in the field under
simlated rainfall,

Small plotexperiments shonld have objectives complementary to
ficld plot experimentation or application, Moldenhauer, for exam-
plec tsed small plots o study the effects of soil characteristics on
crodibility (15, He used Taboratory plots o isolate certain phases
of the erosion process. then examined and verified the results with
rainfall. climate. and soils in the field.

A currently popular objective is to develop a mathematicoal model
of the erosion process. Small plots then are used to develop or verify
basic operating cquations that vovern tie physical process of soil

erosion,

Justification. "The greatest justification for small plots is their atility
in studying the basic aspects of soil erosion in detail. A researcher
can control the parameters of the erosion process more closely on
small plots than on large plots. Experiments ssing small plots are
more justifiable if the anticipated results have a planced applica-
tion. In most cases, these experiments provide hasic concepts and
knowledge required for efficient developmental reseavch,

Procedures. Problems that influence study procedires on small plots
include those related to size and duplication of the soil as it is found
in a ficld.

Fdge effects, which must be considered in all plots. are magnified
with siall plots. Edge effects include the movement of splash into
or out of a plot. the addition of croded soil to a plot treatment from
an crodible soil ridge. a barrier effect on soil water and plant root
movement. and other boundary effects caused by the restriction of
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splash or runoff on a plot. Laboratory plots also have a boundary
under the soil plot.

Edge effects can be minimized by collecting all or almost all of
the splash, suitable generally for single-drop experiments using a soil
target as exemplified by Al-Durrah and Bradford (1) or by using a
border of thin metal, for example, to delineate the plot and main-
taining a border area around the plot in the same condition as the
plotarea. For very small plots in the field or laboratory, a I-m border
is desirable to ensure that as much splash will enter the plot as leaves
the plot. Splash from raindrop impact is greatest from a surface
covered with a very thin laver of water. Thus, results from any small
plot will be biased if the surface water is not maintained in a condi-
tion: representative of the treatment in the field. This thin layer is
best described as the amount of water on an interrill surface when
runoff is initiated. The phenomenon is demonstrated by examining
records of runoff and sediment concentration from a plot under
simulated rainfall: invariably, the concentration values at the begin-
ning of runoff are higher than at any other time in the test.

Small laboratory plots must have a bottom to hold the soil. The
design of a bottom depends, of course, upon the objective of the ex-
periment. For erosion experiments where runoff and soil loss are the
primary indicators of differences in the treatments, an open bottom
made of screens overlain by cloth often is used to allow free passage
of soil water. This is representative of an extreme condition of layered
soil, such as loam underlain with a much coarser material.
Moldenhauer (13) found that using suction under a plot caused con-
siderable variation, especially with thin layers of soil. Consequently,
he used a 15-cm-deep soil laver with free drainage. Use of such a
system is supported by considering the events that oceur during a
simulated rainfull experiment. Most simulator storms are 30 to 60
minutes long, and surface saturation must oceur before runoff begins,
Hydrographs from ficld plots often show a constant runoff rate (and
constant infiltration rate) after 45 to 50 minutes for initial dry runs
and after 5 to 15 minutes for wet runs made 4 to 24 hours after the
dry run. The point is that the time required for infiltration and satura-
tion of a 15-cm soil profile is longer than the time used to evaluate
crosivity with a rainfall simulator at 6.4 em/hour. Of course, lower
rainfall rates change these times, and there are some unique volcanic
soils with extremely high infiltration rates.

Another problem in simulating a field soil occurs because soil in
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the laboratory plot has been disturbed. One solution is to use soil
only from the plow layer in the field, air dry it for storage, sieve
it through a large sereen before placing it in the plot container, and
pack it into the plot container in layers (13). All soil inust be prepared
uniformly to minimize differences between replicates.

Many problems with plot preparation can be avoided by cover-
ing field locations to allow only simulated rainfall to fall on the plots.
Thus, field cultivation, rainfall compaction, and other events need
not be simulated.

Analysis. 1tis difficult to discuss particular analyses of data from
small plots because they are used for a variety of objectives. The same
may be said of the objectives and justification statements discussed
carlier. Most important, researchers must consider analvsis when
planning the experiment as well as use of the results cither in field
rescarch or in application of the research by conservationists or land-
OWners.

USLE plots

The second type of erosion research plot is large enough to repre-
sent the complete process of rill and interrill erosion (Figure 2). A
good example are plots used to develop the USLE (27). These plots
measure erosion from the top of a slope where runoff begins. They
are sufficiently wide to minimize edge or border ¢ffects and large
cnough for development of downslope rills. The plots are limited
to rows parallel to the slope. The topographical parameters of slope
length and steepness, as used in the USLE, are determined from plots
of different lengths and steepnesses. Slope irregularity effects are
stndied with concave and convex plots. Surface roughness, residue
cover, plant canopy. antecedent cropping effects, and other crop-
ping and management effects are evaluated using specific crops and
tillage sequences on standard plots. Predicting soil loss from other
locations is made possible by an erodibility evaluation of each soil
type and a rainfall erosivity estimate. To expand the use of data col-
lected to field-size areas, a factor is used to reduce the erosion estimate
for contouring, stripcropping, or {erracing,

The USLE plot exemplifies a representative slope length, The
USLE (27) is A = RKLSCP, where A is soil loss per unit area, R is
the rainfall factor. K is the soil erodibility factor, L. and S are the
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Figure 2. The standard USLE plot is 22.1 m long and, in this case, 4 m wide (4
crop row widths). The plot is bordered with sheet steel strips driven into the ground
and an endplate at the bottom end of plot that also holds a runoff collecting trough.
Runolf is measured with an H-flume and water-stage recorder. An aliquot sample
of storm runoff is taken with a Coshocton wheel sampler.

slope length and steepness factors, C is the cover and inanagement
factor, and P is the support practice factor. Only A, R, and K have
dimensions. In customary English units, A is in tons per acre per
vear. Ris in hundreds of foot-ton-inches per acre-hour-year, and
K i in ton-acre-hours per hundreds of foot-ton-inch-acres. In SI
unitst. A is in tha-yv. R is in MJ-mm/(ha-h-y), and K is in
t-ha-h/tha- MJ-mm), where t is metric tons. Note that R customarily
represents the average annual accamulated storm erosivity index (EI).
For a cropstage, the Kl terminology is retained. For a cropstage,
the soil loss equation is A (cropstage) = (EIKLS(SLR)P, with the
same time unit used for A and E1. Also. SLR (soil loss ratio) is used
instead of C for time periods not equal to 1 vear. Referring to data
from a plot. R is the accumulated rainfall EI that produced the suil

"The USLE was developed using LS. eustomary units. Conversions of units to the
International System of Units are used according to Foster and associates (5). U.S.
customary anits wre given in parentheses where it is thought helpful to avoid
confusion.
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loss, A, on a 9 percent slope, 22.1 m (72.6 feet) long, in continuous
cultivated fallow. K, then, is the ratio of A/R. In practice, slopes
of 9 percent for all soil types are not found, so the S factor is used
to adjust the soil loss value to that expected from a 9 percent slope.
Likewise, the L factor is used to adjust the soil loss to that from a
22.1-m length if some other slope length is used.

Objectives. The general chjective for ficld plots in USLE-related
research was to develop a soil loss prediction equation for conserva-
tien planning, which requires an average annual soil loss estimate.
This is what the unmodified USLE furnishes. The equation, like the
plots used for gathering its data base, is suitable only for estimating
crosion along an up-and-down-hill profile; that profile must stretch
from the top of a hill to the bottom, until the slope steepness decreases
to the point that deposition occurs or a drainageway is encountered.
Conservationists use the equation to design conservation plans on
a worst-case basis. For example, the most erodible portion of a field
in question is either cut out of the tillable area, used to control the
farming practices in the entire field, or used as the basis for a com-
promise plan that may include such practices as terraces.

Justification. The major reason for early research leading to devel-
opment of the USLE was to give working soil conservationists a means
of quantifying soil losses on land treated with conservation practices
in comparison with untreated land. Landowners are more easily per-
suaded to vse soil conservation methods if, for example, a scientific
estimate shows soil Toss of 40 t/ha-y, which exceeds an allowable
F t/ha-y, rather than saying that terraces are “good.™ Also, the USLE
assures landowners that their respective ficlds are being evaluated
on the same basis. Soil conservation promotion is difficult because
significant soil loss rates of 20 to 40 t/ha-y are not noticed easily,
even by trained observers. Gross mismanagement of lund that causes
a soil loss of 80 t/ha-y or more almost invariably results in large
(10 to 12 em deep) cropland rills and badly eroded drainageways.
Erosion from channels cannot be estimated with the USLE, but chan-
nels can readily be observed in the field.

Recently, researchers have tried to modify the USLE and thereby
extend its use beyond the original intent of providing an average
annual soil loss estimate. Williams (23) developed the MUSLE (modi-
ficd USLE), which uses procedures to obtain an average K, L, S,
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and C for small agricultural watersheds. He replaced the R factor
with a ranoff factor to give a storm estimate of sediment vield.
However, this requires use of a storm estimate of runoff volume and
peak runoff rate from the watershed.

Researchers also have employed the USLE to estimate sediment
vield: the procedure uses a sediment delivery ratio (SDR) to account
for deposition of eroded material as estimated by the USLE. The
dissimilarity of waiersheds has made formulation of sediment delivery
ratios difficnlt.

The CREAMS model, designed to estimate storm sediment yield
from small agricultural watershens (22), also uses USLE factors. This
model greatly extends the USLE by considering runoff, rill and inter-
rill erosion, sediment sizes and densities, erosion of channels, and
deposition of detached soil in parts of the watershed, including areas
of ponded water. The justification for this model, in addition to that
for the USLE. is to provide a storm model oi sediment vield from
the ficld or small agricultural watershed.

Rescarchers have made many other uses of USLE parameters to
devise estimates of soil loss for purposes other than agriculture. A
notable example is the adaptation of the USLE for use on forest land
(3).

Procedures. As explained earlier, the USLE-type plot samples the
combined processes of rill and interrill erosion. Experience has shown
that 5 m is about the minimum slope length that will represent ade-
quately a rill system in an up-and-down-hill plot. A better minimum
fength is 9 to 10 m. However, for studies of the adaptability of the
USLE to an area or country with little erosion data, the standard
length of 22.1 m (72.6 feet) is best because the equation is normal-
ized on that length. Mutchler (15) provided guidelines for researchers
inexperienced in the use of erosion plots.

Anyone beginning experiments to adapt the USLE o a particular
situation shou.d start with a set of treatments including continuous
fallow and prevailing cropping treatments. Such a set of plots, oper-
ated with common procedures, should be established in each major
climatic area of a country. These plots will furnish the essentia] data
to adapt and establish confidence in the EI concept (or some other
concept). Standard plots and treatments are necessary to correlate
the data from different locations and to estabiish a relationship be-
twzen rainfall erosivity and soil erodibility. There is no shorteut to
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such basic data collection, which should be the first endeavor in
adapting the USLE to a new geographical area or in ueveloping any
erosion equation.

Experiments to acquire data for the L, S, and C factors do not
require as much time as the R and K cu, relations. Such experiments
can. therefore, be delayed. Of prime importance is the fact that one
set of plots is only a sample of the climate and land conditions at
that particular site. Data from a single location must be combined
with data from other jocations to permit researchers to make ero-
sion predictions over a large area. If such data are not available from
other tocations, ficld data must be used to verify a soundly based
theoretical prediction method. Of course. a compromise usually is
made. There are never enough funds to sample every specific climate-
soil combination, and every theoretjcal equation should be verified
across the range of its use to enable interpolation, which is much
safer than extrapolation,

Following are more detailed guidelines for evaluating each of the
USLE factors:

Raingall crosivity and soil erodibility. These variables must be
evaluated together because they are essentially the cause and effect
of soil erosion.

We leave to others the argument of whether the best parameter
to represent rainfall erosivity is 1 used in the USLE, kinetic energy,
momentin. or some other measurement. Some parameter must be
used to simplify the highly variable nature of rainfall distribution
over even relatively small arcas of 25,000 to 50,000 ha. For instance,
the R factor (average annual accumulated EI) increases from 5,100
M] mm/(ha-h) to more than 9,300 MJ]-mm/(ha-h) in the State of
Mississippi in the United States over a north-south distance of 480
km. In general, R changes even more where major elevation dif-
ferences oceur. Furthermore, rainfall initiates erosion, so erosion can
be predicted only as well as one can predict rainfall and its param-
eters. Thus, a rairly intensive, well-distributed system of raingages
throughout a country is essential for developing a reliable system of
assessing the erosion hazard.

FFor the USLE, the standard erosion surface for m casuring the effect
of rainfall is a continuously cultivated fallow plot, 22.1 m (72.6 feet)
long, that allows development of rill and interrill crosion patterns.
This surface was specified in “Instruction for Establishment and
Maintenance of Cultivated Fallow Plots,” a letter to field workers
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from D. D. Smith, dated January 1, 1961. The instruction said, “Plow
plot to normal depth and smooth immediately by disking or culti-
-ating two or more times except for fall plowed plots in areas where
wind erosion during the winter may be serious. In such cases delay
disking or culdivation until spring. Plowing shall be done each year
at the time continuous row crop plots are plowed. Cultivate at row
crop planting and cultivating times. in the fall at small grain seeding
time. and at other times when necessary to eliminate a serious crust
formation. Chemical weed control may also be necessary.” The let-
ter also emphasized the requirement that the fallow plot used for
computing K be operated aceording to a “standard plan™ by each
research location having erosion plots. These plots served to allow
national analvsis of erosion data from all locations as well as for deter-
mining K for the soil on the plot.

Farmers in the United States plow much less than they did in 1961,
and the plowing referred to is not used at all in some parts of the
world. However, the requirements of a standard treatment and plot
to establish K factors and allow convenient comparison of erosion
data from different locations remains fully justified.

Measurements of runoff and sediment concentrations from aliquot
samples are used to compute soil loss. Samples to detrrmine sedi-
ment concentration in the runoff are collected after each storm or
sach group of closely spaced storms if there is not time to colleet
samples before the next storm.

Concurrent rainfall measarements are made for each segment of
erosion data using a recording raingage. The raingage chart gives
rainfall amonnt per time interval, which is the basis for calculating
storm El.

Slope length (L) and steepness |[S). These two factors represent
plot topography. For experimental purposes, the plot used for deter-
mining the L and S factors, as well as the K factor, should be a plane
surface. Such sites may be difficult to find. Also, it is desirable to
collect data on slopes of 9 percent for L and slope lengths of 22.1
m (72.6 feel) for S to avoid adjustments in slope data from slope
lengths different than 22.1 m long, ete. However, such ideal plot
sites are almost never available, especially considering the need for
uniform soil conditions.

Slope length experiments must be conducted on plots of several
different slopes because 1. is a function of slope length, 4, and slope
steepness, 8. Because slope iengths (as defined for use in the USLE)
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in nature are relatively short on steep slopes and longer on less steep
slopes, some study of the land’s topography in an area or country
should be made. Terraces and other structures must be used to pre-
vent destruction of soils on slopes exceeding 10 to 12 percent.
Therefore, slope length on steep slopes 1s further restricted. Slope
lengths on less steep slopes are much shorter than first appearance
would indicate because typical slope irragularities may pond water
ond invalidate the USLE,. Conversely, flatlands often are smoothed
or fand-planed to a uniform slope. In such cases, slope lengths can
exceed 300 m.,

Farmland slopes generally are restrictedt to those that can be farmed
with machinery or that will not produce excessive soil loss, There
are, of course, notable exceptions to this rule, such as the steep Palouse
region in the northwestern United States and mountainside slopes
farmed with hand tools.

To repeat. stope lengths and steepnesses of concern must be deter-
minced frem astndy of the location topography and research needs.
Plot widths should be the same for all plot lengths or slopes. The
difficulty of finding the same soil conditions on different slope steep-
nesses requires either slope studies within a relatively small range
of steepness or an adjustment of soil loss measirements using K for
the soil on the plot.

Slope factors can be studied with plots using any cover. However,
a fallow siuface results in larger amounts of soil loss, whicl are easier
to measure accurately. Use of rainfail simulators is convenient for
experiments to determine the Loand S factors. As is always the case
with rainfall simulation, care must be taken that the simulated storms
adequately represent rainstorms received throughout the vear at the
locations where the research results arc to be applied.

Cover and management. The C factor is “the ratio of soil loss from
an arca with specified cover and management to that from an iden.
tical arca in tilled continuous fallow” {(27). C factors are measured
most accurately using the experimental treatment paired with a stan-
dard fallow plot. If previous rescarch has established confidently the
values of K, L, and S, the soil loss ratio and C factor can be com-
puted by solving the USLE (P is always unity for a standard plot)
and the fallow plot is not needed. However, if the research uses sim-
ulated raingall, the fallow plot should be used to reduce the impor-
tance of verifying the accuracy of simnlated storms.

Cover, canopy, and tillage differ throughout the year. Dividing
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the yvear into cropstages allows the use of an average soil loss ratio
to replace a relatively small range of values. As a result, the term
“C facter” is reserved for the average annual soil loss ratio, and
cropstage values are called soil loss ratios. This procedure requires
vear-around measuremeats of cover, canopy, and tillage operations.
Also, to allow better use of the soil loss ratio at other locations,
researchers should measure the cover and canopy of weeds in the
treatment. Effects of weeds then will be introduced at the location
of the USLE estimate.

Cropstage soil loss ratios and average annual EI for cach eropstage
are used to compute expected average annual soil loss. This requires
research values of the same parameters, except Ef values are mea-
sured.

Rainfall simulators can be used to evaluate new cropping systems.
However, simulators generally cannot be used to evaluate cold
weather cropstages. This may be a handicap, depending upon climate
and crop. For instance, in Mississippi, cover for row crops is lowest
during the winter and early spring, but EI is nearly as high as in
the warm scason. Also, runoff is highest from the cool, wet soils dur-
ing the cool season.

Support practices. These variables cannot be evaluated on the stan-
dard USLE plot. All rows en standard plots must be parallel to the
slope because plot widths are too small to allow the natural runoff
concentration and row break-over found in fields.

We have used contour rows on 1,000-m? plots, 22-m slope length,
and 46-m row length across the slope. In this case, the topography
in the area was such that a 46-m contour length allowed a sufficient
distance to approximate the spacing between rills resulting from row
break-over. Concrete lining was necessary to prevent deposition in
the 46-m-long channel leading to the runoff measuring apparatus.
Four of these plots on a 5 percent slope, two on a 2.5 percent slope,
and two o o 10 percent slope were instrumiented in 1957—all but
the 10 percent plots are still in use. These plots were difficult to locate
and required some land shaping to achieve the desired plane surface,

In general, it is expensive and difficult to establish experiments
using terraces. striperopping, or other cropping practices. Because
of the space required and the variability in topography and soils,
such research sites defy efforts to make statistical replication. The
support practices, in miost cases, are evaluated better on small water-

shed:s.
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Analysis. Outlining the proposed analysis of plot experiments can
raise questions that cause a revision of procedures in a research
outline.

R factor. Several equations are wyailable for describing the crosivity
of rainfall. McGregor and Mutcehler discussed rainfall energy char-
acteristios (8. 10) and geographical differences in rainfall (19).
Wischmeier and Smith (27) truncated the energy-intensity equation
formulated by Laws and Parsons (6) to read:

KE = 916 + 331 logy, I for I < 3 [1]
and
KEo = 1074 for 1 > 3 (2]

where KE is kinetic cnergy in {foot-tons per acre-inch and 1 is inten-
sity ininches'hoar. Thas, the KE values dependent upon rainfall
intensity are close to those based on the equation derived by
MceGregor and Mutehler (8):

RE = 1035 + 822 expl = 122 1)~ 1564 exp(= 1.83 1) [3]

Fauations 120 and 3 can be converted to metrie units as deseribed
by Foster and associates (3).

The major point of the Mutehler and McGregor study (19) was
that no known erosion study had distinguished between the storm
types that ocenr throughont the vear at any location, The magnitude
of storm variations at a location and among locations is sufficient
to justify the use of a himped annual data set, such as that used by
Laws and Parsons (6) or McGregor and Mutchler (8).

Rainfall relationships provided by Wischmeier and Smith (27) in
Agriculture Handbook 537 Jow comparison of new research data
with data previously collected and nsed as a basis for the USLE. Our
comparison of equations 1 and 3 using 19 vears of data from 15 to
34 raingages resulted in almost identical annual average EI values,
The restriction of equation 2 had little effeet on average T for our
rainfall conditions,

Because of large variations in storm EI. magnitude, and time of
vear. Bl should be measured for every soil loss measurement. For
the same reason. at least 3 vears of data should be used to evaluate
soil loss from an experitnental treatment. If the aggregate X1 is not
representative in magnitude and distribution of the values n
Agriculture Handbook 537, the project should continue for another
year. Atlocations without established EI distributions, an analysis
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of measured rainfall distributions can be made with somewhat lesser
confidence to determine the representativeness of the rainfall dur-
ing the experiment. This same problem is magnified when using rain-
fall simulation to evaluate soil erodibility because soil loss is affected
by time of vear (temperature. antecedent moisture, etc.) in addi-
tion to storm EI.

K factor. Soil erodibility is “the soil loss rate per erosion index unit
for a specified soil as measured on a unit plot...” (27). Measurements
on a unit plot mean measurements made over a sufficiently long
period to sample adequately the rainfall at the location. Wischmeier
and Smith (27) suggested using 22-vear records to compute R because
of the cyclical patterns in rainfall. This restriction, however, is only
a guideline. As mentioned carlier, 3 vears of rainfall data usually
represent the annual rainfall distribution adequately in northern
Mississippi, where rainfail roughly averages 1,400 mm/y, ranges from
1,000 to 1,800 min/y, and is distributed fairly evenly throughout the
year except during the somewhat drier late summer and fall months.
In addition, the rain falls on soil that is seldom frozen during rain-
fall. The analysis of rainfall (and EI) representation for areas that
have lower rainfall amounts and large portions of the year with frozen
soil requires more years of replication. Low annual rainfall would
be treated more easily and more properly on a storm basis.

The K factor is a measure of the effect of rainfall aad runoff on
soil erosion, as measured throughout the vear. A particular soil may
rill more casily than another. Rain may arrive at different times after
the prescribed tillage on the standard USLE plot. It may arrive at
different antecedent water contents of the soil. It does arrive over
a year of varying temperature. All of these factors affect the amount
of erosion resulting from a unit of EI. Thus, K is not entirely a
measure of the inherent erodibility of soil. K is properly computed
as follows:

SL. = a + K (EI) (4]

where SL is storm soil loss, Elis the storm paranicter of energy con-
puted with equations I and 2 and maximum 30-minute intensity,
and a is a constant that represents primarily the effect of soil water
content and temperature at the beginning of rainfall. The restric-
tions on E and 1 given in Agriculture Handbook 537 (27) and outlined
below attempt to reduce a to zero to attain the proportionality of

A, R, and K.
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A stormis defined arbitrarily as one rain separated from another
rain by more than 6 hours with less than 1 mm (0.04 inch) of rain.
Storms with less than 13 mun (0.5 inch) of rain generally do not cause
appreciable soil loss. defined as greater than or equal to 0.02 t/ha
(0.01 ton/acre). However, short. intense bursts of rainfall less than
I3 mm often exceed the infiltration rate of a plot soil and cause
measurable soil loss. Therefore, rains of less than 13 mm but with
a IS-minute intensity of 25 mm/h (1 inch/hour) or greater are in-
cinded in the EVSL relationship. Also, 130 in EI is limited to 64 mm/h
(2.5 inches/hour). However, we alwavs use smali F1 data if there
is any measurable soil loss from the storm,
phication of the USLE.
eation or situation out-

These eritesiz are suitable for coneral o
However: they should be verified at any |
side the data base of the USLE,.

B our experimentation, we consider the above eriteria as factual
and nse the following equation:

K = b USL YL [5]

where hrepresents the other factors of the USLE that are not unity.

Because K-factor evaluation is a time-consuming process, few soils
have been evaluated using rainfall. Instead., rainfall-evaluated soils
have been nsed as a basis for evaluations using rainfall simulators,
A fallow plotis relatively easy to prepare, but a careful correlation
of simalated rainfall data with rainfall must be made to obtain con-
fidence o suely measured K factors. Wischmeier and associates (25)
used aoweighting procedure for accumulating the results of rainfall
siniiitator storms of 0.5, 1. 1.5, and 2 hours to account for storny
patterns of natural rainfall and antecedent soil water conditions in
the U.S. Corn Belt. Other researchers have used different methods,
but any K-factor evaluation with simulated rainfall must consider
rainfall distribation at a location.

Using simulated rainfall is complicated by the fact that the K factor
is net acconstant but varies thronghout the vear (16). The K factor
of a Mississippi soil varies from a low of 31 percent of annual average
on August 5 to a high of 169 pereent on February 4. For this reason,
itis desirable to have K-factor plot data to correlate simulated rain-
Fall results,

L factor. The slope fength factor “is the ratio of soil loss from the
field slope Tength to that from a 292, 1-m (72.6-foot) length under
identical conditions™ (27). To the researcher. this definition of L
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also means that the plot widths of slope-length plots should be the
same.
Past rescarch has shown the L-factor relationship to be

L = (M22.1)" (6]

where A is slope length in meters and m is a function of slope steepness,
8, in degrees. Thus, miis the only variable to be evaluated in a slope-
steepness experiment, and formulation of

m = {(6) (7]

requires slope-length plots on several different slopes. Data from a
set of slope-length plots can be used to fit

A = ad" (8]

where A(d) is the soil loss from each plot and a is a proportionality
constant depending upon all of the USLE factors except slope length.
By definition,

L = AA)/A22.1) [9]

However, results from a 22.1-m-long plot are not required because
m can be evaluated from equation 8 with other plots of various
lengths.

The exponent m, as given in Apriculture Handbook 537 for use
by ficld technicians, is a set of discrete values for a range of slopes.
Mutchler and Murphree (17) used data from Mutchler and Greer
(18) and from earlier research to derive the following:

m = 1.2(sing)" [10]

which produced a more accurate exponent for slopes under 2 per-
cent and made fittle change in the exponents given in Agriculture
Handbook 537 for steeper slopes.

Although crops can be grown on slope-length plots, a fallow sur-
face tilled similarly to the continuous fallow treatment is best. The
higher rates of crosion under fallow conditions are advantageous
because they are casier to measure accurately. This same observa-
tion applies to slope-steepness plots.

Foster and Wischmeier developed a procedure (4, 27) to evaluate
slope lengths that are slightly irregular.

S factor. The slope-steepness factor “is the ratio of soil loss from
the ficld slope gradient to that from a 9 percent slope under other-
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wise identical conditions™ (27). Evaluation or verification of the S
factor is dune most casily on standard plots with a fallow surface.
Erodibility will be near the K value of the soil, C will be near unity,
and L will be unity. Thus, data from the slope plots can be used
to fit the parameters of

A(B) = {(6) [11]
and
S = AB)A(O%) [12]

The first slope relationships were given in terms of percent slope
because it was and is a convenient field measurement. The relation-
ship given in Agricuiture Handbook 537 is based upon slope in
degreces:

S = 65.41 sin*0 +4.56 sinf + 0.065 [13]
This equation evolved from Smith and Wischmeier (20):
A =043 + 0.30S + 0.043 &2 [14]

where this S is pereent slope. Equation 14 was normalized by dividing
by the value of soil loss, AL for S = 9 percent. Later, researchers
decided to substitute sin@ for S because pereent <lope is 100 tan 6
and tan 8 gave unrealistic values at high angles. This change was
primarily theoretical because the sine and tangent are not much dif-
ferent for the stope where the USLE has validity.

The above slope equation was developed using data generally from
3 to 18 pereent slopes. Murphree and Mutchler (14) found that equa-
tion 13 overestimated soil loss from slopes less than 3 percent. They
proposed a slope factor coefficient of

S o= (B2 + 0.5 [15]
where
B=1 - 0.67 cxp (- 160 sin ) [16]

to modify the S factor at low slopes. The experimental work was
done by grading a 0.2 percent stope to slopes of 0.1, 0.2, 0.5, 1, 2,
and 3 percent whiie preserving the A horizon (about 8 inches deep)
on all plots. They used the rainulator (11) to produce runoff and
erosion from the plots. 1tis, of course, preferable to use plots without
any grading: smoothing is usually a necessity, especially on less steep
slopes.
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McCool and associates (7) developed the following equation:

A (U} < 3
LS = (“22.‘—13') (T)) [17]
where s is percent slope for slopes of 9 to 60 percent in the dryland
grain region of the northwestern United States. They used data from
ficld observations and erosion plot data to formulate the equation.
Experiments to collect data for a generalized S factor are difficult,
primarily becauase the same soil cannot be found on different slopes.
C factor. The cover and management factor “is the ratio of soil
loss from an area with specified cover and management to that from
an identical area in tille? 9ntinuous fallow™ (27). Evaluations of
cropping systems can be n.de using crosion plots under rainfall or
simulated rainfall. In both cases, the best method is to compare a
cropping treatinent and a fallow treatment on identical plots. Thus,

SLR = A(treatment)/A(fallow) [18]

The C factor for a particular cropping system is computed {rom
soil loss ratios (SLR) that are computed using equation 18 for a
cropstage that is a period of time when “cover and management
effects may be considered approximately uniform”™ (27). Cropstages
are defined in Agriculture Handbook 537. The researcher measures
SLR for the numbers (n) of cropstage periods, and the USLE appli-
ation uses the following:

n

)

C = Z (ELL x SILR) / 2 El (19]

i=1 1=

Equation 19 implics that SLRs are constant for all parts of a
country or area of USLE, usage and accounts for different EI distribu-
tions at different locations within the country.

Standard-size erosion plots under rainfall are used in blocks with
one fallow plot and several cropping treatinents In Mississippi, 3
years or more of replicated data are required, depending upon an
evaluation of the rainfall received, to evaluate a cropping system
properly. Areas with less rainfall inay require more annual replica-
tions to sample the expected El or rainfall distribution properly.

Recently, there has been increased interest in further understand-
ing the C factor using subfactors based on suggestions by Wischmeier
(24). Consequently, we routinely estimate cover and canopy through-
out the year, record observations of surface configuration and tillage
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application, and record cropping history. Also, we measure crop yield
and details of residue management to describe SILRs for the crop-
ping system more properly. Because weed varieties and populations
differ by location, we measure cover and canopy separately (9) to
allow reporting of SLRs without weeds. The ratios can then be ad-
justed for expected weeds by the USLE user.

Use of a rainfall simulator to determine SLRs requires careful
analysis to represent properly the El and erop growth of a particular
cropstage.

Qutdoor use of rain simulation is limited to the warm seasons of
the year: simalators do not operate well in cool, wet conditions and
not at all in freezing temperatures. We have used a rainulator
primarily fcr slope studies, C-subfacter experiments, and related
experiments on the mechanies of erosion.

Use of a fallow plot to evalnate SLRs with equation 18 requires
that the fallow plot be prepared at least 2 vears prior ta the com-
parison with treatinent plots to eliminate the effects of previous crop-
ping. Also, fallow plots must not be used too long because the soil
will deterjorate from exeessive erosion and, henee, will not prop-
erly represent the soil used for adjacent cropping treatments. There
are two solutions to this problem: either use the fallow plot only long
cnough to determine K for the soil or use the SLRs for a carefully
evaluated crop that will not significantly change the soil erodibility.

‘The SLR can be evaluated using a known K with the following
equation:

. 251,

SLR = S sm (20]
If a standard plot is used, L. and P are unity (S usually is not unity).
The SLR is computed by dividing the acenmulated soil loss by the
accumulated ET for the particular cropstage (replicated by years)
and by a constant representing K and S.

If a cheek plot (with a known C) is used, then the equation is as
follows:

2 SL(treatment) x SLR(check)

SLR = 2 SL(check) ) I [21]

In our research, we use a check plot to increase confidence in our
results even if we know the soil erodibility.
P factor. The support-practice factor “is the ratio of soil loss with
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a support practice like contouring, stripcropping, or terracing to that
with straight-row farming up-and-down the slope™ (27). As discussed
carlier, support practices cannot be evaluated using standard USLE
plots.

The effectiveness of support practices are difficult to evaluate. Con-
sequently, there are few data available for this purpose. P factors
must be evaluated on slope widths that will evalnate row break-over,
The proposed analysis of our slope-segiment plots (Figure 3) depends
upon data from standard plots with the same crop on both types of
plot. Thus,

_A(contour) (29]

) y [TH 1 ¥ =
P (contouring) A(plot)

which follows the definition given carlier because both plots have
the same slope length. However. adjustients must be made for any
differences in slope and soil.

Tillage trcatments, ranging from relatively smooth surfaces to row

Figure 3. A contour segment plot (46-m contour rows and 22.1-m slope length) used
to determine the reduction in soil loss due to tilling and planting on the contour.
The plot is bordered on the sides and top by earthen ridges. A concrete-lined chan-
nel along the bottom of the plot carrics runoff to the runoff collector and H-flume
equipped with a water-stage recorder. Sediment concentrations in the aliquot sample
taken with the Cosliacton sampler are used with measured runoff to compute storm
soil loss.
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ridges, impose various surface configurations on a field. The com-
bination of these configurations with slope length, steepness, and
topography makes it almost impossible to design a research program
to evaluate contouring comprehensively. The same is true of strip-
cropping. Consequently, present-day P-factor values for these prac-
tices have been svstematized and evaluated primar iy by group agree-
ment among researchers and USLE users and with very little data.

A contour plot, like our slope segment, should carry runoff out
of the end of the rows (side of the piot) for smaller rains and through
the interior of the plot at some low point in the rows for a storm
sufficiently large to cause row break-over. After row break-over, most
runoff would exit at that point uutil subsequent tillage rebuilt the
row ridges. Solving the row slope design problem would, of course,
provide the answer or bias the answer to the contour problem. The
best solution to this dilemmais to use well-deseribed watersheds and
adequare annual replications to compare contour and up-and-down-
hill tillage.

Large plots—unit-source watersheds

The third type of erosion rescarch plot is a small catchment or
watershed large enough to include at least one natural drainageway.
These often are called “unit-sonree watersheds,” which also implies
that only a single crop is grown on the entire catchment. This plot
would coutain interrill areas, rills, and small ephemeral channels
that may or may not be cultivated or planted to the same crop as
the remainder of the catchnient arca. Also, terraces or other prac-
tices may be included in this large plot. The attractive {eature of
this plot is that it may combine the results of all the erosion pro-
cesses and conservation measures in a single measurement. However,
ase of targe plots affords little opportunity to learn about the dif-
ferent parts of the crosion process. Also, natural catchments are not
replicated easily to increase confidence in ihe results.

Some sapport practices affecting erosion require so much space
that they are difficult to evaluate on any plot smaller than a small
unit-source watersticd of 2 to - ha. Contouring and stripcropping
are amoug such practices. Terraces can be evalvated on watcersheds,
but becanse they concentrate and control runoff, they are evaluated
better as a simple terrace interval unit. Small watersheds have a major
attribute—farmers are more willing to believe results from larger
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scale experimentation. They also have a major disadvantage—
research results on one watershed are difficult to apply to other
watersheds.

Small watersheds are best for research that seeks to evaluate con-
servation systems or to verify a modeling concept. Such rescarch is
justified by the need for basic data to give the researcher confidence
that formulations are correct and to persuade conservation workers
that conservation systems effectively conserve soil and are usable by
farmers.

Procedures. Site sclection is critical for research with small water-
sheds because they must be representative of a significant area of
land. However, the watershed characteristics must still be measured
carefully. In contrast to plots used to study isolated parts of the ero-
sion process, small watersheds allow study of the entire process as
affected by topography and climate. Transfer of the results to un-
measured watersheds and verification of models then can be made
more easily from a comprehensive description of the research water-
shed.

As with field plots, a recording raingage record of rainfall is needed
to compute rainfall intensities and energy and for analysis of rain-
fall distribution. Limits of a watershed should be established with
some type of border. We usually use a low earthen ridge turned up
with a farm impleraent.

Runoff and sediment yield from small watersheds are too great
for continuous sampling. On flatland watersheds, we have used a
Parshall flume and a water-stage recorder to measure runoff. A
pumping sampler can extract sediment concentration samples at pre-
set time intervals, usually 5 minutes initially, until storm analysis
indicates that a larger interval is more appropriate. On small upland
watersheds, we have used an H-flume and a water-stage recorder
with an intermittent proportional sampler to obtain sediment con-
centrations. Details of instrumentation can be found in Agriculture
Handbook 224 (2).

The size of the flume should be determined on the basis of the
largest runoff rate expected because larger storms produce the largest
amounts of sediment. For USLE-type plots, the design runoff rate
used is 100 percent of the 5-minute-duration rainfall intensity. For
larger plots or unit-source watersheds, rainfall duration can be esti-
mated from the estimated time of concentration for the watershed.
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Sorme local experience in estimating runoif rates is highly desirable.

All details of cropping and management practices should be
recorded, including estimates of residue cover, weed cover, and crop
canopy, at sufficient times during the vear to allow a description
of changes. The USLE factors can be used as a guideline for describing
the characteristics of the farmable part of a watershed. The efficiency
of sediment transport from interrill arcas and the erosion of rills and
small channels becomes more important for watersheds. Thus,
rescarchers should pay particular attention to drainage and 1:il pat-
tern characteristics.

Sediment analysis of the concentration samples is done by routine
laboratory methods. Both total sediment and particle-size distribu-
tion analyses should be made. Particle size is important in sediment
transport and deposition.

Most data colleetion problems arise because the equipment is not
ready to operate when runoff occurs. Therefore, gaging stations
should be inspected at least onee a week. Operability of the samplers
should be verified after a storm. However, seemingly unexplainable
problems can arise between storms. All of our watershed equipment
is automatic, but there is no substitute for the attention of a good
technician to keep the equipment operable.

Analysis. Data from small watersheds are analyzed on a storm basis.
We use the same storm definition for watershed plots as for USLE
plots. To determine storm sediment yield, runoff increments between
concentration samples are multiplied by the average sediment con-
centration to obtain sediment vield increments, which are then
accumulated to determine storm sediment yield. Missing data are
a particularly difficult problem because watersheds are so difficult
to replicate. If a runoff measurement is lost, the storm sediment yield
is estimated from cxamination of the long-term record. If all the sedi-
ment samples are lost, the runoff can be used to help estimate the
storm sediment yield. More commonly, part of the sediment con-
centration samples may be lost due to sampler malfunction. If most
of the sediment samples are available, they can be used to construct
a smooth sediment concentration graph to estimate the missing values
by interpolation. Of course, if only representative storm results are
desired, the storm with too many missing measurements is discarded.

Small watersheds usually have a high SDR. Little eroded mate.:al
is deposited in depositional areas. Therefore, small watersheds may
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be used to evaluate factors of the USLE with little error. The SDR
can be estimated by inspecting the watershed for evidence of deposi-
tion. SDR also can be estimated by analyzing the primary particle
size of the watershed soil and of the sediment yield. By assuming
that sediment is eroded uniformily from the watershed surface and
that all clay leaves the watershed in the runoff, the amount of silt
and sand deposited within the watershed can be computed. This ap-
proach is feasible only where the SDR i about 90 percent or greater.

Researcliers can use several proccdures on small watersheds to
evaluate conservation practices. A single watershed can be operated
with a calibration treatment for several years, then subsequently witly
some treatment, such as contouring. The change in sediment yield,
adjusted for rainfall differences, then is the treatment cffect. Also,
two watersheds with different treatments can be paired and operated
several more years. Both of these procedures are time-consuming,
and some changes in watershed performance due to previous ero-
sion must be accounted for. A better systent is to use a single water-
shed to verify a model. Use of a model s quicker and often enhances
use of the experimental results on unmeasured arcas. Inherent in the
modeling approacl is the requirement of some experience to use as
the basis for forming a conecept of the watershed sediment yield
process.

Conclusions

Lirosion research includes studies using plots representative of the
landscape or part of the landscape that is of intcrest. A carefully writ-
ten research outline ensures that the study focuses on a well-defined
part of the crosion process and that an analysis of the data can pro-
vide cither basic knowledue useful for further rescarch or for applica-
tion to crosion problems in the field,

Three types of erosion plots are useful —small plots used primarily
for studying interrill crosion: USLE standard plots that include both
rill and interrill processes; and the small, unit-source watershed that
includes rill, interrill, deposition, and small channel processes.

Small plots probably are most useful for establishing principles
and accumulating knowledge about rainfall-induced erosion for
further use in appplied research. Experiments using small plots can
be controlled more tightly than experiments with large plots. This
allows studies of isolated variables. Some problems with research
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using small plots are created by the large spatial variability of soil
and rainfall.

The USLE standard plot is perhaps the most important plot
because of the extensive U.S. data base collected generally in a uni-
form manner and the proven usefulness of the USLE to soil conser-
vationists. Also, USLE plots are convenient for use as a reference
in discussing the principles of field-plot experimentation.

Small, unit-source watersheds are the only type of plot large
enough to evaluate conservation structures and practices, such as con-
tour rows. Being difficult to replicate, they are most useful for veri-
fication of runoff and sediment vield models.

These three types of plots are by no means all those used for the
many diverse objectives of rescarch in soil erosion.
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D. E. Walling

Measuring sediment
yield from river basins

Inf()rmuti()n on the sediment yield at the outlet of a river basin can
provide a useful perspective on the rates of erosion and soil loss in
the watershed upstream. Many countries undertake such measure-
nients of sediment transport as part of national hydrometric programs
or more specific research investigations. Therefore, some background
data arc often available. In nearly all cases, these measurements refer
to the suspended sediment lToad of the river. The bedload compo-
nent is not included because of the practical difficulties in obtain-
ing such measurements (26). Where data are unavailable, measure-
ment programs can be initiated using standard cquipment and pro-
cedures (40).

A global perspective

On a global basis, documented suspended sediment yields include
minimum values well below 2 t/km®/yr. For example, Douglas (21)
cites yields of 1.3 t/km?/yr for the Brindabella catchment (26.1 km?)
and 1.7 t/km¥yr for the Queanbeyan River (172 km?) in the Southern
Tablelands and Highlands of New South Wales, Australia. Values
of less than 1.0 t/km*/vr have been reported for several rivers in
Poland (11).

Improved availability and global coverage of sediment vield data
in recent vears have significantly changed the perception of the up-
per bounds of sediment yield. Values in excess of 10,000 tVkm?/yr
have been reported for several rivers (Table 1). The highest value
shown in table 1is for a small, unnamed river in northeast Taiwan
included on a map produced by Li (49). However, some uncertainty
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surrounds this value. A ieading contender for the global maximum
value must be the Dali River in North Shaanxi in the People’s
Republic of China, with a vield of 25,600 t/km?/yr from a basin area
of 96.1 km? and 16,300 t/km?/yr from a 3,893-km? basin (60). The
Dali, a tributary of the middle reaches of the Yellow River, drains
the gullied loess region, an area known for its severe erosion prob-
lems. Converted to local rates of soi] loss, the sediment yields of the
Dali River represent soil erosion rates on the order of 250 t/ha/yr.

Sediment vield data are available for many areas of the world,
but the global coverage is inadequate to produce a reljable and
detailed world map of sediment vields. Figure I nevertheless repre-
sents a tentative map I prepared of the global pattern of sediment
vield from river basins on the order of 1,000 km? to 10,000 km? in
area. The pattern, discussed in detail elsewhere (99), reflects the in-
teraction of climatic, topographic, geologic, and other physiographic
controls and provides some indication of the global distribution of
fluvial erosion.

There are, however, several major problems with any attempt to
use sediment vield data to provide meaningful information about

Table 1. Recently reported values of sediment yield in excess of 10,000 t/km?/yr,

Drainage Mean Annual
Arca Sediment Yield
Location River (km?) (t/km?/yr) Source
Shaanxi, China Dali 96.1 25,600 (60)
Dalj 187 21,700
Dalj 3.893 16,300
Kenya Perkerra 1,310 19,520 *
Taiwan (unknown) (unknown) 31,700 (49)
Tava Cilutung 600 12,000 (42
Cikeruh 25(0) 11,200
New Guinea Aure 4,360 11,126 (70
North Island Waiapu 1,378 19,970
New Zealand Waingaromia 175 17,340 (37)
Hikuwai 307 13,890
South Island Hokitika 352 17,070
New Zealand Cleddau 155 13,300 (36)
Haast 1,020 12,736

Was
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nington, Seattle,

Department of Geological Sciences, University of
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Sediment Yigig

Figure 1. A tentative map of the global pattern of suspended sediment yield.
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on-site rates of erosion and soil loss within a drainage basin. The
firet relates to the processes of sediment delivery or conveyance in-
terposed between on-site erosion and downstream sediment vields
(78, 95). Only a fraction and perhaps a raiher small fraction of the
soil eroded within a drainage basin reaches the basin outlet and is
represented in the sediment yield. Deposition and temporary and
permarient storage may oceur on the slopes, particularly where gra-
dients decline downslope: at the base of a slope: in swales; on the
floodplain: and in the channel itself. The relative magnitude of this
loss tends to increase with increasing basin size. Hadley and Shown
(41), for example, indicated that only 30 percent of the sediment
croded in many of the small tributary basins (0.5-5.2 km?) of the
Ryan Guleh Basin in northwestern Colorado reached the main valley.
In turn, only 30 percent of this sediment is transported to the mouth
of the 12:40.5-km? basin. Similarly, a countrywide study of 105 agri-
cultural production arcas in the United States by Wade and Heady
(92) documented a range of sediment output between 0.1 percent
and 37.8 pereent of gross erosion.

The concept of a sediment delivery ratio (SDR) has been introduced
as a means of quantifying these effects (33, 53, 79). SDR is the ratio
of sediment delivered at a basin outlet (t/km?*yr) to the gross ero-
sion within the basin (Ukm/vr). SDR values as low as 0.05, or 5 per-
cent, frequently are cited. However, considerable uncertainty sur-
rounds the methods available for caleulating or estimating SDR for
a drainage basin.

A second probleny in attempting to link downstream sediment yield
toupstream erosion rates is the temporal discontinuity that may be
involved in sediment delivery. Sediment eroded at one location may
be temporally stored and subsequently remobilized several times
before reaching the drainage basin ontlet. Sediment transported out
of a basin may therefore reflect the recent history of crosion and sedi-
ment delivery rather than contemporary erosion. This situation is
clearly exemplified by the work of Trimble (85, 86, 87) in Georgia
and in the Driftless Area of Wisconsin in the United States. Severe
upland soil erosion oceurred within these areas during the late nine-
teenth and carly twentieth centuries, hut most of this sediment was
deposited in the river valleys. Only about 5 pereent of the eroded
material reached the basin outlets. Soil conservation measures imple-
mented in the 1930s and thereafter reduced upland erosion about
25 pereent but failed to reduce sediment yield significantly because
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Table 2. Comparisons of measured suspended sediment yields for African rivers and
estimated rates of contemporary soil loss by water erosion depicted on the FAO
map of soil degradation (32),

Suspended Sediment  FAQ Estimate

Basin Area Yield of Soil Loss
River Country (km?*) (tkm/yr) (tkm?/yr)
Watari Nigeria 1,150 483a" 1,000-5,000
Bunsuru Nigeria 5,900 438a 1,000-5,000
Senegal Mali 157,400 14.6b 1,00C-5,000
FFaleme Mali 15,000 40b 1,000-5,000
Hammam Algeria 485 198¢ 1,000-5,000
Kebir Ouest  Algeria 1130 02 1,000-5,000

Mesanu Ethiopia 150 1,680d 5,000-20,000

*Reported by ta) Ovebande (70), (by Comite InterAfrican detudes hydrauliques,
() Demmak (I6), (d) Virge and Munro (94).

sediment stored in the valley deposits was remobilized. Meade de-
seribed a similar situation for other rivers in the eastern United States
(57).

A third problem in rclating sediment yield downstream to soil ero-
sion upstream derives from the fact that the sediment transported
by ariver represents material derived from a variety of sources other
than uplaad soil erosion. These sources include channel ane? gulley
crosion and mass movements reaching the channel network. For ex-
ample, in a study of the Ader Butchi Massif region in Niger, Heusch
(44). using plot studics, estimated local soil crosion rates at about
8 t/ha/yr within a 117-km? watershed. On the other hand, sediment
vield from the basin, estimated from reservoir surveys, was about
40 t/ha. Heuseh concluded that about 75 percent of the sediment
reaching the basin outlet was derived fromn channel erosion and gully-
ing. If the SDR associated with soil crosion from the slopes of the
watershed was less than 100 percent, this value of 75 percent may
itself be an underestimate of the contribution derived from the addi-
tional sources.

Data in table 2 effectively exemplify the magnitude of the prob-
lems involved in relating sediment yield data from river basins to
rates of soil erosion in the watershed upstream. Table 2 compares
measured sediment vields from a number of African river basins with
the estimates of contemporary soil erosion rates within these basins;
this information is depicted on a United Nation's Food and Agricul-
ture Organization map of current rates of soil degradation by water
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erosion in Africa north of the equator (31). In all cases, the estimates
of soil erosion rates are about an order of magnitude greater than
the reported sediment vields. This discrepancy could be explained
in terms of SDR being of the order of 10 pereent in these drainage
basins. This would be consistent with current views on the likely
magnitude of such ratios in sizable river basins. It also suggests that
the sediment delivery problem probably represents the major dif-
ficulty in any attempt to relate downstream sediment vields to local
crosion rates in the watershed upstream.

Reliability of existing sediment vield data

Insome locations. appropriate sediment vield data may be avail-
able from existing monitoring programs. However, before researchers
or others use such data for further rescarch or planning, careful con-
sideration must be given to the data’s reliability. A useful, although
perhaps extreme, example of the potential magnitude of this prob-
lemis provided by recent work on the suspended sediment loads of
New Zealand rivers by Griffiths (35) and Adams (2). Both workers
used the same basice discharge and concentration data collected by
the New Zealand Ministry of Works to estimate the mean annual
suspended sediment load of the Cleddau River, which drains a
I55-km? basin in the southwestern part of South Island. Both used
rating curve proceduares to caleulate the loads, but their published
loads of 13.300 t/km* vr and 275 t/km*yr differ by nearly two orders
of magnitude.

In some instances, several different estimates of sediment vield may
be available from existing sources as a result of the use of different
load calenlation techniques or different periods of record. For ex-
ample, several rescarchers have attempted to estimate the suspend-
ed sediment vield of the Upper Tana River in Kenya over a period
of 20 vears (Figure 2). These estimates range over an order of
magnitude. Estimates A-E were derived using essentially the same
basic flow and sediment concentration data. Estimates £ and G were
based on a new sampling program. Comparison of their load esti-
mates for the main river with those for the upstream tributaries
prompted Dunne and Ongweny (23) and Ongweny (68) to suggest
that the former were underestimates. They produced revised esti-
mates (ITand Iy by siunming and extrapolating the estimates for the
individual upstream tributaries. More recent surveys of sedimenta-
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Vigure 2. Estimates of the mean annual suspended sediment load of the Upper Tana
River, at Ramburu, Kenyva. produced by different workers,

tion rates in Karnburu Reservoir by Moerhead and Sims (59), coupled
with an estimated trap efficiercy for the reservoir of 75 percent, pro-
vide ar alternative basis for stimating the sediment load. Current
opinion would, in fact, ind’eate that the actual mean annual sus-
pended sediment load of th.s river probably no~ exceeds 5 million
t/yr, although it is likely to have increased markedly over the past
20 years as a result of laud use change.

Walling and Webb (98), Dickinson (18), and Allen and Petersen
(4) have discissed factors involved in assessing the reliability of sedi-
ment yield data. These include the representativeness of the sus-
pended sediment samples collected from the river channel and the
efficiency of laboratory techniques used to determine the concen-
tration of individual samples. Many measurement programs take sam-
ples at or near the water surface. Such samples probably underesti-
mate the sediment load of a river, perhaps by as much as 25 per-
cent. Cenversely, from a study on Oklahoma’s Washita River in the
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United States, Allen and Petersen (4) suggested that equal transit-
rate sampling (collection of a composite sample by depth integra-
tion at several equally spaced verticals across a stream) by operators
with limited experience could lead te overestimation of the long-term
load by 30 pereent. Although national and international standards
relating to sampling cquipment and techniques as well as laboratory
procedures have now heen established (39. 45, 105), sediment sam-
pling still involves many problems and uncertainties; careful atten-
tion must be given to the likely reliability of the methods used in
the monitoring programs associated with existing data.

Greater problems surround the methods used to assess long-term
sediment loads and annual sediment vields from intermittent mea-
surements of instantancous suspended sedinent load. These problems
center around the marked and rapid fluctuations in suspended sedi-
ment concentration exhibited by many rivers. Accurate assessment
of suspended sediment loads for specitic periods neeessitates detailed
records of sediment concentration that mnay be combined with the
records of water discharge. Continuous records of stream discharge
are available at most measuring stations. But an cquivalent record
of sediment concentration may b difficult to obtain by a progam
of manual sampling. On large rivers, it may be passible to colleet
sufficient manual samples to define m aningfully the record of sedi-
ment concentration during periods of fInctnating concentration, and
procedures are available to establish the trend between individual
samples (73). On smaller streams, concentrations fluctuate more
rapidly during flood events, and operational constraints may limit
the frequencey at which manual samples can be collected. Attempts
have been made to resolve these difficulties by developing equip-
ment and instruments capable of automatic colleetion of data on sedi-
ment concentration. My researchers have used automatic pump-
sampling equipment (90, 97). Continuons-recording turbidity meters
(10, 29, 38) and nuclear probes (52, 74. 84) also have been used suc-
cessfully in a few cases. Difficulties may arise in relating the point

alues of concentration obtained with such equipment to the mean

value for the cross seetion, but this limitation i frequently of little
significance when compared with the positive improvements in tem-
poral resolution obtained,

More often, however, frequent manual samples or additional in-
formation from automatic samplers or recording equipment are not
available, and the detailed record of sediment concentration can-
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not be defined. In this case, researchers must use indirecet load caleula-
tion procedures, which involve either interpolation or extrapolation
of the available concentration data. In this context, interpolation
procedures asseme that the values of coneentration or sediment dis-
charge obtained from instantancous samples represent a much longer
period of time, for example, days or weeks, whereas rating curve
techniques may be viewed as the elassic example of an extrapola-
tion procedure. In the latter case, a limited mimber of sediment con-
centration measurements are extrapolated over the period of interest
by developing a relationship between concentration or sediment dis-
charge and stream discharge and applving this relationship to the
streamflow record (14, 58, 94). The streamflow record may be in
the form of a flow duration curve or a continuous series. Researchers
in many studies have applied rating relationships developed from
a short period of measurement to streamflow records covering a much
longer length of time. Estimates of suspended sediment load obtained
using these indirecet load caleulation procedures may involve con-
siderable error, and the resulting data must be treated with caution,

Figure 3A shows the degree of scatter that may he associated with
a suspended sediment concentration/discharge relationship. In this
case the concentrations associated with a specific level of discharge
range over several orders of magnitude. Although improved relation-
ships between concentration and discharge may be obtained by sub-
dividing the data set according to season and rising and falling stages
of the hvdrograph. any estimate of sediment concentration derived
using stic i relationships will be associated with a very considerable
standard error. Because rating relationships commonly are fitted to
logarithimic plots using linear least squares regression and they fre-
quently are biased by low-flow samples, estimates of sediment yield
obtained using rating curves can be expected to underestimate the
true sediment yield (98), perhaps by as much as 80 percent. For some
rivers, scientists cannot assume that the rating relationship remains
constant over a period of years and that the available samples can
be used to develop a relationship applicable to the entire period
because fand use change may cause nonstationarity. Tunne (22)
reported an interesting example of interannual variation in the sedi-
ment discharge/water discharge relationship for the Tana River at
Garissa, Kenya (Figure 3B). His data showed an essentially random
pattern rather than any progressive shift.

As a final example of potential problems associated with infre-
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quent sampling and use of extrapolation and interpolation techniques
to estimate long-term sediment yields, figure 4 compares the actual
suspended sediment load of the River Creedy in D ~n, England,
for a7 --ear period with nearly 100 load estimates for the saine period;
these estimates were obtained using typical (infrequent) manual
sampling strategies and a selection of indirect load calculation pro-
cedures. In this case, a continuous-recording turbidity meter was
used to provide a detailed record of sediment concentration. Walling
and Webb (98) used this record to calculate the actual sediment load
and as the basis for deriving data sets representing the manual sam-
pling strategies. The various estimates span a wide range, and under-
estimation by as much as 60 percent is common.

Although published or tabulated sediment yield data may appear
authoritative, it is essential that the user carefully considers their
reliability and accuracy before using them for further analysis and
interpretation. However, few guidelines for assessing reliability and
accuracy are available currently. In many cases, acceptance of the
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Figure 3. Uncertainties associated with suspended sediment rating curves. A
demonstrates the degree of scatter that frequently will be associated with a suspended
sediment concentration/discharge relationship, and B illustrates inter-annual varia-
tion in the precise form of a suspended sediment load/discharge relationship. Based
on Dunne (22).
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Figure 4. A comparison of suspended sediment load estimates for the River Creedy,
Devon, England, obtained using interpolation and extrapolation proeedures with
the actual load for the period 1972-1979,

limitations of a particular measurement program may permit only
very general conclusions about the margins of error that may be
involved.

Designing sediment vield monitoring programs
£ )

Soil conservation research and planning ;.iay require the establish-
ment of a sediment yicld monitoring program to supplement or verify
existing information or to provide data from a hitherto undocumented
area. Itis important that the aforementioned problems of data reli-
ability be minimized. For example, if a program is designed to mon-
itor the effects of conservation measures in reducing sediment vields,
the sediment load data should be sufficiently accurate to produce
meaningful conclusions. Further discussion of monitoring programs
can focus on manual sampling strategies, usc of automatic sampling



Table 3. Characteristics of U.S.-series depth-integrating and point-integrating samplers for collecting suspended sediment samples.

Distance

Between

Sample Nozzle and

Overall  Container Sampler

Type of  Method of Mass Length Size Bottom

Name Sampler®  Suspension (kg) (m) (ml) (mm) Remarks
US DH-48 DI Rod 2.0 0.33 473 90 For wading
US DH-59 DI Cable 10.2 42 473 114 For hand-line operation
US DH-75P DI Rod 4 .26 500 83 For sampling only in subfreezing temperatures
US DH-75Q DI Rod A4 .29 1.000 114 Similar to US DH 75P
11S DH-76 DI Cable 109 47 946 80 Similar to US DH-59
US D-49 DI Cable 28.0 .61 7 103
US D-49AL DI Cabie 18.0 .61 473 103 Similar to US D-49
US D-74 DI Cable 28.2 .66 473 or 946 103 Similar to US D-49
US D-T4AL DI Cable 11.4 .65 473 or 946 111 Similar to US D-74
US P-50 PI Cable 135.6 1.12 473 or 946 140
US P-61-Al PI Cable 47.5 .71 473 or 546 109
US P-63 PI Cable 90.4 .86 473 or 946 150
US P-72 P1 Cable 17.7 .71 473 or 946 109 Similar to US P-61-A1 but for hand-line

operation

*Type: DI = depth-integrating, PI = point-integrating.

ONITIVM '3 °d
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devices and equipment for recording sediment concentrations, reser-
voir surveys, and study of sediment properties.

Manual sampling strategies. Several mannals and technical reviews
provide detailed discussions of currently available suspended sedi-
ment samplers, sampling techniques., and laboratory procedures for
determining sediment concentration (5. 39.90. 101, 105). Particular
attention is given to the characteristics of recommended samplers
and to techniques of sample colleetion. Researchers or policymakers
should consult these publications before initiating a measurement
program. In most circumstances. the sediment samplers developed
by the Federal Interagency Sedimentation Project under #' - auspices
of the U.S. Water Resources Council (Table 3) will prove apy.cupnate,
and many of these samplers are commercially available from the
Product Manufacturing Company. Figure 5 shows two exarrples of
suspended sediment samplers used in China.

The manuals give much less attention to sampling frequency
requirements becaunse they are more concerned with measurements
of instantancous sediment discharge than measurements of long-term
sediment loads and vields. In view of the great uncertainty associated
with any estimate of sediment vield based on infrequent sampling
and the application of indireet load calenlation techniques, such as
rating curves, manual sampling programs should aim to document
the continuous record of sediment concentration. This record can
be combined with equivalent water discharge data to provide values
of sediment loads for various time periods.

In designing a sampling strategy to document the continuous record
of sediment concentration, careful consideration must be given to
the likely behavior of the river and the timing of significant concen-
tration fluctuations. During periods of stable flow and low concen-
tration. a low sampling frequency, daily or even weekly, will suf-
fice because concentrations usually remain essentially stable. Any
crrors incurred likely would be of limited significance to the final
long-term load estimate. Most of the sediment load will be moved
during major flood events, and it is essential that these are sampled
intensively to record fluctnztions in sediment concentration. In the
case of a river that drains a large area, say, greater than 1,000 km2,
these fluctuations probably will be casy to follow with a sequence
of manual samples, although it may be necessary to sample at fre-
quent intervals, perhaps every 2-3 hours, on the rising stage of the
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flood. On smaller rivers, however, fluctuations in sediment concen-
tration may be more rapid, and operational problems may preclude
establishing an effective manual sampling program. Alternative
automated equipment should be used in these circumstances.
Figure 6 illustrates some of the salient characteristics of suspended
sediment transport in the River Creedy. which drains a 262-km? basin
in Devon, England. The concentration and load-duration curves

Figure 5. These two suspended sedimer t samplers employed by Chinese scientists
on: the headwaters of the Yangtze River provide examples of point-integrating (up-
per) and instantancous (lower) samplers.
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(Figure 6A, B) indicate that most of the total sediment load is trans-
ported during only 5 percent of the time when sediment concentra-
tions exceed about 100 mg/liter. Clearly, sediment sampling should
focus on this time period, although the relatively even distribution
of major sediment transporting events through the year (Figure 6C)
poses practical problems for undertaking event-based sampling. These
problems would be reduced considerably where a river exhibits a
marked seasonal regime, with major events being limited to one par-
ticular time of year, for example, snowmelt or seasonal rains. Figure
6D demonstrates the impracticality of using extrapolation procedures
based on concentration/discharge relationships to reduce the need
for frequent sampling. The variation in sediment concentration dur-
ing a sequence of storm events shows that there is no well-defined
relationship between sediment concentration and discharge.

Automatic sampling equipment and continuous monitoring. Where
suspended sediment concentrations in a river fluctuate rapidly over
time, automatic sampling equipment and devices for continuous mon-
itoring of sediment concentration may be required to augme.nt or
replace manual sampling. Single-stage samplers provide a simple
means of obtaining samples automatica.i at an unattended site.
These samples consist of individual sample bottles with intake nozzles
and exhaust ports (39) mounted in a vertical sequence. The associated
concentrations shonld be viewed only as approximate because (a)
samples are collected at a tixed point in the vertical and (b) there
may be additional movement of sediment into the bottle during the
period that the bottle is submerged. The resulting data are limited
further by the fact that samples are obtained at predetermined water
levels, rather than on a time basis, and commonly are restricted to
rising-stage conditions. During a multipeaked event, samples may
be available only from the initial hydrograph peak. However, there
are devices that operate during falling stages.

Automatic pumping samplers afford a more effective means of
sample collection (Figure 7). These samplers can be programmed
to collect samples at predetermined time intervals or increments of
stage or discharge. They can be distinguished further according to
the two basic principles used for withdrawing samples from the flow:
a pump or creation of 2 vacuum in the sample bottle or a primary
chamber. Automatic pumping samplers commonly include 36 or
more bottles and in most cases may be battery operated (3, 90, 56,
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Figure 7. These are typical examples of equipment used for automatic collection
of river water samples. Both employ peristaltic pumps to deliver water to the
sampler, which incorporates a rotating nozzle capable of filling the set of 36 (left)
or 48 (right) baottles.

101). Because the sample is obtained from a fixed inlet and is not
collected isokinetically, these samplers are suited more to rivers where
the suspended load is comprised predominantly of silt and clay par-
ticles. Results obtained should be calibrated against manual samples
collected from the overall cross section.

The availability of reliable equipment for continuously monitor-
ing suspended sediment concentrations clearly would be a major
benefit in any sediment yield monitoring program, and scientists have
devoted considerable effort toward developing such instruments. To
date, there is no entirely satisfactory and generally applicable instru-
ment, but several have been used with encouraging results. These
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include two major types: optical turbidimeters and nuclear gauges.

Optical instruments (10, 29. 38, 88, 101) measure the turbidity
of water by the attenuation of transmitted light, (absorptiometers)
or by monitoring the intensity of the light scattered by the suspended
sediment particles (nephelometers). Figuve 8 shows an example of
a photocleetrie turbidity monitor. In both cases, values of optical
turbidity. generally defined in terms of formazin standards, must
be calibrated against direet measurements of suspended sediment con-
centration because the particle size distribution and the organic mat-
ter content. density. and mineralogy of the sediment particles in-
fluences the relationship between turbidity and sediment concen-
tration. With some instruments, fouling of cell windows and am-
bient light effects also may affect the calibration adversely. In some
cases. the sensor may be incunted direetly in the river. In others,
the river water is cireulated by a pump to the measuring cell housed
on the river bank.

Reports about the effectiveness of optical turbidity meters for con-
tinnons monitoring of suspended  sediment  concentrations are
somewhat conflicting. In some studies, researchers apparently have
used turbidity meters successfully. In others, it has been difficult,
if not impossible, to develop a meaningful calibration between tar-
bidity and sediment concentration. However, the balance of evidence
suggests that such instruments frequently provide an effective means
of monitoring sediment concentrations, although they are limited
to the range of sediment concentrations below 10,000 myg/liter. Fur-
thermore. they are applicable primarily to the elay and silt fraction
of the suspended load. Fish (27) demonstrated that optical tur-
bidimeters are virtually insensitive to sand-size material, unless the
associzted concentrations are high,

Nuclear sediment gauges are based on similar principles but mea-
sure the absorption or scattering of gamma radiation rather than
light (7. 52, 74, 84). They are suitable for concentrations above a
minimum threshold of about 500 mg/liter. These gauges commoenly
use probes that are cither fixed within or lowered into the channel,
However, the instruments are more sophisticated than optical tur-
bidity meters and have been restricted mostly to specialized exper-
imental measurements rather than routine monitoring. Other devices,
such as ultrasonic sensors (28! and vibrating U-tube densimeters (80),
have been used, but these devices are essentially experimental.

Manual sampling and use of equipment for continnous monitor-
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Hydranhes Research, [td

Figure 8. A photoeleetrie turbidity monitor aid probe (inset) can be mounted directly
inariver, as at this monitoring station on the Sagana River in Kenya, to provide
a continuous record of wash load concentrations. The probe is mounted inside the
perforated tube for pratection and may be readily raised for cleaning.
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ing of suspended sediment concentrations frequently may be com-
plementary. For example, continuous-monitoring devices could pro-
vide a useful means of interpolating fluctuations in sediment con-
centrations between manual samples for which accurate vahues of
sediment concentration have been obtained. Bolton (9) suggested that
in many instances it may be convenient to distinguish the fine-grained
washload and the coarser, suspended bed material components of
the total suspended load—using optical turbidity nicters to inonitor
the former and manual sampling to measure the latter. He concluded
that it may be possible to obtain a clearly defined rating relation-
ship between suspended bed material coneentrations and flow so that
the record for this component can be extrapolated from limited
sampling,

Reservoir surveys. Reservoir sedimentation surveys assess the sedi-
ment vield from drainage basins that discharge into reservoirs (17).
Such surveys have several advantages over river measurements. For
example, a single survey in many cases will provide a meaningful
estimate of sediment yield averaged over a period of several years.
Provided the trap efficieney of the reservoir can be estimated and
the volumes and densities of deposited sediment assessed accurately,
there should be less uncertainty associated with the resulting sedi-
ment yvield values. Furthermore, once the ranges and benchmarks
are established, resurveys can be undertaken relatively easily. In addi-
tion to an estimate of the trap efficieney of the reservoir, informa-
tion on the history of the reservoir, including the date of impound-
ment and whether any sediment has been removed, should be avail-
able. Sediment ,#lds calculated from reservoir survey data, however,
will include both bedload and suspended load.

Procedures for reservoir sedimentation surveys have been developed
for both small and large impoundments (5, 75, 76, 90). Sonic depth
recorders measure water depth along predetermined ranges, and sedi-
ment depth can be caleulated from a previous survey of the original
reservoir bottom or from soundings of sediment depth. In view of
the difficulties of sounding sediment depth, it is advisable to under-
take an initial survey of the bottom before or immediately after im-
poundment. Values of volume-weight or density of deposited sedi-
ments can be obtained by collecting undisturbed volumetric samples
of the deposits or by in-situ measurements using a gamma probe (55).
Use of the latter, however, is restricted to saturated sediments.
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To determine the mean annual sediment yield from the contrib-
ating drainage basin, the weight of deposited sediment must be ad-
justed for reservoir sediment trap efficiency. Heinemann (43) dis-
cussed some of the problems involved in obtaining accurate estimates
of trap efficieney. Clearly, there is a need for further research on
this topic because most existing estimation procedures are based on
data assembled from reservoirs in the United States. In the absence
of more detailed procedures, many researchers use the curves devel-
oped by Brune (13). which relate trap efficiency to the capacity/
inflow ratio of the reservoir and an approximate index of sediment
particle size,

Study of sediment properties. Traditionally, studlies of suspended
sediment transport by rivers have emphasized documentation of the
magnitude of the loads transported. There now is increased awareness
of sediment’s role in the transport of nutrients and contaminants and
in nonpoint pollution from agricultural arcas (24, 81, 89). This has
focused wttention on the properties of the sediment transported—
cither the physical and chemieal properties of the sediment as a com-
ponent of river water quality or the relationship between the prop-
crides of sediment and source material and, therefore, the selectivity
ol the erosion and conveyanee processes. The latter is perhaps more
relevant to soil erosion and conservation hecause erosion by water
may preferentially mobilize and transport specific fractions and con-
stitnents of the soil that are of particular importance in maintain-
ing fertility. Therefore, attention may be directed to particle size
characteristies and the organic matter, nutrient, and mineral con-
tent of transported sediment and associated enrichment ratios (100).
For example, figure 9 illustrates the potential contrasts in the parti-
cle size of suspended sediment and souree material, It compares the
proportion of clay., silt, and sand in suspended sediment samples col-
lected by the U.S. Geological Survey from four small drainage basins
with equivalent information on the soils, based on their textural
classification. Table 4, based on my work in England, compares a
number of suspended sediment properties with equivalent data for
soils in the drainage basins.

In some cases, laboratories can analyze properties of the small
samgles of pardculate material recovered from manual or antomatic
samplers. However, where a wide range of analysis is intended or
where a particular laboratory procedure requires a considerable
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amount of sediment, researchers must collect bulk samples of sus-
pended sediment. Experience suggests that continuous flow centri-
fuges are most useful in recovering sediment from bulk samples of
river water. Ongley and Blachford (67) reported the use of a special-
ized sampling/recovery system in which water is pumped directly
from the river into the centrifuge. They found good recovery per-
formance for particles down to 0.45 pm.

Lake sediment studies. The lack of long-term sediment transport
records hampers the study of long-term patterns of sediment yield
from a drainage basin. The availability of records covering, for
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Figure 9. Comparison of the particle size composition of suspended sediment and
soils in four U.S. drainage basins. Textural classes of the dominant soils are denoted
by shaded zones. Based on data from Flint (30), Anttila (6), and Mundorff (61, 62).
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Table 4. Comparison of the properties of suspended sediment and source-area
material for several rivers in Devon, Engiand.

Total Percent Iron (%)
C N P Fed*  Feoxi x! 2C§

Jackmoor Brook

Suspended sediment 480 058 0147 248 0.74 7.60 28
Soils
Arable (slopes) 2.61  0.29 9.123  2.01 0.39 4.03 14
Pasture (slopes) 391 039 0126 247 0.54 9.15 13
Floodplam pasture  3.91  0.28 0.104 2,25 .52 6.01 12
River Dart
Suspended sediment 6.61  0.614 0.148  2.02 1.06 3.88 24
Soils
Arabie (slopes) 148 0.16 0.081  1.68  0.27 4.45 10
Pasture (slopes) 529 n.50 0159 1.75 0.57 4.63 16

Alluvial pasture very poorly represented in this catchment.

River lxe
Suspended sediment T 0.68 0153 207 0.95 4.33 28
Soils

Arable (slopes) 216 0.220.120 147 0.37 6.7 16
Pasture (slopes) 463 0. 014 1T 0.53 5.70 14
Floodplain pasture 450 0.45 0,105 1.87  0.56 - 8
Banks <1.0 <0.1<0.05 - - 2 1-2

“Total free” iron (dithionite extraction),

TOrganic and inorganic "amorphons” iron (oxalate extraction),
FMugnetic susceptibility mig!

§Exchangeable cations meqg 100g !

example, the last 100 years would be of considerable value in attempt-
ing to understand temporal variations in sediment yield in response
to changes in catchment condition. Record lengths increase as time
proceeds, but opportunities to document particular changes in sedi-
nment response may not recur, In this context, researchers should focus
more attention on the potential of lake sedimentation studies in illum-
inating the environmental history of the upstream drainage basin
(64. 69). The work of Davis (15) in Frains Lake, Michigan, in the
United States provides a classic example of the potential of such work.
The lake is lccated at the outlet of a 0.18-km? drainage basin. With
detailed sediment coring and core analysis and dating, Davis recon-
structed the pattern of inorganic sediment influx and sediment yield
over the previous 200 years (Figure 10A). The data show low rates
of sediment yield in presettlement times, rising by a factor of up to
70 with the onset of settlement and agricultural clearance after 1830,
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Figure 10. Evidence of changing patterns of sediment yield obtained from lake sedi-
ment studies. This illustrutes the reconstruction of

Michigan, proposed by Davis (15) and of (
New Rampshire; Lake Trummen, Sweden

small lakes in Papua, New Guinea, based on data
(50), Digerfeldt {20), Edwards and Rowntree (25),

respectively,

(A) sediment yields to Frains Lake,
B) sedimentation rates in Mirror Lake,
; Braeroddach Loch, Scotland; and two

presented by Likens and Davis

and Oldfield and associates (65),
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and stabilizing after 1900 at a rate about 10 times the presettlement
rate.

Davis’ work at Frains Lake necessitated analysis of a considerable
number of cores to calculate the volumes of inorganic sediment in-
volved. Estimates of sediment yield from the catchment a,:.a require
this volume data. In many instances, it may be impossibic to collect
more than a small number of cores, and changes in sediment yield
over the period represented by the core must be inferred from changes
in the rate of sediment accumulation at those points. The researchers
then must assume that the pattern of sedimentation over the lake
floor has remained constant through time—an assumption that may
be unjustified. Data on changes in sediment yield over time, based
on analysis of single cores, must, therefore, be treated cautiously,
but the information inay nevertheless prove useful. Figure 10B pro-
vides four examples of such studies. In this case, the vertical axes
of the plots refer to sediment accumulation rates rather than to sedi-
ment vield. The core data from Papua. New Guinea, show the im
pact of human activity on sedimentation rates during the past 300
vears. Oldfield and associates (65) tentatively related the increased
sedimentation to the intensification of land use resulting from the
introduction of the sweet potato and, more definitively, to the
post-1950 impact of “Western™ peoples.

Development of techniques for rapid intercore correlaticn using
magnetic measurements (8) could facilitate the calculation of sedi-
ment volumes and, therefore, sediment yields from lake sediment
studies. Interpretational problems related to defining the trap effi-
cieney of the lake body, dating the sediment cores, and distinguishing
allochthonous and autochthonous sources of minerogenic particulate
material still remain. But this general approach merits further exploi-
tation where suitable lakes exist. Detailed analysis of the stratigraphic
distribution of sediment characteristics in both lakes and reservoirs
alse may provide additional information on changes in sediment
sources and erosional history (102).

Linking downstream sediment to upstream erosion
As mentioned, there are several problems involved in linking down-

stream sediment yields to upstream rates of soil erosion. This task
faces many uncertainties. The traditional approach in theory involves
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the application of a SDR to calculate the gross erosion within the
drainage basin, that is:

Gross erosion = sediment yield/SDR

In practice, however, few rigorous guidelines exist for predicting
the SDR for a specific basin (95).

The magnitude of the SDR for a particular basin is influenced by
a wide range of geomorphological and environmental factors, in-
cluding the nature, extent, and location of the sediment sources; relief
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Figure 11. (A) The relationship between sediment delivery ratio and drainage basin
area developed by the U.S. Soil Conservation Service for the central and eastern
United States and (B) similar relationships proposed by other workers for differant
areas. B is based on Roehl (79), Sokolovskii (82), Piest and associates (72), Renfro
(77), ASCE (5), Williams (103), and Mou ar«d Meng (60).
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Table 5. Examples of proposed relationships between sedinent delivery ratio and
catchment characteristics.

Region Lquation*® Author
Kansas, USA log DR =2.962 +0.669 log R -~ 0.854 log L (53)
Southeastern USA log DR =4.5-0.23 log 10 A - 0.510 x colog

R/L - 2.786 log BR (79)
Brushy Creck, Texas,

USA DR =0.627 SLpo s (104)
Texas, USA DR =1.366x 1011 A0100 R 0-363 CONS-444 (103)
Pigeon Roost Creek,

Mississippi, USA DR =0.488 - 0.006 A +0.010 RO (63)
Dali River Basin,

Shaanxi, China DR =1.29+ 137 In Re-0.025 InA (61)

*DR = sediment delivery ratjo; R = basin relief; L = basin leng.., A = basin area;
R/L = relief/length ratio; BR = bifurcation ratio; SLP = percent slope of main stem
channel; CN = SCS curve number; RO = annual runoff; Re = gully density. Note:
units vary hetween equations,

and slope characteristics; the drainage pattern and channel condi-
tions; vegetation cover; land use: and soil texture. Several studies
have attempted to produce empirical prediction equations for this
variable. Basin area frequently has been isolated as a dominant con-
trol (5). The U.S. Soil Conservation Service has developed a general-
ized relationship between SDR and drainage basin area (Figure 11A),
which has been widely applied in the central and eastern United
States (79). The inverse relationship between SDR and area has been
explained in terms of decreasing slope and channel gradients and
increasing opportunities for deposition associated with increasing
basin size. Other attempts to develop prediction equations have in-
cluded such variables as relief ratio and main channel slope (Table 5).

The failure to produce a generally applicable prediction equation
for SDR is due partly to the complexity of sediment delivery pro-
cesses and their interaction with catchment characteristics and partly
to a lack of definitive assessments of the dependent variable. Assess-
ments that have been undertaken are themselves based primarily on
a comparison of measured sediment yield with an estimate of gross
erosion. The latter is generally derived from an estimate of sheet ero-
sion based on a soil loss equation, corrected to take account of addi-
tional contributions from channel and gully erosion. These estimates
of gross erosion, therefore, are open to considerable uncertainty. The
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various relatic:ships developed for particular areas presented in figure
11B emphasize the considerable diversity of values associated with
basins of a given size. The delivery characteristics of basins in the
southeastern Fiecinont in the United States contrast markedly with
those of watersheds in the loess region of China, where delivery ratios
close to 100 percent oceur over a wide range of basin size. Some con-
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sisteney in the slope of the delivery ratio-arca relati mship is apparent
for several regions in the United States, lending support to the view
that an exponent of - 0.125 is tvpical (5). But even here a wide range
of intercept values exists.

A more rigorous approach to defining and investigating the sedi-
ment delivery characteristics of a drainage basin is provided by the
sediment budget concept originally advocated by Dictrich and Dunne
(19) and developed by Lehre (47, 48) and Swanson and associates
(63). In this essentially conceptual approach, the vazions sediment
sources within a basin are defined, and the sediment mobilized from
these sources is routed to and through the channel system by con-
sidering the various sinks. Figure 12 provides diagrammatic represen-
tations of such budgets for three basing where investigators have
attempted to define tentatively the source-vield linkages. In all cases.
the proportion of eroded sediment delivered to the basin outlet is
relatively small, ranging from 53 pereent o 5.5 pereent, but con-
siderable differences exist between the catchments represented in the
precise form of the budget and in the location and importance of
the various sinks.,

As vet, the availability of techniqgues for quantifving the various
sources and sinks involved in a sediment budget is extremely limited.
Development of such techniques represents an important research
need. The use of sediment properties to fingerprint sediment sources
(46, 66, 93, 100) and the use of "Cs measurements to investigate
the amount and spatial distribution of deposited sediment within
a drainage basin (12, 51, 54, 56) must, however. be seen as impor-
tant advances toward this goal.
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Rainfall simulators
for soil conservation
research

Rainfall simulators are research taols designed to apply water in
a form similar to natural rainstorms. They are useful for many types
of soil erosion and hydrologic experiments. However, rainstorm char-
acteristics must be simulated properly, data analyzed carefully, and
results interpreted judiciously to obtain reliable information on the
conditions to which the simulated rainstorms are applied.

The major advantages of rainfall simulator research are fourfold:
it is more rapid, more efficient, more controlled, and more adapt-
able than natural rainfall research. Researchers can measure the soil
conservation or hydrologic characteristics of newly developed crop-
ping and management practices in a relativeiy short time. Simulated
storms can be applied for selected durations on selected treatment
conditions, and measurements from a few such storms often can indi-
cate conclusively at Jeast relative information about those treatments.
Plot preparation prior to application of such storms usually takes
much less time than plot mairtenance for studies depending upon
natural rainfall. Frequently, parts of farm fieids that have the desired
soi! characteristics and cropping management histories suffice as
research areas. Plots and equipment can be inspected immediately
prior to and during data collection. Researchers can make measure-
ments and observations during simulated storms that are difficult
or impossible during natural rainstorms. In addition to their use for
field studies, rainfall simulators are readily adaptable for highly con-
trolled laboratory resenich on basic infiltration, runoff, and erosion
processes.

But rainfall simulator research also has major limitations and dis-
advantages. The cost and time required to construct a suitable rain-
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fall simulator and related equipment and the personnel needed to
operate an effective simulated rainfall research program generally
are the greatest hurdles. The difficulty of simulating natural rain-
fall characteristics and of properly interpreting data obtained from
rainfall simulators that fail to fully achieve such characteristics also
impedes such research. Other major problems are the relatively sinall
arca to which rain can b applied by most rainfall simulators and
the compromise in rainfall characteristics that is necessary for large-
arca rainfall simulators. These and other limitations need to be recog-
nized and resolved before embarking on a simulated rainfail research
cffort.

Rainfall simulators do not climinate the need for natural rainfall
experiments. For example, studies that rely on natural rainfall are
essential for obtaining data on long-term average erosion or infiltra-
tion amounts and on the variability and extremes resulting frorn
climaiic differences. However, to be of maximum value, rescarch
results must be available as soon as possible after their need is recog-
nized. Conclusive results from field-plot studies that relv on natural
rainfall often require many vears to obtain a representative sampling
of i Iastorms that include typicai combinations of critical storms and
critic ai treatment conditions. Management nractices of interest often
change appreciably or may be abandoned during this period. Fur-
thermore, many needed studies never would be initiated if they had
to rely on natural rainfall because the results would not be available
soor: enough. In such situations, rainfall simulators may be not only
ausetul but an essential component in productive research programs.

Characteristics of rainfall simulators

The ideal rainfall simulator would be inexpensive to build and
operate, would simulate rainfall perfeetly. would be simple to move,
and could be used whenever and wherever needed. Most researchers
realize that such a ntopian rainfall simulator is impossible to acquire.
Thus, different rainfall simulators have different characteristics to
meet different vesearch goals. Perhaps the most important character-
istics of natural rainfall that need to be closely simulated for soil and
water management research are raindrop size distribution, raindrop
impact veloeity. and appropriate rainstorm intensities. These three
characteristics are key factors in soil detachment, soil surface seai-
ing, and resulting runoff. They and other desirable characteristics
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for rainfall simulators to be used in erosion and hydrologic studies
include the following:

> Drop size distribution near that of natural rainstorms. Natural
rainfall consists of a wide distribution of drop sizes that range from
near zero to about 7 mm in diameter. The median drop diameter,
by volume, is between 1 and 3 mm for erosive rainstorms. Drop
diameter generally incereases with rain intensity (7).

» Drop impact celocitios near those of natural raindrops. Rain-
drop fall velocities vary from near zero for mist-sized drops to more
than 9 m/sec for the largest sizes. A common-sized raindrop ~f 2 mm
falls at a velocity of 6 to 7 m/see (4).

B Intensities in the range of storms for which results are of inter-
est. Intensities of natural rainf+ "} vary from near zero to several milli-
meters per minuate. Generally, very low intensities are not of major
interest for erosion and hydrologic studies, and very high intensities
are so rare that they may be of limited interest. Intensities between
0.2 and 2 mm/min occur quite commonly and thus are usually of
greatest importance.

> Rescarch area of sufficient size to represent satisfactorily the
treatments and conditions to be ecaluated. Rainfall simulators should
he capable of applying rainfall to plots that are large enough for a
realistic test of treatment characteristies. Small plois may be suffi-
cient for studying raindrop impact (interrill) crosion, but much longer
plots are necessary for evaluating transport and scour by runoff.

» Drop characteristics and intensity of application fairly uniform
over the study area.

> Raindrop application nearly continuons throughout the study
area.

> Angle of impact not greatly different from vertical for most
drops.

> Capability to apply the same simuiated rainstorm again and
again.

B Satisfactory rainstorm characteristics when used during com-
mon ficld conditions. such as high temperatures and moderate winds.

» Dlortability for movement from cne research site to another.

Developers of rainfall simulators should strive for these character-
istics. especially those that are of greatest importance for their specific
uses. But they should not expect to achieve all of the characteristics
perfectly. Certain compromises are necessary when simulating rain-
storms that are scientifically acceptable in comparison with natural
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rainstorms. Furthermure, researchers should avoid becoming so in-
volved in developing and improving simulators that little time is left
for their use. The goal of rainfall simulator research should be the
collection of accurate, useful data, not a perfect rainfall simulator.

Types of rainfall simulators

During the last 50 years, researchers have used a broad range of
techniques and equipment for simulating rainfall. These techniques
and equipment have ranged from walking up and down the slope
with common sprinkling cans to elaborate, pushbutton-operated elec-
tronic and hydraulic m# .hines (2, 5, 8, 16, 18). The drop formers
that produce the simulated raindrops are the key components of rain-
fall simulators. Once the drop-producing method is chosen, suitable
mechanical and electronic components can be developed for oper-
ating them.

The major methods used to produce simulated raindrops for ero-
sion and hydrologic research can be grouped into two rather broad
categories: those involving nozzles from which water is forced at a
significant velocity by pressure and those where drops form and fall
from a tip starting at essentially zero velocity (2, 16, 18). Nozzles
produce a wide range of drop sizes, as do rainstorms. But the large
nozzle orifices that are necessary to obtain large drops require that
the nozzle sprays only intermittently to reduce application rates to
typical rain intensities. Tips produce only one (4rop size or a very
limited range of sizes, so they are used mostly for fundamental studies
when a carefully controlled drop size is importan,

Early rainfall simulators were rather crude compared with today’s
standards because little information was available on rainfall char-
acteristics. In particular, scientists had not recognized the impor-
tanice of raindrop impact on soil detachment. Thus. the piimary con-
cern was to apply water uniformly over the research area in some
manner. Subsequent researck evaluating the characteristics of rain-
storms provided an understanding of appropriate goals for the design
of rainfall simulators. Most of the equipment developed in recent
decades has carefuliv considered raindrop size and velocity data as
a basis for more realistic simulation of rainstorms.

Many of the rainfall simulators currently used for soil conserva-
tion research are described in the proceedings of the 1979 rainfall
simulator workshop (18). A summary of the drop sizes, rain intensi-
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ties, plot sizes, and literature references for each of them is given
on pages ] 22 to 130 of that report. Some rainfall simulators can apply
rainstorms to runoff-plot-sized areas. Others are suitabie only for
very small field plots or laboratory studies. Figures 1 and 2 show
a few of the more widely uscd designs. :

Several rainfall simulators have been designed for use on field plots
that are similar in size te those used for natural rainfall studies of
runoff and erosion. The rainulator (10) was the first simulator
designed to apply rainstorms with drop characteristics near tiose
of natural rainfall on several runoff plots simultaneously. Simulated
rain is applied by downward-spraying nozzles that are moved later-
ally across the plots and border areas. Spray application is intermit-
tent, and only a few intensities can be simulated. The equipment
is cumbersome to move from site to site.

The rotating-boom rainfall simulator (i7) uses the same nozzles
as the rainulator, but the nozzles are located along, urms extending
from a central vertical shaft that rotates slowly. Only two intensities
are possible, and application is intermittent. The entire rainfall sim-
ulator is mounted on a trailer and can be readily moved from one
site t¢. another,

The programmrable rainfall simulator (3) and Kentucky rainfall
simulator (£3) use rapidly oscillating nozzles that reduce intermit-
teney to short periods. They can produce a wide range of intensities.
Both are electronically and mechanically complex. The Kentucky
machine is on wheeis for more rapid movement to adjacent plots.

Sprinkler irrigation equipment and the Colorado State University
RREF rainfall simulator (6) can be used on even larger runoff plots
and small watersheds. These types of simulators are less successful
in achieving natural rainfall characteristics, especially drop size
distribution.

Other rainfall simulators have been designed primarily for research
on smail field plots of about 1 m?* and for laboratory studies. The
Purdue sprinkling infiltrometer (1) and rotating-disk rainfall simu-
lator (14) use stationary nozzles, but the latter gives a much better
simulation of raindrop-impact energy. The interrill rainfall simulator
(11) uses a rapidly oscillating nozzle to produce a wide range of inten-
sities at energies very near natural rainfall. This design also has been
adapted for use on longer plots by using additional nozzles (12).

Other designs use yarn or capillary tubing of varicus materials to
form drops, mostly for laboratory studies. Drop sizes are moderate
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Figure 1. Examples of rainfall simulators used on large runoff plots: above, rainulator

(top} and programmable simulator. Facing page: Kentucky simulator (top) and
rotating-boom simulator.
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Figure 2. Examples of rainfall si
studies: Above, rotating-
center), and variable-

mulators used on small field
disk simulator (left, top), modular-

intensity lahoratory simulator (left
rillirow simulator (top) and interrill simulator.

plots or in laboratory
type infiltrometer (right,
, bottom). Facing page:
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to large, and all are about the same diameter for any specific design.
Impact velocity is considerably less than terminal for heights Jess than
5 to 10 m. Designs that are being used for erosion research include
those by Blackburn, Bubenzer, Gifford, and Romkens (18).

Further details of these and other rainfall simulators can be
obtained from referenced publications and from the researchers who
developed or now use such equipment. Many of the original designs
have been modified to improve the performance or adapt the equip-
ment for other uses.

Any researcher who is considering the development of a rainfall
simulator and/or use of simulated rainfall for erosion or hydrologic
rescarch should carefully consider the following check-list suggested
by Bubenzer (2):

» Define clearly the research objectives.

» Determine if the research objectives can be met reasonably
using simulated rairfall.

B Analyze the hydrologic process under study to determine those
components that will require aceurate simulation.

» Consider plot and soil conditions that will interact with the
hydrologie process.

» Determine the short- and long-term economic and labor re-
sources available.

If these considerations suggest that rainfall simulator research is
feasible, the researcher should thoroughly study the available liter-
ature to see if one or more of the existing rainfall simulators might
be suitable. Researchers who are currently using potentially suitable
equipment should be contacted to obtain their opinions concerning
that simulator for the specific use envisioned and other information
concerning its use. Research with rainfall simulators involves many
problems and pitfalls, and most researchers are glad to help others
avoid problems they have encountered.

Once specific types of equipment have been selected for further
consideration, every effort should be made to visit research locations
that are using such equipment to see it in operation and learn some
of the principles and details first-hand. There is no substitute for a
personal encounter with the equipment, its operation, and those oper-
ating it. The time and money spent for this purpose can reduce frus-
trations and save many hours of effort. Even when suitable eruip-
ment or designs are not available, a researcher could benefit from
discussions with researchers who are experienced in simulated rain-
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fall rescarch before embarking on a rainfall simulator development
program.

Personnel requirements and related equipment

Much more is involved in conducting productive simulated rain-
fall research than simply the availability of a rainfall simulator and
the expertise to operate it. A researcher would be unwise to construct
arainfall simulator without the companion commitment for various
types of supplementary equipment, plus adequate personnel to con-
duct effective experimental rescarch once the equipment is completed,

Personnel. The number of persons and necessary skills required to
conduct simulated rainfall experiments varies, depending upon the
size of the rainfall simulator, the number of samples to be taken,
and the analyses to be made at the time of the simulated rainstorms,
Most major rainfall simulator field programs need a crew of at least
three or fous persons, both for assembly and disassembly and to con-
duct rescarch activities during the tests. Most of their time and effort
is required for preparing the plots, installing the runoff measuring
and sampling equipment, assembling the rainfall simulator, dis-
assembling the equipment, and completing other measurements. The
actual application of the simulated rainstorms is only a small percent-
age of the total time required for operation, especially for a large
rainfall simulator. In addition to field work, considerable time and
effort are needed to analyze the great (quantity of samples and data
normally collected from simulator experiments. Frequently, field-
work over 2 to 4 months produces enough samples and data to keep
researchers busy for the remaining 8 to 10 months of the year,

Pumps. hoses. and water supply. Rainfall simulators often require
alarge quantity of water, depending upon the area covered and the
amount and duration of the rainfall to be simulated. For small rainfall
simulators, it may be possible to transport enough water to the site.
But large rainfall simulators usually require a water source near the
research arca. The water supply must be of a suitable quality, both
chemically and physically. Wells, clear ponds or lakes, or streams
that will be clear at the time of the tasts are acceptable water sup-
plies for large rainfall simulators. Because the water usually must
be pumped from the source to the rainfall simulator, pumps and hoses
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of sufficient size are necessary to deliver water at the required pressure
and quantity,

Runoff equipment. Equipment is needed to measure runoff rates
and to sample the runoff for sediment concentration. Flumes and
samplers similar to those used for natural rainfall plots (15) can be
adapted for use with rainfall simulators. However, they must be
modified to make them transportable and easily installed from site
to site. On very spall plots, all runoff and soil loss may be collected,
rather than measuring the runoff and sampling a portion of it.
Automated samplers usually are unnecessary because personnel are
present during the simulated rainstorms.

Plot borders. The sides and top of rainfall simulator plots must be
accurately delineated by a barrier or border, just as for plots tested
under natural rainfall. Sheets of metal are frequently used for this
purpose. The metal should be driven deep enough into the ground
to avoid major subsurface water movement and should extend above
the ground far enough that water from outside the plot does not get
in and vice versa. Galvanized steel sheets with corrugations that
parallel the narrow dimension make suitable borders for large plots
because they combine strength with reasonable mass. At the lower
end of a plot, collectors are needed to collect the runoff for measure-
ment and sampling.

Rain application measurement. The amount and rate of rain appli-
cation are important for interpreting the resulting data. Rainfall
simulators need to be calibrated accurately for the conditions on
which they are used, or the applied rain needs to be measured dur-
ing the simulated rainstorms. For larger plots, suspended troughs
running diagonally across the plot are effective in sampling the
variability that occurs at different locations. Small aluminum chan-
nels leading to covered containers at their lower end often work quite
well for this purpose.

Other equipment. Various other types of ancillary equipment may
be necessary to conduct simulated rainfall experiments, depending
upon the situation. Movement from site to site may require a truck
or other means of transportation. A mobile trailer equipped as a
laboratory is useful for analyses during field studies. Numerous con-
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tainers are required to collect runoff samiples, and facilities need to
be available to analyze the samples. A portable generator may be
required to supply eleetrical power. Wind shields may be necessary
for conducting experiments during moderate winds. Clocks or stop-
watches are needed for timing samples, and a camera should be
available at all times to document plot conditions. These and other
items are important components of a successful rainfall simulator
research program.

Simulated rainfall rescarch procedures

In conducting simulated rainfall research. the researcher must
make many decisions about conditions to be simulated and the
procedures to be followed. These vary from situation to situation,
depending upon the purpose of the experiment and the equipment
used.

Rainfall intensity cariation. Rainfall intensities vary widely dur-
ing most rainstorms, both with time and space. A rainfall simulator
that can vary the intensity during simulated rainstorms is desirable,
but this is difficult to achieve with many types of equipment. Varia-
tion of intensities from drop formers is difficult but often can be
achieved by varying the pressure or water flow to the tips. For nozzle-
type equipment. changing the area covered per nozzle or varying
the time between suceessive spray applications can vary the inten-
sity. Even #f wvariations in rainfall intensity during simulated
rainstorms can be produced, the combination of intensities and dura-
tions to use is difficult to select. A researcher should seriously con-
sider if such efforts are justified, if a specific variable-intensity storm
an be repeated identically for each treatment, and if the resulting
data can be interpreted meaningfully. In many cases, a ccnstant-
intensity storm or a series of constant-intensity storms that each have
different intensities is satisfactory. Because data from very low-
intensity or very high-intensity storms are usually of limited signif-
icance, researchers generally simulate several storm intensities in the
range that cause significant erosion or hydrologic events.

Sequence of simulated rainstorms. Throughout the hydrologic year,
natural rainstorms occur under a wide range of soil moisture and
cover conditions. Seldom can simulated rainfall experiments be con-
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ducted for all conditions of interest. The researcher must choose the
conditions that will best provide the desired information. Rainstorms
sometlimes occur on relatively dry soil and at other times on wet to
very wet soil. A sequence of storms that evaluates erosion first under
relatively dry conditions and, thereafter, under wetter soil condi-
tions usually provides informative data. Furne -more, the initial soil
moisture at different research sites seldom can be established at the
same level, but the wetness of all plots will be similar and therefore
comparable after the initial storm.

If a rescarcher is studying different rainfall intensities, the obvious
preference is to apply each intensity to each of the moisture condi-
tions of interest. However, this often is not feasible because it is time-
consuming and requires so many plots. An alternative is to study the
cffect of rainfall intensity using a series of subsequent storms, at dif-
ferent intensities, on the same research plots where studies of dif-
ferent antecedent moistures were conducted.

Agricultural crops and other land use situations often change
greatly through the year. Both plant growth and tillage affect the
soil condition and cover that exist at different times throughout the
year and, consequently, affect the erosion and hydrologic response.
Where such changes are significant, the researcher should attempt
to make tests at different times of the year so the trend for major
cropping conditions can be determined throughout the vear.

Length of simulated rainstorms. The duration of a rainfall simulator
test is usually less critical than other decisions. If rainfall intensity-
frequency-duration data are available for the area, they may be con-
sidered in selecting the rainstorm duration. Another important con-
sideration, of course, is the water supply available for the experi-
ments. Most tests should be long enough so that runoff is well estab-
lished and infiltration is somewhat constant before rainfall is stopped
or its intensity is changed. Generally, this means that the rainstorm
at the initial driest condition will be the longest, with succeeding
storms somewhat shorter, Because timed runoff and crosion samples
generally are collected periodically throughout the simulated rain-
storms, the researcher can use the data to determine results from
shorter storms than those actually applied.

Comparing simulated rainfall with natural rainfall. Since the char-
acteristics of natural rainfall were established several decades ago,
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researchers have sought a parameter that would indicate how closely
simulated rainfall attained the important characteristics of natural
rainfull. The most widelv used parameter has been the kinetic energy
of rain at impact. Basic physics suggests that kinetic energy, or the
similar momentum parameter, should he an importarnt parameter.
However, the area over which this energy or inomentun is dissipated
at impact also may be irnpertant. For example, cight raindrops
2 mm in diameter equal the mass of one 4-mm drop. But the hori-
zontal cross section of cight 2-mm drops is twice that of a 4-mm drop.
The kinetic energy or momentum of the 2-mm drops, although
slightly less due to slower terminal velocity, will be dissipated over
twice the area. Thus. the erosiveness of 4-mm drops may be much
greater than for several 2-mm drops of the same total kinetic energy.
Kinctic energy alone probubly is not an adequate parameter for cons-
parison. The conclusions in my 1965 report on passible parameters
still veem appropriate: . until some parameter is proved to be ade-
quate for comparison, this analysis saggests (a) that beth the drop-
size distribution and d-op-fall veloeity of natural rainfall should be
simulated as elosely as possible and () thot an appreciable sacrifice
of cither for the Gther is unwise. One of the parameters may be chosen
as a wnrle, but its influence should be secondary to a compariscn
with actual raindrop characteristices™ (9).

Suitable studies with rainfall simuletors. Ranfall simulators are well
suited for tield studies that compare different soil and cropping con-
ditions. The resulting data give reletive values rather than providing
absolute rates of erosion. To obtain realistic estimates of annual ero-
sion rates. resudts from long-term studies under natural rainfall need
to be availablc for at least ore of the treatments. The ratio of natural
to simulated erosion for that treatment may be assumed for the other
conditions to estimate the annual rates.

Suitable studies include these designed to evaluate different crop
covers. crop residue management, types and mettiods of tillage, steep-
ness and length of slope, relative erodibility of different soils, type
1nd sequence of crops in rotations, eritical periods in the annual Crop
evele, and fundamentad mechanies of erosion and runoff. However,
treatments thit have only minor differences are not appropriate for
evaluation by cither simnlated or patural rainfall because consider .
abic uncontrollable experimental variation usually is associated with
such rescarcir, especially under field conditions. Therefore. stadies
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with simulated rain should be limited primarily to tests of impor-
tant conditions that may be expucted to produce data with appre-
ciable differences.

Studlies of the effects of fertility, rotations, or long-term tillage
on erosion rates require plots that are maintained for several years
prior to testing. Other studies. such as those comparing a single
characteristic of different crops, often 1 be conducted in a single
season. Studies of surface residue rates. cover of a single crop, slope
differences, and critical periods often can be made on suitable farm
fields. The relative erodibilities of different soils can be studied by
applyving identical simulated storms %o similarily prepared soils at
widely varving locations, thereby eliminating the problem of climatic
differences among jocations, as is present in the K factor of the uni-
versal soil loss equation (19),

Of course, there are limitations to the tvpes of research that can
be conducted with rainfall simulators. Studies that require a wide

‘ariety of rainfall intensitics or impact energies may not be possible
with certain rainfall simulators. Experiments cannot be conducted
when water i the Lines and fittings will freeze or when crops are
at a height that seriously distorts the application and energy pat-
terns. Often, the width and length desired for the research areas are
greater than the rainfall simulator can accommodate. Plots with con-
toured rows generally cannot be evaluated suitably with plot-sized
rainfall simulators because the plot borders create unnatural dams
that affeet the normal water flow: yet, plets with up-and-down-slope
rows are not direetly applicable to most farm conditions. Never-
theless, (reatuents for many types of studies can be applied on up-
and-down-slope rows to determine the differences among treatments,
Sueh results then can be adjusted for the effects of contouring or other
water management practices.

Designing rainfall siraulator experiments. Rainfall siraulator experi-
ments must be caretully designed statistically to ensure that the results
provide the most possible information Generally, all treatments
should be tested in duplicate at least, although additional replicates
often are desirable. Proper randomization of treatments and appro-
priate experimental techniques are also important. Practical con-
siderations may muke compromises necessary in the number of treat-
ments versus the number of replica*icns, especially for field studies.
The researcher should remember that the goal of the research is useful
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information about the treatments being studied, not an impressive
array of statistics.

Suitable sites. Researchers should consider the following factors in
seleeting suitable field sites for rainfall simulator tests:

B Past land use history of rescarch area.
Soil type on rescarch area.
» Past crosion on the research plot area.
» Plot size, shape, slope. and uniformity.
» Availability of water supply.
» Suitability of water supply.
.
>
>

\4

Availability of and access to the research area.
Availability of equipment for applying treatments.
Disposal of runoff from the plot area.
The first four items should be determined accurately and recorded
for each study site. Other important site information also needs to
be documented.

Rescarch plot conditions. Characteristics of the research plot often
affeet the suitability of the simulated rainfall. Where the soil sur-
face of all treatments is well covered by plants, mulches, or other
surface covers, the impact energy of the simulated rainfall may be
of minor importance so far as crosion and infiltration are concerned.
Where tall crops, such as mature corn, are growing, the height of
the drop-former or nozzle and the type of nozzle movement may af-
fect the suitability of the resulting simulated rain. Where the sur-
face of the plot has a very steep slope and the rainfall simulator is
designed to apply ail simulated rain from the same clevation, the
impact energy and intensity distribution may vary excessively from
the upper end to the lower end of a long plot.

Rainfall simulators have been used on plots ranging in size from
small cans to greater than a hectare. On areas up to several square
meters, elaborate rainfall simulation methods, such as capillary-
tubing drop-formers, are feasible. But these methods are not fea-
sible on areas of dozens or hundreds of square meters. For such areas,
nozzles that each cover a considerable area are better suited.

When raindrop impact significantly affects the erosion or infiltra-
tion rate to be studied, the impact characteristies of rainfall must
be simulated adequately. Interrill erosion cannot be evaluated prop-
erly unless raindrop impact characteristics are similar to those of


http:RAINFA.LL

92 L. D. MEYER

appropriate rainstorms. Infiltration rates cannot be evaluated prop-
erly on soils that seal from raindrop impact unless the simulated rain
acts on these soils in the same manner as natural rainfall.

Results from small areas that are suitable for evaluations of inter-
rill erosion and localized irfiltration cannot be extrapolated directly
to larger arcas where flowing runoff would cause rill erosion or where
other characteristics may affect infiltration rate. For such conditions,
rainfall simulators must apply rainfall to large enough areas so that
runoff can accumulate or so that land irregularitics affecting infiltra-
tion can be evaluated properly.

On soils or topographies where gully erosion or subsurface flow
may be major considerations, research areas may need to be quite
large. For such studies, it may be most important to apply water
relatively uniformly ovesr a very large area, even if it mieans a sacrifice
in the drop impact characteristics. Agricultural irrigation equipment
then may be the only feasible approach, particularly if good soil-
surface cover is present.

Comparative versus quantitatively accurate results. Some research
secks to evaluate erosion or infiltration quantitatively. Other research
is concerned primarily with comparisons among several treatments.
For quantitatively accurate results, major rainfall characteristics,
such as drop size, impact velocity, and intensitics, must be nearly
identical to those of rainfall. Where comparison of several condi-
tions is the primary goal, however, studies at one or a limited number
of intensities and sonie compromise in drop characteristics may be
aceeptable. However, researchers should clearly distinguish for them-
selves and others the quantitative accuracy of the results.

Laboratory research. Rainfall simulators also are useful for many
laboratory studies. Some field rainfall simulators are adaptable for
laboratory use. Other rainfall simulators have been designed
specifically for laboratory use. The researcher must weigh the advan-
tages of conducting research in the laboratory against the disadvan-
tages of simulated, often quite unnatural conditions necessitated by
the laboratory environment. Laboratory studies are not affected by
weather and may be conducted throughout the year.

Adjustment for minor differeaces in application intensity. Identical
rates of application generally are impossible when using rainfall sim-
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ulators at different times under different conditions at different loca-
tions. Usually, the variation in intensity is only a few percent, but
an adjustment of the resulting runoff and soil loss to a common appli-
ation intensity is desirable.

For studies where high-intensity rainfall is applicd, rescar hers
can assume that a small varia don between the actual application
intensity and the design intensity will have little, if any, effcet on
the infiltration rate. Therefore, the actual infiltration amount or rate
can be subtracted from the design intensity to obtain the adjusted
runoff amount or rate.

A rescarcher needs to know the effect of intensity on erosion to
adjust soil loss determinations. Several analvses and studies have sug-
gested that erosion is approximately proportional to the intensity
squared. Unless o different relationship is known to exist for the
specitio situation. the adjusted <oil Toss may be computed as follows:

: «intensity \?
Adjusted soil Joss = ( ““‘") X actual soil loss
actual intensits
Interpretation of rainfall simulator data. The primary result from
studies using simulated rainfall is « relative comparison of the treat-
menes during an intense, simalated rainstorm or series of rainstorms.
Considerable data interpretation is necessary to obtain indications
of average annual values. sueh as used in the USLE (19). The
researcher must carefully consider how the relationships among soil
crocion and the various independent variables change with time.
Extrapolation to field conditions can be made only with careful
analysis. However, with proper interpretation, results from rainfall
simulator storms potentially can provide useful information in a much
more convenient manner than by relving totally on natural rainfall.

Rainfall simulators: Asset or burden?

Rainfall simulators can be great assets to soil erosion and hydrologic
research if they are designed imd used properly and if the resulting
data are interpreted judicionsly. However, simulated rainfall is not
a magic method for satisfying all erosion and hydrologic research
needs. Rescarchers must weigh carefully both the benefits to be de-
rived from the use of rainfall simulators and the problems that the
use of rainfall simulators may canse. Often, simulated rainfall is the
only feasible means for conducting needed research., Many research
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studies could never be considered if they could not be conducted using
rainstorms applied by rainfall simulators.

Many decisions need to be made and many questions resolved in
considering a rescarch program involving rainfall simulators. But
the greatest question to be faced is this: Can the conditions of interest
be adequately evaluated using simulated rainfall? Unless a researcher
an answer that question positively, with considerable assurance of
success, a rainfall simulator can be more of a burden than an asset
to a rescarch program. On the other hand, where rainfall simulators
are applicable, they can be marvelous research tools in hydrologic
and erosion rescarch. The rescarcher has the responsibility to use
apprepriate research equipment and techniques that will produce
reliable data to help answer important rescarch needs.

REFERENCIS

I Bertrand, A. R.. and J. I Parr. 1961. Design and operation of the Purdue
sprinkling infiltrometer. Research Bulletin No. 723. Purdue University, West
Lafayette. Indiana. 16 pp.

Bubenzer, G. D. 1980, An orerview of rainfall simulators. Paper No. §0-2033.

American Society of Agrienltural Engincers, St. Joseph, Michigan.

3. Foster. G R.. W L Neibling, and R. A. Nattermann. 1982, A programmable
rainfall simulator. Paper No, 82-2570. American Society of Agricultural Engi-
neers, St. Joseph, Michigan,

4. Gunn, Ross. and G D. Kinzer. 1919, Terminal celocity of water droplets in
stagnant air. Journal of Meterology 6: 243248,

5. Hall, M. ] 1970, A eritique of methods of simulating rainfalt. Water Resources
Research 6: 1,104-1,114.

6. Holland, M. I2. 1969. Design and testing of a rainfall systemn. CER 69-70, MIEH
21. Colorado State University Experiment Station, Fort Collins,

7. Laws, J. O and DAL Parsons. 1943, Relation of raindrop size to intensity.
Transactions, American Geophysical Union 24: 452460,

8 Mever, L. DU 1958, Anincestigation of methods for simulating rainfall on stan-
dard runoff plots and a studyj of the drop size, velocity, and kinetic energy of
sclected spray nozzles. Special Report No. 81, Agricultural Rescarch Service,
U.5. Department of Agricul,are, Washington, D.C. 43 pp.

9. Meyer, L. D. 1965. Simulaiion of rainfall for soil erosion research. Transactions,
American Society of Agricultuial Engincers 8: 63-65.

10. Meyer, L. D., and D. L. McCune. 1958. Rainfall simulator for runaff plots.
Agricultural Engincering 39: 644-648.

I, Meyer. L. D., and W. C. Harmon, 1979, Multiple-intensity rainfoll simulator
Jor erosion research on row sideslopes. Transactions, American Society of
Agricultural Fngineers 22: 100-103.

12. Mever, L. Do, and W. C. Harmon. 1985. Sediment losses from cropland fur-
rows of different gradients. Transactions, American Society of Agricultural
Engincers. 28: 448-453.

13. Moore, 1. D.. M. C. Hirschi, and B. J. Barficld, 1983, Kentucky rainfall

[$]



RAINFALL SIMULATORS FOR RESEARCH 95

4.

simulator. “Transactions, American Society of Agricultural Lngineers 26:
1,085-1,08Y.

Morin, J., D. Goldbergz, and L. Seginer. 1967, A rainfall simulator with a rotat-
ing disk. Transactions, American Society of Agricultural Engineers 10: 74-77.
Mutchler. € K. €L 1L Murphree, and K. C. McGregor. 1988. Labaoratory
and field plots for soil crosion studies. In Rattan Lal [editor}] Soil Erosion
Research Metnods. Soil and Water Conservation Society, Ankeny. Towa. pp.
4-36.

Mutchler, GO K. and L. F. Henmsmeier, 1965. A review of rainfall stimulators.
Transactions. American Society of Agricultural Fngineers 8: 63-65.
Swanson, N P1965. Rotating hoom rainfall simulator. Transactions, American
Society of Agricultural Fngineers 8: 71-72.

United States Department of Agrienlture. 1979. Proceedings of the Rainfall
Simulator Workshop, Tucson, Arizona. ARM-W-10. Northern Plains Soil and
Water Research Center, Sidney, Montana. 185 pp.

Wischmeier, WO H. and DL D, Smith, 1978, Predicting rainfall erosion losses- -
A puide to consercation planning. Agriculture Handbook 537. Agricullural
Research Serviee, VLS. Department of Agricalture, Washington, D.C. 58 pp.


http:Trarnsacti.ns




-
G. R. Foster

Modeling soil erosion
and :ediment yield

S()il erosion is a serious problem in many countries, especially in
such developing countries as India and China. Lester Brown, presi-
dent of Worldwateh Institute, writes:

"Because of the shortsipzhted wayv in which one-third to one-half
of the world's cropland is being managed, the soils on this land have
been converted from a renewable resource to a nonrenewable one.
Assuming an average depth of remaining topsoil of 7 inches, or 1,120
tons per acre, and a total of 3.1 billion acres of cropland, there are
3.8 trillion tons of topsoil with which to produce food, feed, and
fiber. At the current rate of excessive crosion, this soil resource is
being depleted at the rate of 0.7 pereent a vear—7 percent each
decade. In effeet, the world is mining much of its cropland, treating
it as a depletable resource not unlike oil™ (4).

Although Brown's estimate of the worldwide impact of erosion
is probably extreme, his statement expresses a major and shared con-
cern for the loss of crop productivity from long-term soil erosion on
cropland. Rescarch has documented erosion’s impacts on crop yields
and soil degradation (46). Reduced crop vields in the United States
because of crosion are not obvious from reported crop yields because
technological advances have greatly increased vields over losses caused
by crosion (46). Therefore, the impact of past erosion on crop pro-
ductivity is difficult to assess, and its future impact is even more dif-
ficult to estimate becanse of uncertainties in vield increases from new
technology.,

Soil erosion causes off-site problems as well as on-site soil degrada-
tion. Sediment from erosion on fields can cause downstream sedimen-
tation by filling distant reservoirs or nearby road ditches (1). Sedi-

97



98 G. R. FOSTER

ment in runoff can also pollute receiving waters, and sediment can
be a carrier of agricultural chemicals, such as pesticides and plant
nutrients used on farm fields (4).

Soil erosion, a diffuse process, occurs at widely varying rates over
the landscape, over a field, and even along a typical landscape pro-
file within a field. Therefore, direct measurement of soil erosion at
many points across a country, region, or local area is impractical.
Physically, crosion is difficult to measure, and variability of climate
requires that at least 10 years of data be collected under the best
ol conditions to obtain an accurate measure of average annual ero-
sion. Many more vears are required in arid areas, like the western
United States, where large. infrequent storms cause most of the ero-
sion. Consequently, rescarchers commonly use erosion prediction
methods to inventory erosion for national assessments of the impact
of crosion on erop productivity, off-site sedimentation, and nonpoint-
source pollution (45). For exariple, recent statements that about one-
third of U.S. cropland is croding excessively are based on erosion
predietion at almost 200,000 locations on nonfederal land across the
country (45). A similar inventory included these locations plus others,
bringing locations sampled to more than a million. )

Lrosion prediction methods also are useful tools in selecting con-
servation measures for specific fields. Erosion estimates are made
on a specific site for comparisons with the 50l loss tolerances assigned
to the particular soil where the practices are being planned. Soil loss
tolerance is the erosion rate above which cerosion is considered to be
excessive (51). The Soil Conservation Service has assigned soil loss
tolerance values to all major LS. soils. A satisfactory conservation
practice for a specific site is one that gives a predicted erosion rate
less than the soil loss tolerance for the soil at that site.

Erosion prediction methods are packages of scientific knowledge
that effectively transfer technology from the researcher to the user.
They are also convenient tools for extrapolating information where
specific field situations have not been studied in research.

Features of an crosion prediction method

Like handtools, a varicty of erosion prediction methods are avajl-
able; cach is best at performing a particular task. Therefore, no single
prediction method meets all needs. Assessment of the impact of ero-
sion on long-term productivity requires an estimate of long-term
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average annual erosion. A simple method like the universal soil loss
equation directly estimates this crosion without considering individual
storms (51). However, the extreme variability of erosive storms in
arid areas may require an event-based method that estimates ero-
sion by individual storms to obtain accurate estimates of average an-
nual erosion. Some analyses of nonpoint-source pollution and sedi-
ment vield also may require erosion estimates for individual storms.

Erosion varies greatly in space. Sediment vield studies and broad,
general regional analyses of erosion often require an estimate of an
crosion rate averaged over a large arca. In contrast, accurate analyses
of the impact of erosion on crop produactivity in a partienlar field
requires that crosion and resulting erop vield loss be computed at
many points over a landscape. This computation over space is re-
quired beeanse erosion varies nonlinearly in space and loss of crop
vield varies nonlinearly with erosion rate (32). Therefore, substituting
an average erosion rate over a field in erosion-vield loss equations
will not always accurately estimate loss of crop vield reductions
caused by erosion,

Available resources frequently determine the erosion prediction
method used for agiven analysis. For example, methods requiring
large data bases and mainframe computers cannot be used by a con-
servationist working directly in the field with a farmer. However,
previonshy computed results from these methods can be displayed
in charts and graphs in the office and then carried to the field. In
contrast. simple methods like the USLE can be solved direetly in the
field using slide rales and electronie caleulators, However, rapid prog-
ress in portable microcomputers and remete communications with
mainframe compnters is providing computer hardware that makes
complex erosion prediction methods available for on-site field appli-
cations.

Characteristically. crosion prediction methods are extrapolated
bevond the range of the data used to derive them. The ability of a
method to perform well when extrapolated is an important factor
in the selection of a prediction method, especially in developing coun-
tries where little baseline data may exist (17).

Types of soil erosion

The major types of soil erosion by water include sheet, rill, con-
centrated flow, gully, and stream channel erosion. (This chapter is



100 G. R. FOSTER

concerned only with erosion by water, although wind erosion is
serious at many locations. See Chapter 10 or Lyles and associates
(23) for a discussion of wind erosion processes. Sheet erosion, prin-
cipally caused by raindrop impact, removes soil in a thin, almost
impereeptible laver. Average annual soil erosion rates from raindrop
impact may be as great as 40 t/ha (24), much more than a typical
soil loss tolerance of 10 t/ha. Rill erosion, caused by surface runoff,
results in numerous, small eroded channels across a landscape. Rills
arc defined as eroded channels so small that tillage operations
obliterate them cach year. Both sheet and rill erosion are widespread
over a field and can exceed 200 t/ha in severe cases. These two types
of erosion account for the major impact of soil erosion on crop pro-
ductivity,

The topography of most fields causes surface runoff to collect in
a few major natural waterways before leaving the fields. Erosion
that occurs in these arcas is called concentrated flow erosion, and
the impact of this crosion is localized in and near the waterways.
Therefore, loss of soil productivity from concentrated flow erosion
is not as great as that from sheet and rill erosion. Farm operators
ustally till across these eroded channels, and the tilled soil is especially
susceptible to soil erosion by flow after seedbed preparation (8), In
addition, thawing soil seems to be especially susceptible to concen-
trated flow crosion.

When eroded channels in concentrated flow areas become so large
that they cannot be crossed with farm cquipment, they are ealled
gullies. Because modern farm practices require large fields for effi-
cient operation of farm equipment, farmers are careful about let-
ting concentrated flow areas hecome gullies that would divide a field
into smaller units. However, an advancing headeut from off-site can
move into and through a fi2ld, leaving a large gully. Erosion in stream
channels usually does not have impacts on fields except when entarg-
ing stream channels cause serious crosion problems along a field
boundary,

Most sediment—-croded soil particles—is carried over and from
a ficld by surface ranoff. Sediment carried from a watershed is called
sediment vield, and it usually amounts to much less than the sedi-
ment produced by crosion within the watershed (1). The difference
is deposition. which occurs on the toes of concave stopes, in ficld
boundaries, in low gradient channels. on floodplains, and in reser-
voirs. The ratio of sediment vield to total erosion within a water-
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shed is called the sediment delivery ratio (SDR), which generally
decreases with increases in watershed area (I).

Predicting crosion

Rescarchers must consider the major factors of elimate, soil, topog-
raphy, and land use in predicting erosion (36). Obviously, erosion
oceurs from diserete rainfall events. The amount of rainfall and peak
intensity of rainfall are the two most important characteristics of
arainstorm that affect its erosivity. Volume and peak rate of runoff
are measures of runoff erosivity, In the United States. climatic ero-
sivity is reatest in the Southeast and lowest in the West, with a ratio
of about 20 ta 1. Worldwide, erosivity in the United States is greater
than that in Furope but less than that in the tropics (3). The seasonal
distribution of crosivity also varies with location (51,

Soils vary in their susceptibility to erosion. A highly erodible soil
is about 10 times as erodible as a stightly erodible one. Soil texture
faand. silt. and clay composition), organic niatter content. structure,
and permeability are major factors that affeet erodibility (31). ron,
ahuninum, and sodium contents also can affeet soil erodibility (37).

Topographic features of Tong steep. and convex slopes can canse
severe erosion. Slope steepness atfeets erosion much more than does
stope Tength, The erosion rate near the end of convex-shaped slopes
can be mueh more than that at the end of a uniforas slope of the
same average steepness, Conversely. concave slopes can reduce aver-
age crosion from a landscape profile by causing large amonnts of
sediment deposition as well as reduced erosion on the upper portion
of these slopes.

The combination of climatic erosivity, soil erodibility, and topog-
raphy represents the potential erodibility of a site. These factors can-
not be changed casily. except in special cases, for example, bench
tesracing of hillstopes in China (52). Land use is the major factor
that landowners can manipulate to control erosion. Within land use,
cover, management. and supporting conservation practices can be
modilicd. IFor example. cover can be changed from a cultivated row
crop to a close-growing meadow . which will significantly reduce ero-
sion. Even within a cultivated row crop. management can be changed
from clean tillage to conservation titlage, in which residue from the
previous crop is left on the soil surface to control erosion. Mechanical
supporting practices, such as contouring, provide additional erosion
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control. Often, a field requires a system of practices—conservation
tillage to control sheet and rill erosion and terraces and waterways
to control concentrated flow crosion and sediment vield.

Worldwide, the most widely used prediction equation for average
annual sheet and rill erosion is the USLE (51). That equation is
A = RKLSCP. where A is the average annual erosion rate from sheet
and rill crosion, averaged over the eroding portion of a landscape
profile: R is the factor for climatic erosivity; K is the factor for soil
erodibility: 1S is the factor for topography: and CP is the factor for
land use. A similar equation is SLEMSA—the Sojl Loss Estimator
for Southern Africa (7). The USLE is an empirical equation derived
from more than 10,000 plot-years of data collected on natural runoff
plots and an estimated equivalent of 2,000 plot-years of data from
rainfall simulators. This equation, in use since the 1960s, is an evolu-
tion of several preceding empirical equations dating back to the 1940s
(28,42, 53). The current major USLE guideline manual, Agriculture
Handbook 537 (51), was published in 1978. Application of the USLE
is illustrated in the addendum at the end of this chapter.

The Agricultural Rescarch Service and several university scien-
tists currently are revising anc! updating the USLE. One reason for
this revision s to incorporate recent research data, especially for con-
servation tillage and rangelands, into the equation. Another reason
is to improve the applicability of the USLE to climatic regions and
land use conditions beyond U, cropland east of the Rocky Moun-
tains, the source of the original ¢ata for the USLE, Inventory needs
of SCS require that the USLE also apply to the western United States
and to pasturcland. rangeland, and forestland. Currently, the USLE’s
accuracy under these conditions is somewhat less than that for castern
cropland (10, 43). Another reason to update the USLE is to improve
its performance for conditions where no research cata exist, such
as for vegetable crops. The empiricisim of the USLE limits its accu-
racy when extrapolated to conditions different from those used to
derive its factor values,

Improvements being made to the USLE in this revision include
using the subfactor method to estimate values for its cover-manage-
ment factor C (50). This method uses mathematical rclationships to
describe canopy, ground cover, and within-soil effects (22). Height
and percentage of canopy cover that intercepts raindrops are variables
in the canopy subfactor. Percentage of ground cover and surface
roughness are variables used in the ground cover subfactor. The prin-
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cipal variable for the within-soil effect is the amount of biomass in
the upper 100 mm of scil. Both biological ground cover and below-
ground biomass are reduced over time by a simple decomposition
cquation that considers tvpe of biomass. cliniate, and soil (18).

‘This updating of the USLE will make mereased use of fundamental
erosion concepts related to sheet and il erosion to improve the
topographic factor (12) and the subfactor relationship for the effec-
tiveness of ground cover. Also, eonsideration of the increased suseep-
tibility of thawing soils to crosion is especially important for improv-
ing the applicability of the USLE ir the Palouse region of the United
States. Furthermore. seasonal variability of soil crocibility must be
considered when the sibfactor method is used to estimate values for
the USLE cover-inanagenent factor (29).

Major improvements are being made in the western United States
to better define erosivity where only limited precipitation data are
available to compute erosivity (10). Mountainous areas in the western
United States canse maior changes in erosivity over distances of only
a few kilometers. Lack of adequate precipitation data to derive values
for elimati- erosivity in a region greatly hampers application of the
USLE in other conntries (17).

Although most USLI applications are for estimating average an-
nual erosion, the equation is modified and used 1o estimate soil loss
for single-storm events, One of the typical modifications is to use
astorm factor based upon ramfall storm energy and maximun, in-
tensitv, volume of runoff, and peak ranoff rate (12, 16). Genera-
tion of these runoff values requires o b -drologic model or runoff equa-
tion not included in standard USLiS procedures. Another typical
modification is to use values for the USLE cover-management fac-
tor C that apply to the conditions at the time of the storm. The stan-
dard Cvalueis a weighted average. based upon the seasonal distribu-
tion of rainfall crosivity and scasonal cover-management factor
values.

Predicting sediment yield

The topography of any farms canses sediment deposition to occur
within ficlds. Thus, sediment vield is much less than the sediment
produced by erosion (34). A simple way to estimate sediment vield
is to multiply the USLE erosion estimate by a SDR. Though simple,
this approacly is not accurate for specific fields because researchers
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have not determined explicitly the effect of topographic features of
ficlds on SDRs (34),

Sediment delivery is a runoff transport process, which makes it
highly correlated with the volume of runctf and peak runoff rate.
Thercfore, scientists frequently use a runoff erosivity factor involv-
ing these runoff variables for the erosivity factor in the USLE to
estimate sediment vield on a storm-by-storm basis (47). Like the
event-based USLE, w separate procedure from the USLIT is needed
to compute ranofi values. Also, values applicable at the time of each
storm are used for the USLE cover-management factor C.

Erosion and sediment vield prediction methods also can be based
on the fundamental concept that sediment vield is determined by
cither the arnount of sediment made available by detachinent pro-
cesses or by the transpot capacity ot the runoff (2, 9, 19). Predic-
tion methods based upon this concept usually are complex and re-
quire use of an eleetronic caleulator., microcomputer, or large main-
frame computer for the most complex methods. These methods in-
clude eqnations for detachment by raindrop impact, detachment by
flow  transport by flow | and deposition by flow. These procedures,
called models, are a collection of powerful mathematical and logic
eiquations. They cun provide information at severs) locations over
the landscape for detachment rates: transport rates: and properties
of the sediment being eroded, transported, and deposited. CREAMS,
a field-scale model for Chemieals, Runoff, and Erosion for Agricul-
tura Management Systems (/6. 20). is one el of this type being
used in ficld applications by SCS. A hyvdrologic component needed
to compuate riznoff values to drive erosion cquations is usually integral
with the erosion component in the same computer program. Applica-
tion of the CREAMS model is illustrated in the addendum,

Predicting concentrated flow and gully erosion

Within the lust 5 vears, scientists and policymalers have recog-
nized concentraied flow as a major sediment source within fields.
SCS is now monitoring this tvpe of erosion at several sites across the
United States (14). 1 echnology is being developed to predict this type
of crosion. and the CREAMS model includes an carly version of a
component for estimating it (13). This component is based on the
theory that the crosion rate at a point on the wetted perimeter of
a channel is proportional to the difference between the flow’s shear
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stress at that point and the soil's eritical shear stress. Several factors,
including tillage. soil thawing, and soil texture, greatly affect eritical
shear stress (8.9),

Another important feature in many concentrated flows is the
clfect of untilled soil beneath the tilled surface zone. The more dense,
compact, untilled soil can act as a nonerodible layer, restricting the
depth and reducing the erosion rate in the coneentrated flow chan-
nel. The layer also canses eroded concentration flow channels to be
wide and shallow | while the channels are narrow and incised when
a noncerodible Taver is not present.

Little technology exists for predicting gully erosion. What is avail-
ble is simple and not particularly acearate (7). Most estimates of gully
crosion are hased on {icld monitoring.

FFuture erosion prediction methods

Most future erosion prediction methods will emphasize funda-
mental and hydrologically based concepts (5. 11. 25, 38. 41). This
trend is particularly true in the United States. where rapid advances
in portable computers permit use of a complex prediction method
in the field. Researchers also are attempting to make crosion equa-
tions used incdeveloping conntries more fundamentally and hydro-
ogically based (27).

Because most hydrologically based methods compite erosion on
astorm-by-storm basis. average annual erosion is computed cver 20
or more vears of storm values, Stochastic procedures can be used to
compute climatic inputs having the statistical properties of historic
weather (£8). Also. these erosion prediction methods will include sim-
ple crop growth models to compute cover and management factors.

Development of Targe. comples crosion prediction methods re-
quiring mainframe computers will continue. However, these models,
such as CREAMS. will be more applicable to a broader range of field
conditions. Most of these models currently are limited to research
applications. Increased availability of portable computer terminals
and telephone communications with mainframe computers will in-
crease the accessibility of these models.

Advancements often increase the difficulty of using erosion predic-
tion technology. which can excecd the user's technical competence,
Expert systems. a branch of artificial intelligence, will he developed
to help users seleet an appropriate erosion prediction model, assem-
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ble input data required by the model, run the model, interpret model
output, and make an assessment or management decision.

Evaluating productivity impacts

Erosion and sediment yield predictions are useful to rank the ero-
sion and sediment yield hazards for several sites or different crop-
ping practices at a site. Although such rankings are useful, erosion
estimates compared against soil loss tolerance values provide a quan-
titetive measure of erosion’s severity, The soil loss tolerance concept
has proven useful for assessing soil erosion and selecting conserva-
tion practices for a specific field (51). Current soil loss tolerance values
used by SCS are based mainly on scientific information existing prior
to the 1960s (39). Because of widespread interest in the impact of
soil erosion on crop produetivity, rescarchers are reexamining these
values. This has encouraged development of new prediction methods
that estimate crop vield reductions due to crosion. One of these,
EPIC—Erosion Productivity Impact Calculator—is an elaborate,
process-oriented model (48). It includes components for climate,
rinofi. erosion, soil moisture, soil chemistry, crop growth, manage-
ment, and cconomics. Another is the Pl—Productivity Index—model
(33), which uses a set of simple factor equations for soil properties,
available water capacity, resistance to root penetration as indicated
by bulk density, and pH. Also, economists are developing models
that estimate cconomic losses associated with erosion (6, 35, 49). The
U.S. Department of Agriculture is using such productivity and eco-
nomic models in its 1985 assessment of the impacts of soil erosion
in the United States. Also, current soil loss tolerance concepts and
values likely will be adjusted, partially based on results obtained from
these models. Applications of the EPIC and PI models are illustrated
in the addendum.

Prediction issues

Validity issues. Because no prediction method is perfect, researchers
must judge a method’s validity for each given application. Each
method works best for particular applications. Even for an intended
application, estimates will not be exact. But are they close enough?
Is theory behind the method valid, and are the vesults themselves
valid, or could they be invalid because of improper input? The
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validity issue can be addressed by considering applicability, utility,
and accuracy.

The prediction method must be applicable to the particular situa-
tion. For example, the USLE clearly does not estin.ate erosion
caused by surface irrigation. Therefore, this application of the USLE
can be rejected direetly as invalid. However, the validity of using
the USLIE to estimate erosion from sprinkler irrigation is not definite
and. therefore, the user must judge whether or not the equation can
be applied and determine precautions if it is applied.

The prediction method must be usable. For example, a method
may be extremely powerful, but if computing facilities are not
available or if researeh has not determined the required parameter
values. the method is not usable and, therefore, inappropriate.

The issue of accuracy usually is addressed by statistical confidence
intervals about estimates from the prediction method. However, the
required aceuracy, expressed by narrowness of the confidence band,
depends upon the specific problem. Confidence bands have not been
established for most erosion prediction methods, nor have accuracy
requirements been established for most applications.

The best measure of validity is this: Does the method serve its in-
tended purpose?

Resecrch issues. Rescarchers must consider several issues that can
affeet the final results of research as they plan and conduct further
rescarch to develop erosion prediction methods. Obviously, scien-
tists must define the requirements for the prediction method being
developed. These objectives must be balanced against available
researci resources of time, money, personnel, and facilities. If
argency is great or resourcees are limited, then technology transfer
from one location to another is a major consideration. IFortunately,
much of the USLE (17) and CREAMS (21) can be transferred to other
countries where resources are limited and the need is urgent.

In the United States, high labor costs have reduced significantly
the use of natural runoff piats to collect erosion data. Instead, rain-
fall simulators are now used widely (30). The converse is true in some
developing countries. where scientists do not have the resourees to
build and operate rainfall simulators Eut can operate natural runoff
plots (26). Thus, progress for improving erosion prediction methods
can be aceelerated by inereased international cooperation among ero-
sion scientists.
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Development of the governing cquations is only one part, actually
the smaller part. of developing a new, fundamentally based erosion
prediction method. The larger effort is the determination of the
parameter values needed to represent the variety of conditions to
which a ficld-applicable method must apply. Though distinct in con-
cept. separating fundamental erosion processes while maintaining
their interaction under field conditions is difficult. This hampers
research needed to determine parameter values for the fundamen-
tally based prediction methods. Ultimately, a choice must be made
for any method. empirical or fundamental. considering whether the
difficulty and expense of obaaining additional rescarch data results
in a significant improvement in the prediction method.
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ADDENDUM
Example Applications of Erosion and Productivity Models

The USLE model

Soil conservationists working with farmers have used the USLE
extensively to guide their choice of conservation practices particularly
suited to specific fields. Together, the conservationist and farmer in-
spect a field and chose the field location where crosion appears to
be most severe. A representative landscape profile, together with its
slope length and steepness. is chosen for the eritical area. For this
example, assume 72 m for the length and 6 percent for the steepness,
which gives a value of 1.03 for the USLE topographic factor (LS).

The next step is to use a soil survey map to identify the soil on
the eritical area. Once the soil is identificd, values for soil erodibility
(K) and soil loss tolerance (T) are selected from a table of soil prop-
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erties previously developed by soil scientists. Assume that K = 0.042
Ch/M] mmoand T = 10 t/ha-y for this example. A value for the
climatic erosivity factor (R) is read from a map previously prepared
from rainfall records of 20 years or more. Assume that R = 2,100
MJ-mm/ha-h-v in this example,

A soil conservation practice is considered satisfactory when com-
puted soil loss at the specific site is equal to or less than the soil loss
tolerance for the soil at the site, The cover-management (C) and sup-
porting practices (P factors in the USLE deseribe the effectiveness
of taost soil conservation practices. For this example, assume that
tillage is predominant]y up-and-down-hill, which sets P = 1.

The USLI s

A=RRKISCP [Al]
where Ais the computed average annual soil loss in t’ha-y. Because
the maximum allowable soil loss is T, this value can be substituted

for A so that equation Al can he rearranged to compute the max-
imum allowable value € for the cover-management factor:

C, = TRKISP [A2]
In this exanmple, € s compnted as:

Coo= T0/2.100 - 0,042 % 1,03 x 1.0) [A3]

C, o= 011 [A4]

Next. a list of soil conservation practices and their C values are
scanned for practices having values less than C, = 0.11 in this
example. The farmer then chooses the practice that he or she prefers.
The list of practices and their ¢ values were prepared previously
by an agronomist considering variations in plant cover, tilage, prior
land use. and other cover-management factors in conjunction with
the variation of climatic crosivity over a vear. Several aids, including
plastic slide rules. are available o facilitate field use of the USLE,
Details on the USLE and its application were given by Wischmeier
and Smith (32).

The CREAMS model

In contrast to the USLE, which can be used directly in the field,
computations with CREAMS are made in the office where the user
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Table 1. Analysis of several farming practices for a specific site with CREAMS.

Enrichment Ratio

{ER) Product
Sediment Yield Based on SY-ER
Practice (t/ha) Specific Surface Arca (t/ha)
L. Continuous corn, mold- 16 1.8 28
board plow, disk,
cultivate, unprotected
waterway
2. Same as (1), except 5.4 2.7 14
grassed waterway
3. Same as (1), except 2.7 2.3 6

chisel plow, no
cultivation, and
grassed waterway
1 Same as (1), exeept 3.8 2.8 11
terraces on a 0.24
grade, and a yrassed-
onttlet channel

Same as (1), except 1.6 4.2
impoundment at lower

end of naprotected

waterway

po]
-1

has access to a computer. Whereas the USLE is applied to a represen-
tative land profile, CREAMS is applied to a representative water-
shed of about 5 ha within a field. Topographic data are chosen from
a contour map or a field survey for a representative overland flow
path. which is usually nonuniform and may include a depositional
arca. Also, topographic data are chosen for the profile along the con-
centrated flow channel that tvpically drains the watershed. Parameter
values representing the soil’s erodibility and runoff potential are
seleeted from soil survey data. An array of values are selected from
the CREAMS manuals (44) and assembled for cover-management
parameters related to runoff and crosion for cropstages over a rota-
tion eycle. The remaining data needed to run CREAMS are the
climatic file, consisting of daily rainfall over the evaluation period,
usually 5 years or more, and long-ternt average monthly values for
temperature and solar radiation. Many of these data files can be re-
used so that less time is needed to use CREAMS in subsequent appli-
cations once the initial data files are prepared.

In a given application, several managenient alternatives are ana-
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lyzed with CREAMS. Then results, such as those in table 1, are pre-
sented to the farmer. The conservationist and the farmer together
select the practice that both provides control of srosion, sediment
vield, and chemical loss on sediment and meets the farmer’s desires.
In this example (Table 1), the major concern is loss of chemicals on
sediment from the ficld. Sediment vield is lowest with practice 5,
but the concentration of chemicals on the sediment is highest for this
practice, as indicated by the high enrichment ratio, The product of
sediment vield and enrichment ratio, the last coluran in table I, in-
dicates total loss of chemicals. Because this product is lowest for prac-
tice 3. this practice best controls chemical vield associated with sedi-
ment. Also. this practice better controls sheet and rill erosion than
does practice 5. Details of this example were discussed by Foster and
associates (15).

The PI model

Soil loss tolerance values currently used in the United States are
based on rescarch condneted before about 1955, and these values
also represent the collective judgement of rescarchers, soil scientists,
and others (39). Recent concern abont the impact of erosion on pro-
ductivity has identified the need for an improved, quantitative
method for estimating soil loss tolerance values. Assessments of the
impact of crosion on productivity increasingly emphasize cconomic
losses due to crosion (£5). Such analyses require estimaies of vield
reductions due to erosion,

The P model is a simple tool that can be used 1o guide choice
of soil loss tolerance values required to maintain productivity and
to estimate vield loss caused by erosion. The model provides no in-
formation on potential gully erosion or off-site sedimentation jm-
pacts that present soil loss tolerance values consider (39). The PI
model uses soil survey data to construct functions of productivity
index versns soil loss, sueh as fignre 1 (33). The slopes of the lines
in figure 1 represent the vilnerability of a soil to productivity loss
caused by erosion. Soils like Port Byron having a flat PI versus eroded
depth can tolerate higher erosion rates than can soils like Rockton
having a steep P curve (33),

Use of the PEmaodel to estimate the value of tolerable soil loss is
based on an allowable crop vield loss over a planning horizon or time
period. For example, assume that loss of 0.1 P1 unit over 200 years
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Figure 1. Reduction of the soil productivity index. PI, with soil loss on three soil
series in Minnesota: these relationships illustrate the relative vulnerability of soils
to crosion,

is aceeptable. A very large erosion rate for the Port Byron soil can
be tolerated because productivity does not decline with 1 m or more
of soil loss. However. other factors, such as off-site sedimentation
impact, could require a low soil loss tolerance value for the site in
this particular situation. In another situation where off-site sedimen-
tation impact is less critical, the soil loss tolerance vahie would be
higher.

In the case of the Kenyon soil, a loss of 0.1 PI unit represents an
eroded soil depth of about 520 mm, which converted to mass per
unit area is about 6,760 t/ha, assuming a specific bulk density of
I.3g/em? for the soil. This loss, divided by the assumed 200-year plan-
ning horizon, gives 35 t/ha- v for the average annual, allowable soil
loss. In the case of the Rockton soil, a loss of 0.1 PI unit represerts
a soil loss of about 110 mm, which converted to mass per unit area
is about 1,430 t/ha. This loss divided by the 200-year planning horizon
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gives 7 t/ha- v for the average annual, allowable soil loss. If the plan-
ning horizon is doubled so that productivity loss cannot be greater
than 0.1 PI unit over 400 years rather than 200 vears, the allowable
soil losses will be eut in half. In cach situation, factors in addition
to productivity loss must be considered in ar-iving at the final soil
loss tolerance value.

When the PI model is used to estimate crop vield loss, an initial
Plvalue is computed for present conditions. The USLE then is used
to estimate average annual erosion, which is converted to a loss of
soil depth by multiziving by a planning horizon, perhaps 20 years.
Another PI value is computed for the reduced soil dep:'h. The ratio
of crop PI values equals the ratio of the vield at the end of the period
to the current vield.

The EPIC model

EPIC 1s a powerful. physically based model for computing pro-
ductivity losses due to erosion at a specifie site. It too can be used
in the application deseribed for the PI model, including estimates
of economic losses caused by erosion (49). A powerful use of EPIC
not possible with the PImodel is study of the variability in crop vield
as & function of climatic variability, whicl casily masks slight pro-
chetivity losses caused by erosion.

1.4 ~
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Figure 2. Short-term loss or gain in crop productivity with erosion or deposition,
as computed with EPIC,
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Table 2. Relative productivity by profile shape and time.

. Relative Productivity by Time* (years)
Profile S y
Shape 10 20 50 100 200
Uniform 1.00 0.90 0.87 0.86 0.83
Convex (.88 0.87 0.85 0.83 0.78

Concave 0.99 1.2 1.01 1.01 1.00
Complex 1.00 0.99 0.97 0.95 0.92

*Ratio of net productivity for the profile with erosion and deposi-
tion t6 the net productivity for the profile when no erosion or
deposition occurs.

To run EPIC, the user selects parameter values from: soil survey
data and maps, tables, and information in the EPIC’s major com-
ponents of weather, hydrology, erosion, nutrient, plant growth, soil
temperature, tillage, and economics. The model is large and requires
significant computer resources. As a consequence, output for a specific
soil at a given location is normalized, as shown in figure 2. This figure
can be used to analyze the impact of erosion on this soil for any ero-
sion rate without making additional computer runs. Figure 2 from
EPIC is similar to figure 1 from the PI model. This procedure was
used by Perrens and associates (32) to study the variability of pro-
ductivity along nonuniform slopes where both erosion and deposi-
tion varied greatly. Because EPIC only computes erosion at a single
point on the landscape and it does not compute deposition, Perrens
and associates (32) combined EPIC and CREAMS, which computes
erosion and deposition along nonuniform land profiles. They used
EPIC to generate rainfall and runoff values to drive CREAMS.
Eroded soil depth computed with CREAMS at a location on the land
profile was used in figure 2 to estimate loss of productivity at the
location. Values for loss or gain in crop productivity were integrated
along the land profile to determine net productivity loss for the pro-
file. Perrens and associates (32) conclued that an accurate estimate
of total productivity loss for a field requires consideration of the varia-
tion of erosion and productivity over a field, as suggested by table 2,
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Research progress
on soil erosion processes

and a basis for soil
conservation practices

Rcscurch ebjectives in all areas of inquiry develop with time. Early
objectives commonly deal with mapping the extent to which the
variable of interest (here, the rate or amount of soil erosion per unit
area) depends upon the range of factors involved. The methodology
developed in the United States that led to the universal soil loss equa-
tior: {USLE) has met this objective successfully (at least for the U.S.
Midwest). But this very success may have delayed development of
further objectives in the manner that is common in most areas of
research.

Types and objectives of soil erosion models

Scientific investigation of agriculturally related questions often
beging with a series of experiments in which each of the variables
ithought to be important is varied or allowed to vary over a signifi-
cant range. Then, rescarchers use statistical models to investigate
the data cbtained, verhaps leading to a concise summary of the major
apparent relationships. This sequence of experimental investigation
followed by statistical analysis has occurred in the study of soil ero-
sion carried out by the U.S. Soil Conservation Service. The statistical
summary of data from field plot cxperiments in the U.S. Midwest
is the USLE (11).

In USLE experiments, the variables of land slope and plot length
could he chosen (within limits) and a range of soil types in the geo-
graphie region investigated. The experimental program was quite
massive because on each soil type the rescarchers investizated the
cffect on soil loss of different degrees of cover as well as a suite of

119



120 C.'NV. ROSE

land management practices of interest at the time. The significance
of environmental and hydrologic characteristics was recognized,
Scientists hoped that rainfall characteristics would adequately cover
both aspects—a hope not fully fulfilled with the advantages of
hindsight.

The USLE summuarizes this vast body of regionally derived data,
thereby greatly increasing the usefulness of the data base from which
it is derived. However, a summary of a data base, whether or not
eapressed as an equation as in this case, is just that. Thus, rescarchers
increasingly have recognized that the USLE is not universal in its
application. partly because it reproduces correlations between rainfall
and rimoff specific to the data set and partly because of limitations
in the range of soil types. Any model based solely on collected data
(like the USLE) is a captive of the extent of that data set,

There are more important and general considerations, however.
There exists widening recognition that the objective and role of the
USLE is not to test a representation of the processes involved in soil
erosicn. Processes are universal, even though the relative and absolute
significance of different processes will vary, as wiii the particular
outcomie in any specific sev of circumstances. Hencee, there is a lesire
to develop models to represent the processes at work in soil erosion
and deposition,

There are quite practical reasons for moving from the purely
experimental/statistical approach of the USLE to a process-type
approach. First. the USLE deals with “average annual soil loss,” a
useful concept in the climatic context in which it was developed.
For much of the tropical, semitropical, and semiarid world, a far
more satisfactory concept is that of a probability distribution of soil
loss.

The second reason favoring a move to a process-oriented objec-
tive is that in many countries limitations on research resources make
it impractical to derive such a probability distribution by direct mea-
surement in all contexts of relevance. despite the historic ability of
U.S. scientists to do that for agricalturally important soils in the U.S.
Midwest,

Basic approach to sediment crosion and transport

For this discussion, let us restrict consideration to sediment flow
on a sloping, planar land surface (Figure 1). Rates of flow per unit
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Figure 1. Flow of water (¢) and sediment (q,) from a unit strip width on a planar
land element of length 1.

strip width of plane are called fluxes (Figure 1). Sediment flux (q.)
is the mass of sediment flowing per unit time across a unit width
perpendicular to the direction of the flux. (This sediment mass is
expressed on an oven-dry basis.) Likewise, the volumetric water flux
(q) is the rate of volume flow of water per unit strip width (in
m*m!' st or m® s,

The sediment concentration (c) is expressed as oven-dry mass of
sediment per unit volume of suspension. (All symbols are listed in
the addendum.) By definition of these terms, it follows that:

Gq. = ¢ (kg m! s [11

Soil loss from the land area during an ercsion event is calcu-
lated by summing the time-variable flux q, at exit from that area
(Figure 1).

From equation 1, it follows that a deseription of soil erosion pro-
cesses involves description of the hydrology of surface flow (becanse
of term q) and a description of the various erosion processes that add
to sediment concentration, ¢, and deposition, the only process that
tends to reduce ¢. The magnitude of ¢ arises from the balance between
these opposing processes. All of these quantities can vary with time
and distance down the plane. However, because average values per
unit plane width are used (Figure 1), there is no separate, explicit
distinction between rill and interrill processes, even though rilling is
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a common, although not universal, feature of land surfaces suffer-
ing from soil erosion.

The approximate analytic model for overland flow. Rose and
associates (10) developed the following analvtical method for overland
flow. Excess rainfall (R) for a land element is defined as follows:

R =P -1 (m st (2]

where Pis the rainfall rate and Lis the infiltration rate into the land
surface (all being functions of time. t),
Let Q represent runoff per umt area. Then, from figure I:

0 - ql. (msh 3]

where g is the water flux at ¥ = L, where x is the distance from
the top of plane. where it is assumed that q = 6 (Figure 1).

If the Tand ciement is small, for example, [ 2, then the excess
rainfall is quickly shed by overland flow from the clement. in which

Case:
Q = R (m 5" [4]

However if the plane length (L) is substantial and R is time variant
(as it normally is), then changes in Q will lag behind those in R
becanse of the time taken for water to gather on the soil surface and
flow down the planc. Thus, in general, R # Q. Using the approx-
imate analytic theory of Rose and associates (10), it may be shown
that:

R=0Q + K (dQidt (ms?) [5]

where the term K depends analytically upon the length, slope, and
roughness of the plane, on Q, and on how close the overland flow
may be to laminar or turbulent.

For an assunied simple time variation in P, the approximate form
of the corresponding relationship between R and Q given by equa-
tion 5 is illustrated in figure 2. Note that it follows from equation
5 that R = Q when Q is a maximum (i.c., dQ/dt = 0).

In general. Rocannot be measured. However., Q is measured
readily. and equation 5 allows B to be caleulated from Q. With R
known, I can be caleulated using equation 2 beeause P also is mea-
sured easily. Henee, infiltration characteristies can be derived allow-
ing I to be estimated from measurements of P (7).
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Figure 2. Simplified time-variation in rainfall rate (P), infiltration rate (I), rate
of runoff per unit area of plane (Q), and the approximate analytic solution for the
excess rainfall rate (R).

The flux (x) at any x is given from this theory by:

q(x) = Qx (m* m! ') [6]
Erosion/deposition process model

A tull deseription of this model is given by Rose and associates (6,
8.9). The model relates the sediment flux at any position on a plane
and at any time in a runoff event to factors on which this sediment
flux depends. The theory also has the capacity, suitably extended,
to predict the rate and size distribution characteristies of sediment
accumulation elsewhere on the landscape, given information on rele-
vant surface geometry.,

Erosion and deposition processes. Excluding landslides or gullies,
the following three processes affect sediment concentration:

» Rainfall detachment, in which raindrops splash sediment from
the soil surface into the water of overland flow.
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» Sediment deposition, which is the result of sediment settling
out under the zction of gravity,

» Lntrainment of sediment the process whereby overland flow
picks up sediment from the soil surface, whether in rills. between
rills. or in sheet flow withiout rills.

Detachinent and entrainment increase sediment concentration;
deposition decreases it as illustrated in the Forrester-stvle flow chart
of erosion and deposition processes that oceur simultancously at
different rates (Figure 3). The resulting sediment concentration
(¢. Figure 3) is determined by the relative magnitude of these dif-
ferent rates, denoted as e, d, and r. respectively.

The rates of these three procececs can he evprossed quantitatively
as follows:

Rate of rainfall detachment. e, This is given as follows:

e =aC P (kg m2 st (7]

where ais a measure of the detachability of soil by rainfall of
rate Prand € is the fraction of the soil surface exposed to the
raindrops.

Rate of sediment deposition. d. This rate depends upon sediment
size distribution and is very rapid for sand and very slow for clay-
sized aggregates or pardceles. Thus, d must be caleulated as the sum
of d.. calculated separately for each sediment size class i with set-
tling velocity v,. It lollows that:

d = v ¢ (kg m? st [8]

where ¢ is sediment concentration in size class i.

Rate of sediment entrainment. r. The entrainment process in
overland flow is similar to bedload transport in streams. The rate
of bedload transport can be related to the excess of “stream power”
(). above a threshold value (@) required to entrain sediment (1),
Stream power is the rate of working of shear stress between sedli-
ment and the streambed. An analogous approach can be developed
for r using mass conservation of sediment in the elementary section
of overland flow shown in figure 3. The fraction of soil surface, C,,
unprotected from entrainment by overland flow is introduced and
plays a similar role to C, in ¢ (equation 7).

The stream power can be caleulated from the bed slope and the
water flux . While the stream power is the maximum rate at which
energy s available per unit arca. not all this cnergy is used in
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entraining and transporting sediment. The efficiency of this conser-
-ation is denoted n, where ) < n < 1.

Model of erosion/deposition on a plane. The model follows from con-
siderations of mass conservation of sediment in the elementary sec-
tion of overland flow (Figure 3), combined with a marriage of the

ELEMENTARY SECTION OF
OVERLAND FLOW

‘ (4 FLUX
; S ouT
c= Sediment Mass
NS Volume L
AN
A

O e > oK K

X x+8x

Figure 3. Flow chart (after the style of Forrester) representing the three ero-
sion/deposition processes explicitly represented in the model of Rose and associates
(6. 8). Rates of sediment flow are represented by valve symbols: e is rate of rainfall
detachment. d is rate of deposition, and r is rate of entrainment of sediment. Fluxes
in and out are sediment fluxes entering and leaving the element of flow by overland
flow. The elementary section of overland flow is shown artificially elevated above
the soil to clarify representation of the sediment fluxes between them. Arrows show
the direction of fluxes, and the cloud symbols represent sources and sinks outside
the volume of interest,
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theories of sediment concentration and hydrology reviewed above.
From figure 3, mass conservation of sediment in size range class
i and concentration ¢, requires that:

ai (@ o) + 587“) ) =¢ ~d +r (kg m?s1)  [9]
X

where D is the depth of overland flow at any time and position on
the plane and the algebraic sum of rates on the right-hand side of
equation 9 represents the net erosion rate.

Using equation 7 (suitably modificd) for e, equation § for d,, and
a more complex expression for r,, it may be shown that, to a good
approximation, the partial differential equation 9 can be reduced
to an ordinary (first order) differential equation, which is readily
solved. A result of this analvsis, analytically summing ¢, over all
size range classes, vields the sediment concentration [¢(L,t)] at the
bottom of the planc of length L, as a function of time t. The result is:

(L0 = (aCFQN) X (1y) + 0 gSKC(1 = 50 /L) (kg m¥,(L > x«)(10]
e

The first term on the right-hand side of cquation 10 is due to rain-
fall detachment and the second term to entrainment, both being net
values over deposition. The previously undefined terms in this equa-
tion include: I, number of sediment size class ranges; y, 1 +v,/Q;
e, density of water (1,000 kg m?¥): g, acceleration due to gravity
(9.8 m s2); S, land slope (sine of inclination angle); K, 0.267n,
where n is the efficiency of net sediment entrainment and transport;
C., the fraction of soil surface unprotected from entrainment by
overland flow; and x., the distance downslope from the top of the
plane beyond which entrainment of sediment commences.

The variable distance x. is related to Q, (8) by:

xe = Qullo #5Q) (m) [11]
and thus varies with time, as do Q, v, and P.

Soil loss from a plane. From equations 1 and 3, then, at distance
downslope x = L, it follows that:

QL) = ¢(L,yQL (kg m! sY) [12]
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The accumulated mass of sediment (M,) from a plane of width
W is thus given as follows:

t

M, = WL [ ¢(L,t) Q dt (kg) [13]

0
where ty is the duration of the runoff event.

In applying equation 13, because sediment concentration c(L,t)
and runoff rate Q vary with time, the integral can be adequately
approximated by summing over caleulations of ¢ repeated at some
time interval At, which could be the time-averaging period used in
some rainfall-rate measuring equipment. Summation may thus re-
quire 10 to 20 calenlations, which can be carried out by hand cal-
culator, though use of a microcomputer or programmable calculator
hus obvious advantages.

Methods for obtaining the data required to calculate c(L,t) using
cquation 10 are given in Rose and associates (6).

If there is a reduction in the slope of the plane, then net deposi-
tion will occur. The same theory given above can be modified to
vield an expression for the amount, location, and aggregate size
distribution of such deposition.

Deposition that occurs in the channel formed by contour banks
accumulates with crosion events and can lead to the bank having
to be reformed. Deposition of eroded soil in waterways, damns,
and other public utilities has a range of economic and social con-
sequences,

A simplified erosion process model

The general model given above can be simplified and still pro-
vide a good approximation in many situations.
Equation 10 can be rewritten as follows:

oLty = A + B [14]

where A is the net contribution to sediment concentration of rain-
fall detuchment over deposition and B is the net contribution of en-
trainment over deposition.

The jarger the runoff event, that is, the larger Q in equation 10,
and the better aggregated the soil, that is, the larger the sedimen-
tary units and so the larger y; in equation 10, the smaller is term A
compared to B in equation 14. Neglect of term A yields the simplified
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theory in which sediment concentration is given as follows:

c(L,t) = ¢ gSKC(1 - x./L), (L>x4)
= 2,700 Sn C(1 - x./L) (kg m?) [15]

because K = 0.276n.

Concentration ¢(L,t) in equation 15 is a function of time t only
because x» is time-dependent (through Q, equation 11). If x« in
equation 15 is replaced by a time-averaged mean value, X., defined
from equation 11, then:

Xo o= Qe £SQ) [16]

where Q is meun rate of runoff per unit plane area, as follows:

_— "N
Q= / Qdtn,
0

The only other term in equation 15 that might be the variable is
n, the entrainment efficiency. Assuming this term represerts its
average value for the erosion event, then sediment concentration can
remain constant for a particular erosion event and be given as
follows:

¢ = c(l) = 2,700 Sn C (1 - X« /L) (kg m?) [17]

The terms n and X+ (or Q, equation 16) in equation 17 gen-
erally are not known and require experimental determination. If
length L > 30 m very approximately, then X« /L can be small
compared to unity, in which case the theory simplifies further to:

¢ = 2,700 Sy C, (L > 30 m) (kg m?) [18]

Under rainfail of constant rate, there is experimental support for the
constancy of sediment concentration indicated by equations 17 or
18 (5, 4).

Substituting for ¢ from equation 18 into equation 13 yields:

tl(
n = (M/WL)/ (2,700 SC. [ Q dt) [19]

0 ty

where M /WL is total soil loss per unit area and Of Q dt is total
runoff per unit area during the erosion event. If both total losses are
measured and L > 30 m, then n can be calculated directly from equa-
tion 19, provided C, is also known.
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Figure 4. The relationship between the term A, defined in equation 23, and stream
power € (L) at exit from the field experimental plots of Dangler and associates (2).
Plot slopes varied but were of the same soil type znd exposed to simulated rainfall.
Plot lengths were either 10.7 m () or 22.9 m (0).

If L < 30 m appreximately, then %o /L may not be negligible
compared to unity, and the form of simplified theory given in equa-
tion 17 should be used. More fundamental than a requirement based
onslope length 1. would be a requiremient that stream power S should
be greater than about 0.5 W m2 before equation 18 be used,
where:

Q = p ¢SQL. (W m?) [20]

Justification for the figure of 0.5 W m® will come later (Figure 4).
Substituting for X. from equation 20, it follows that:

¢ =2700SCn(l - Q) [21]

= 2,700 S C, A (kg m?)  [22]
where _

A=l -QuiQ) (23]

and @ is a time average value of Q.
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In general, neither n nor Q, is known. Hence, only A (equation
23) can be ealeulated from runoff and sediment loss unless Q,/RQ is
negligibly small compared to unity. One way in which 2, can be
determined is illustrated in the next section.

The effect of plot length on soil loss per unit area

The length (1) of a caltivated plot is an important variable that
an be controlled by management. As the scale of mechanical cultiva-
tion and harvesting equipment has incrcased in many countries, so
has the length of cultivated slopes between effective barriers to
overland flow, such as contour banks. However, especially where
cultivation is not mechanized or where the scale of mechanical equip-
ment is modest. then the length of slope between effective barriers
to overland flow can be reduced to niuch smaller velues. This is a
common practice in Third World countries, and it can lead to
substantial reductions in soil loss per unit land area.

The purpose here is to illustrate the application of cquation 21
and to relate soil loss per unit area to 1. and other relevant variables.

lquation 21 can be illustrated nsing data from Dangler and asso-
ciates (2), who measured runoff and sediment loss using a rainfall
simulator on field soils on the islands of Hawaii and Oahu. Two plot
engths were investigatea, 10.7 m and 22.9 m. Simulated rainfall
rate was 63.5 nnn h': experiments lasted about 120 minutes, The
first experiment, at prevailing ficld water content, was sometimes
followed some 18 hours later by a second wet run. The data ana-
lyzed was for a Molokai soil, a silty clay loam (Typic Torrox, or
Oxisol). Prior to these experiments, the test sites had been in con-
tinuous sugarcane product’Hn.

Figure 4 shows the analysis of this data using equation 22. Despite
scatter apparently due to site-to-site variability, a tendencey for A to
increase with @ is evident. Such a relationship would be expected
from the torm of equation 23, showr fitted as a curve to the data,
assuming n is a constant equal to 0.35 and @, is 0.05 W m2. This
value (0.05 W m?) corresponds to the value of Q at which Loch
and Donnollan (4) found rilling to commence, accompanied by a
quite rapid rise in sediment concentration. It sheuld be noted,
however, that their experiments were on quite different soil types
than thosc investigated by Dangler and associates (2). This raises the
interesting possibility. requiring further fuvestigation, that Q, may
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not vary greathy with scil type for soils in a recently cultivated
condition.

[t follows from equation 23 that A tends toward the (assumed) con-
stant value of n as Q increases. Whether or not for any particular
bare soil n does have an approximately constant value independent
of @ requires further investigation.

Asstuning v is approximately constant, then, despite the scatter
in figure -4, the great importance for the factor (I = Q4/9Q) in inter-
preting soil loss from small- to modest-scale experiments is clear.

Using the values of Qy and » obtained by fitting equation 23 to
the datain figure £, we can examine how soil loss would be expected
to vary with plotlength for a particular suite of variables. From figure
I and cquation 1. the soil loss per unit land area (m, = MJ/WL) is
given by Zq/L. Henee, from equations 13 and 17 and writing

! —
f’(l) dt as Qu,, then
0

m, = 27008 C,n(l - Q/Q) Q1 (kg m?)  [24]

Equation 2.4 was used to caleulate m, for a range of values of L,
the value of X4 corresponding to that length at which @ = Q. In
addition ton = 0.35 and Q, = 0.05 W m 2 from figure 4, a slope
of S = 0.1 (or 104%) and C, = 1 (bare soil) was assumed. The
illustrative values adopted for the hvdrologice variables in this caleula-
ton correspond to a severe rainstorm:

Q =50mmh! = 1.39 x 10" ms'. and t, = 30min = 1,800s.

The values of i, calenlated from equation 24 using these values
arc shown plotted against 1, in figure 5. Notable is the quite rapid
rise in ni, with the inerease in I bevond X, (Note that in figure 5
n, is expressed in tha'. where I kg m® = 10t ha Y. The indica-
tion in figure 5 that m, = 0 for I, < X. follows from the approx-
imate form of the theory used, which negleets the first term on the
right-hand side of equation 10. In practice, this term will ensure some
loss. even for 1. < X.. The magnitude of this soil loss for lengths
less than that at which entraimment hecomes effective requires in-
vestigation. but is likely to be typically less than 1 Cha! for a single
rainstorm.

IFor the particular runoff event and soil characteristics assumed
in calenlating figure 5, the simple theory predicts that soil loss per
unit arca would be less than 10 t a' only if L < 6.5 m approx-
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imately. It is the determination of values of n and Q,, as illustrated
in figure 4, that permits this type of inference to be made. This type
of inference can be used in conjunction with information on tolerable
rates of soil loss to muke recommendations on upper safe limits to
plot lengths and how such limits will depend upon land slope, for
example.

Fromn figure 5, the use of contour banks or similar structures will
reduce soil loss per unit area by reducing the effective value of L.
In the context of using large machinery, L. may be on the order of
50 m (depending upon slope). In this particular example, the
predicted value of m, is not highly sensitive to values of L in this
range. It is not until L is reduced to 7 m that m, is reduced to
about one-half its value at 40 m.

The highest value of n found so far is about 0.7 or 0.8 for cultivated
vertisols (Pellusterts and Chromusterts), silt loams (mesie, Typic
Fragiudalfs), and loess. Accumulation of the dependence of n (and
Qo) on soil type and condition is required in the hope that some useful
predictive generalizations can be reached. Further experience is also
needed on the effect of tillage, tillage type, and time from tillage
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Figure 5. Relationship between -vil loss per unit area (m,) and length of plot (L)
for the particular suite of relevant variables given in the text.
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on n and . The effect of degree of rilling on soil loss also requires
more investigation and a better understanding of the processes
involved.

-

Effect of surface contact cover and slope on soil loss

[n addition to slope length, land slope (S) and the fraction (C)
of soil surface not protected by cover in direct contact with it are
important [actors affecting soil loss. Trade-offs between S and C,
exist in practice at the farm level if the objective of limiting soil loss
to some tolerable raie is to be achieved. The tolerable rate of soil
loss often is called a T value. If a T value represents a soil loss rate
that will not lead to soi! deterioration and/or production loss in the
long termy, it is bound to be quite variable, depending, for example,
upon soil depth and all the tactors affecting the rate of soil forma-
tion. Perhaps partly because of the experimental difficulty in deter-
mining T values, there is still argument about the utility of the con-
cept. However, the concept is used here to illustrate the trade-off
between the maximum slope that should be cultivated and the level
of cover (1 = ) that can be maintained if the soil Joss rate is to
be restricted to the T value. It should be noted that only protective
material, such as stubble mulceh, in contact with the soil surface and
protecting it from entraimmnent is considered as contributing to
I - C ).

To simplify discussion. assume that 1 > 30 m, approximately.
Thus, equation 18 can be used for ¢, instead of the more general
cquation 17.

The trade-off is illustrated using the approximate relationship
between n and C, found by Rose and associates (6) and shown in
figure 6. Data comes from two different soil types (see leges d to figure
6). and there are other causes of seatter. A rclationship similar to
the type illustrated in figure 6 appears to hold generally,

Accepting a relationship between n and C,, such as that shown
in figure 6, then specifying C, determines n for the particular soil
and cover type from which the data has been obtained. In this
context, then, it follows from equation 18 that concentration ¢ can
be considered to depend upon only two variables: S and C,. The
dependence of ¢ upon § is direet, but its dependence upon C, is
more complex because of considerable nonlinearity in the relation
between n and C, (Fizure 6). The relationship between ¢ and these
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two factors for the situation from which figure 6 was derived is shown
in figure 7. It follows from figure 7 or equation 18 with figure 6 that
for given slope and contact cover, ¢ is constant. Thus, from equa-
tion 1, the total soil loss per unit width of plane, obtained by summing
over the duration of the runoff event, is given as follows:

tl( (H
S qdt =cf q dt (kg mt) [25]
0 0

ty
where fl q dt is the total runoff for the event.
0

1.0 1.0

L2 ]

0.8 -.8

>

0.6

0.4

0.2+

0.0 T T T T

Figure 6. Efficiency ot entrainment (n) versus soil surface exposure fraction for two
vertisols in the Darling Downs, Queensland; (4) refers to a Pellustert, ® to a
Chromustert ().
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For any given site, in general, there is an effect of fractional cover
(1 = ¢}, not only on ¢ but also on total runoff. Henee, total soil
loss is influenced by cover through its influer:ce both on term ¢ and

total runoff in equation 23.

For a specific site at Greenmount in the Darling Downs,
Queensland, DL M. Freebairn (Queensland Department of Primary

(20%) 200 } BARE
| 0. SOIL
180 ; )
: , 0.01
; FRACTION
160 1 oo2 (1-C,)
: OF SOIL
140 - 0.03* COVERED
C(KG ) |

120 -
; 0.04 *

(10%) 100 +

0.05

SEDIMENT CONCENTRATION

80 |
0075
60 | oo
0.15
40 0.2
- 03
20 0.4
— 93
O ! 4.0078. FULL

LAND SLOPE S (%)

Figure 7. Graph that permits sediment concentrations ¢ (kg m™) to be read off as
a function of land slope (S expressed in percent) and fractional soil cover (1-C).
Based on the relation shown in figure 6 and approximate equation 18 in the text.

Percentages for sediment cencentration are approximate,
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Figure 8. For a particular loi.tion in the Darling Downs, Queensland, the aver ige
annual soil loss (X /1) varies with land slope S and the fraction (1-C,) of the
soil covered by mulck or other effective contact cover. The T value is a tolerance
level corresponding to ] kg m™ y' (10 t ha' y!). Arrows indicate various trae-
offs between maximum cultivated slope and cover if soil loss is not to exceed the
T value.
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Industrics. personal communieation) has ohtained the llowing rela-
tionship for average annual relationships between runolf and cover:

(I‘
S o(q/lyde = 59 - 29¢1 —~ Q) (mm vy [26]
0

Substituting the snite of values shown in figure 7 for the surface
cover fraction (1~ €} in equation 26 vields a corresponding suite
of values for average annual runoff, Multiplving these by the cor-
responding value of ¢ (equation 25) gives the average annual soil loss
per umit arca (X L) expected at this site for any combination of
fractional cover (1 = €y and land slope S. Such calealations have
been restricted to S = 0.1 (or 104%) because somewhere bevond this
Himit landslides or other mechanisms involving gravity that are
ignored in this theory may become important. The results of these
calenlations are given in figure 8.

Figure S also shows w T value of 1 kg mi? V0 that v, which
has been nsed in some situations. Simply aceepting this " value as
a desirable uppor limit to 3 L then the trade-off can be explored
between the maxinnm fand slope that should be cultivated and the
fractional cover that can be maintained. Consulting the intersection
of the adopted T-value line with the relations in figure 8. we can
see that Zq 7L< 1 kg i ? v can be achieved for the following il-
Instrative combination of valuoes:

Fractional cover (1~ ()): 0, u.1, 0.2, 0.3.
Maximum slope S for cultivation (V) 1. 3. 5. 7.

The fractional cover that can be maintained depends upon many
crop and management factors. In mechanized agriculture, cover can
be maintained at much higher values if suitable stubble-handling
machinery is availuble that minimizes the burial of stubble from the
previons crop. Less intensively mechanized agriculture would appear
to be generally compatible with maintaining a high surface cover
by stubble. In suitable climates. intereropping. for example. with
a shrub Tegume, also can he an effective soil-conserving practice.

Some conclusions

There are practical reasons for moving from erosion models that
stmmarize a large base of experimental data to models that repre-
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sent the proeesses at work in erosion and deposition.

The process model of soil erosion and deposition processes outlined
here has received a significant amount and range of testing with field
data.

The full inodel can be substantially simplified and yet maintain
adequate accuracy in many situations of significant erosion. Predic-
tive use of this simplificd model requires experimental determina-
tion of the physically defined parameters n and Q.

The simplified maodel. especially. appears suitable for use in inter-
preting experimentation on soil crosion and in the design and assess-
ment of soil-conserving management systems for agriculture at any
location, of any cultural type, and for any scale and type of cultiva-
tion. The challenge remains to expand experience on values of n and
S and to seck alternative ways in which these parameters can be
measured or predicted.
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ADDENDUM
List of major symbols

Greck Roman

SSwmbol . Desription
i Detachability of the soil by rainfall
AB Terms defined in equation 11
¢ Sediment concentration
cih) Sediment concentration at x|,
C, Fraction ¢f soil surface unprotected from raindrop detachment
C, Fraction of soil surface unpratected from entrainment by overland flow
d Sediment deposition rate
D Analytic approximation to depth of overland flow
¢ Rainfall detachment rate
i Aceeleration due to Uravity

i As asubiseript, refers to o particular sediment size range

I Number of sediment size ranges, infittsation rate

K 0.276 1)

A coctficient depending on the length, slope, and roughness of a plane

K,
L. Length of plane
u, Fqual to MWL,
M, Accumnulated siaass of sediment leaving the plane of width W at 5 = L
P Rainfall rate
q Volumetric water flux per unit width of plane
q(l) Value of g at x = L, the bottom of the plane
Qe Sediment flux per unit width of plane
¥q. Average annna’ soil loss per unit area
qu Value of q at « = 1,
Q Runoff rate per unit plane area
0 Time mean vatue of )
r Sediment entrainment rate
R Excess rainfall rate
S Slope of the plane (the sine of the angle of land surface inclination)
t Time
L Duration of runoff event
v Settling velocity of sedimentary particles of size range i
W Width of plane
X Distance downslope from the top of the plane
X Value of x bevond which ¢ > 0
N Time average value of x»
Y. (1 + viQ)
n Efficiency of net entrainment by overland flow (0 < n<l
0 Density of water
% Stream power

Qq Threshold \'ulvm- of Q
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Erodibility and erosivity

SOIL eradibility and rainfall erosivity are two important physical
factors that affect the magnitude of soil erosion. Erodibility, as a
soil characteristic, is a measure of the soil's susceptibility to detach-
ment and transport by the agents of erosion. Erosivity is an expres-
sion of the ability of crosive agents to canse soil detachment and its
transport.  Quantification of these two factors is basic to an
understanding of soil erosion processes. The magnitude of soil ero-
sion depends upon the ecase with which individual particles are
detached by the energy of raindrops and/or overland flow.

Soil erodibility

Soil eradibility is the integrated effect of processes that regulate
rainfall acceptance and the resistance of the soil to particle detach-
ment and subsequent transport. These processes are influenced by
soil properties, such as particle size distribution, structural stability,
organic matter content. nature of elay minerals, and chemical con-
stituents. Soil parameters that affect soil structure, slaking, and water
transmission characteristics also affect soil erodibility.

These soil characteristics are dynamic properties. They can be
altered over time and under different land uses, soil surface manage-
ment, and cropping/farming systems. Consequently, soil erodibility
also changes over time. Significant alterations in soil crodibility
characteristics occur during a rainstorm because of the surface seals
or changes in particle orientation that develop.

Soil texture is an important factor that influences erodibility

141
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because it affects both detachment and transport processes, While
large sand particles resist transport, fine-textured soils resist detach-
ment. The most suseeptible textural range for detachment and trans-
portis fine sand and silt. Thus, soils derived from wind-blown parent
material, for example, loess, are very susceptible to erosion, The high
erosion hazard of loess soils in the catchment of China’s Yellow River
is a relevant example. Textural and structural properties also
influence rainfall aceeptance and infiltration capacity. The equi-
librium infiltration rate is a function of total porosity, the relative
proportion of macropores, and the stability and continuity of macro-
pores. Bio-channels created by decayed roots and soil fauna have
major cffeets on infiltration capacity,

Estimating soil erodibility from laboratory analyses of suil proper-
ties. Rescarchers have used indexes based on routinely measured soil
properties to evaluate the relative susceptibility of soils to erosion
(Table T). Most indexes are a measure of a soil’s detachability or of
its resistance to detachment. Indexes are based on properties that
govern aggregation and aggregate stability, water transmission and
reiention properties, raindrop impact, and thermodynarnic processes
that govern slaking or disruption of aggregates. These indexes are
relative measires of detachability and may not reflect the soil’s field
behavior in response to rainfall and management. The instability
index of De Leenheer and De Boodt (10), the Henin index (20), and
the percentage of water-stable aggregates exceeding 0.25 mm are
amony the indexes related to structural characteristies that have
proved applicable in predicting erosion risks for a wide range of soils.
These indexes reflect structural properties and a soil’s resistance to
detachment by rain or overland flow. Also related to the same con-
cept are such indexes as dispersion ratio and colloid ratio. The KE
index is a measure of soil strength to resist raindrop impact and is
relevant to soil splash.

The choice of an appropriate index depends upon many factors,
the most important being the relevance to processes that goveri ero-
sion under natural field environments (12). In addition, the suitable
index should (a) be simple and casily adapted for routine measure-
ments, (b) Le related to other quantifiable soil properties, and (c)
be casily used to classify soils into crodibility categories. Consider-
ing these factors, there may be no single index that researchers can
use for all soils to depict field behavior, A compound factor or com-
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bination of several indexes may be required to describe appropriately
the ficld Hehavior.,

Erodibility and the unicersal soil loss equation . The soil erodibility
factor, K. in the USLIS is the soil loss from a unit plot per erosion
index unit. A unit plot is defined as a 22.1-m length of uniform 9
percent slope, continuously clean-tilled up and down the slope, and
maintained absolutely free of vegetative cover (42). There are several
different methods to meassure the erodibility factor:

Natural runoff plots. Preferably, rescarchers should measure soil
crodibility under field conditions. The data base of erodibility
measurenients using field plots for major benchmark soils is limited
and should be strengthened and expanded to regions with severe ero-
sion problems. Methodology and details of runoff and crosion measur-
ing cquipment and plot establishient are described in chapter 2.

The surface soil management of the unit plots for measuring
erodibility under natural field conditions is based upon the follow-
ing considerations: (a) plowing up and down the slope to normal
depth, followed by disking or harrowing two or three times until
a smooth seedbed is achieved: (b) plowing operations are performed
at the normal seeding time for the major crops of the region; (¢} all
other operations involving surface soil disturbance, for example,
cultivation to control weeds and eliminate erust formation, should
be performed on schedule: and (d) if necessary, herbicides can be
used te control weeds.

Plots in warm. tropical climates necessitate more rrequent plow-
ing, weed control. and farm operations for seeding and elimination
of surface crust than plots in northern latitudes. 'y tropical regions
where bimodal rainfall distribution enables two crops a year, plots
also should be plowed twice, once for cach growing scason.
Smoothening of the surface soil also is necessars, if rills are progro
sively deteriorating into gullics. It may e necessary to select a new
site aftei 3 or 4 yearsif aceelerated crosion alters the surface soil and
microrelicf. Researchers shonld run these plots for a period of 10 to
20 vears because knowledge of long-term trends or alterations in soil
erodibility is important for land use planning and for designing con-
servation measures.

Dediation from unit plot dimensions. It is not uncommon to
establish runoff plots for measuring soil erodibility on slopes other
than 9 percent and with varying plot sizes to suit local relief char-



Table 1. Soil erodibility indexes based on parameters that can be measured in the laboratory.

Limits
Less
Index Definition Erodible Erodible Reference

A Structural aggregation and stability

I. Dispersion ratio amount of (silt + clay) in dispersed state 100 15 15% 30

total isilt + clay)

2. Silica:sesquioxide ratio SiO:/R.0, 9.03 0.52 4

3. Clay ratio or mechanical ratin Sandi(silt + clay) - -

4. Surface aggregation ratio Surface area of particles > 0.05 mm -

aggregated (silt + clayv)
5. Instability index (1) I = A mean weight diameter in drv and wet - - o
seiving

6. Henin index" H = (A + Limax/(W$ + ES + BS) - 0.9 S.G - - 20

7. Percent water swuable aggregates  Percent of water stable aggregates >0.5 mm - 6
B. Water transmission properties

L. Erosion ratio dispersion ratio >10 <10 30

colloid content/moisture equivalent
2. Dispersion-permeability index E = KD/AP, - - 3

“Percent aggregation determined by wet sieving following pretreatment with water (WS),

ethanol (ES), and Benzene (BS).
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Table 1. Soil erodibility indexes based on parameters that can be measured in the laboratory, continued.

Index

Definition

Limits

Less
Erdible Erodible Reference

C. Water retention properties
1. Erodibility index (E)

2. Resistance index (1)

D. Heat of wetting
1. Temperature profile during
infiltration

E. Rain drop technique ard rainfall
simulator
1. KE index

2. Rainulators

dispersion coefficient x water holding capacity
aggregation

soil density x range of particle size
soil meisture content

AT (°C) measured at the wet/dry boundary
during infiltration

Kinetic energy required to disrupt an aggregate
at pF 4.44

Estimating soil erosion using soil trays subjected
to standard rainstorms

- - 38

LLIAISOUM ANV ALI'TIHIAOY?

SvI



146 R. LAL

acteristics and specific budgetary constraints. Under these cir-
cumstances, ., esearchers must adjust soil loss to standard conditions
of the unit plot.

The slope factor, TS, is used to correct the factor K for soils of
slopes other than 9 percent gradient and 22.1-m length. The LS factor
for specific combinations of slope length and gradient may be read
dircetly from the slope-effect chart (Figure 1) or computed by solving
the following equation (42):

LS = 2%*(0.0076 + 0.0053 s + 0.00076 $%) (1]

where 4 is the field slope length in feet and s is the gradient expressed
as slope percent. Similarly, the slope gradient factor (S) and slope
length factor (L) can be computed separately by solving the follow-
ing algebraic equations:

S = (043 +0.30 s + 0.043 §3)/6.613 (2]
I = (M72.6)05 (3]

where s is the gradient expressed as slope percent and A is slope length
in feet. These equations assume uniform slope gradients and do not
apply to irregular slopes, such as concave, convex, or complex slope
aspects. The irregular slopes are subdivided for computing their LS
factor. The dimensions for entering the LS chart or solving the alge-
braic equations are obtained for the upper segment as such. For the
lower segment, however, the steepness of the segment is used with
the overall slope length. These equations and charts apply for slope
gradients ranging from 2 to 20 percent (42).

Use of rainfall simulation on runoff plots. Establishing and main-
taining field runoff plots for a minimum period of 2 to 3 years are
capital-intensive and time-consuming operations. Plots can be set
up for only a limited number of soils. Soil erodibility data are,
however, needed for a vast number of soils of varying physical,
chemical, and mineralogical constituents and in diverse relief and
climatic environments. It is also important that field measurements
ol erodibility using runoff plots are related to soil properties. Rain-
fall simulation can facilitate and expedite data procurement in a
relatively short time. Different types of rainfall simulators for field
use are described in chapter 4,

Researchers also use rainfall simulators under laboratory condi-
tions to cvaluate relative erodibility (11). Antecedent soil moisture
content, however, complicates the direct relation between laboratory-
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Figure 1. Slope effect chart (topographic factor, LS). LS = (A/72.6) (65.41 sin’6
+4.56 sin@ + 0.065). where A = slope length in feet; 6 = angle of slope; and m
= 0.2 for gradients < 1 percent, 0.3 for | to 3 percent slopes, 0.4 for 3.5 to 4.5
percent slopes, and 0.5 for slopes of 5 pereent or steeper (41).

measured indexes and field behavior, Also important are the mag-
nitude and nature of overland flow and the network of rill systems
that develop only under field condition:. In spite of these limitations,
a qualitative relationship between la; oratory measurements and field
responses under natural rainfall conditions can be established (1).
But a quantitative measure of soil crodibility determined from
microplots under laboratory conditions may not be similar to field
data because the infiltration characteristics of a shallow layer of soil
are not similar to those of a natural, deep soil profile.
Erodibility estimation using a nomogram. Researchers can estimate
the erodibility of some soils reliably from soil data if the quantitative
relationship between crodibility and soil properties has been estab-
lishedt using field runoff plots either under natural or simulated
rainfall conditions, Wischmeier and associates (40) developed the
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following algebraic equation relating soil properties and soil erod-
ibility:

100K = 2.1 x 104(12 - OM)M!-'4 + 3.25(S-2) + 2.5(P - 3) [4]

where OM is the percent organic matter, S is the soil structure code
(granular, platy, massive, ete.), P is the permeability class, and M
is the percent silt and very fine sand. The indexes for soil structure
and permeability classes are determined from the Soil Survey Manual
(36). Figure 2 shows the nomogram solution of equation 4. Soil prop-
erties considered in this nomogram are particle size distribution, or-
ganic matter content, and qualitative m.easures of soil structure and
water permeability. On the basis of field data available, the silt-size
fraction was expaunded to include very fine sand. Thus, the particle
size classes used in the nomogram are percent silt (0.002-0.05 mm)
plus very fine sand (0.05 to 0.10 mm:) and percent sand (0.1-2.0 mm).

This nomogram has been tested on the basis of empirical relation-
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Figure 2. The soil erodibility nomograph. Where the silt fraction does not exceed
70 percent, the equation is 100 K = 2.1 M*M (10%) (12 ~ OM) + 3.25 (S - 2)
+ 2.5 (P - 3}, where M = (percent silt + very fine sand) (100 — percent clay),
OM is percent oi1ganic matter, S is structure code, and P is profile permeability
class (39).
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ships between soil characteristies and direet measurements of erod-
ibility for some 13 benehmark soils in the United States. These soils
were mostly of medium texture and of mediun to poor structure,
The nomogram also has been tested for heavy-textured soils within
the United States and found suitab’e by Romkens and associates (:34)
and Young and Mutchler (43). The nomogram has not been tested
widely for a broad range of soils ontside the region for which it was
developed. EI-Swaily and Dangler (14) tested the nomogram for sone
Hawaiian soils of volcanic origin and observed that mincralogical
class. which inelnded amorphous constituents, was important in
cstimating soil erodibility. Frodibility measurements by Vanelstande
and associates (37) in Nigeria and Ngatunga and associates (32) in
Tanzania indicated that the nomogram requires substantial altera-
tions for application to different soils in the tropics. Soil erodibility
estimated by the nomogram often differs from that measured dircctly
in the field for Vertisols. Andosols. soils with high gravel contents,
and those with high pereentages of iron and aluminum oxides.

Units of erodibility. The soil crodibility factor. K. in the USLE is
the rate of soil loss per unit of R or Ely, for a plot 22.1 m long and
of uniform 9 percent stope under continnons™ clean-tilled fallow,
According to this definition, K has units of n: per area per erosivity
or

mass - area - time or (ML*T)

e emand.

arca-length - foree-length (1ALK)

[n the custonrary English system, the units are ton - acre - hour/hun-
dreds of acre-foot-ton-inch. In the SI system, the units are metric
mn'h(-(-tzm-'lmurr"l:(-(-tun-'nwg;lj(mlC'millimcter (t-ha-ha/ha-
MJ-mm). The Kin STunits is about 0. 13 times those of the custornary
Units.

In summary. Soil erodibility is a dynamic property that is altered
with time due to changes in soil properties. Ttis a complex parameter
related to many interacting soil characteristics. Iirodibility is deter-
mined most accurately by direet measarements 53 field runoff plots
with natural rainfall. The long-termi trends involving changes in
crodibility over time should be measured on major soils for 10 to
20 years. Reliable estimates in a shorter time can be obtained by using
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rainfall simulators in the field. Indirect estimates of erodibility using
predictive relationships are reliable if the basic research informa-
tion exists regarding the effects of soil properties on erodibility. These
statistical relationships should be used for soils similar to those of
the original data base. Erodibility indexes based on routinely mea-
sured soil propertics are of relative importance and provide an in-
dircet measure of a soil’s susceptibility to detachment by erosion
agents,

Erosivity

The driving force of erosion agents that causes soil detachment
and transport is erosivity. The erosivity of rainfall is due partly to
direct raindrop impacet and partly to the runoff that rainfall gen-
erates. The ability of rain to cause soil crosion is attributed to its
rate and drop size distribution, both of which affect the energy load
of a rainstorm. The erosivity of a rainstorm is attributed to i kinetic
energy or momentum, parameters casily related to rainfall rate or
total amount,

Momentum. Momentum, a product of mass and velocity, is a
measure of the pressure exerted by rainfall on soil. Pressure, or the
foree per unit arca. has the nature of a mechanical stress that causes
breakdown or detachment of soil aggregates. That the erosivity of
rainfall relates to momentinm has been supported by the work of Rose
(35) and Williams (39). Statistical relationships between momentum
and rainfall paramecters developed for Australia by Williams (39) and
Kinnell (24) are shown in the following equations:

log momentum (dynes em* h') = 0.7il log (1) -~ 1.461  [5]
momentum (dynes em? s') = 0.0213 (I) - (.62 [6]

where I is rainfall intensity in mm h't,

The kinetic energy. The kinetic energy of rainfall is a major factor
inihiating soil detachment. Direct measurements of kinetic energy
can be made with sing pressure transducers or aceoustic devices
similar to those described by Kowal and Kassam (27). Kinetic energy
also can be computed by measuring drop size distribution of rains
and assuming terminal veloeity corresponding to a given drop size.
There are various methods of determining drop size distribution, for
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example, the flour pellet, stain technique, or oil-capturing methods
(22). I addition, many empirical relations have been developed
relating kinetic energy to rainfall intensity or rainfall amount. Kinnell
(26) deseribed kinetic energy intensity relationships in two v ays: (a)
the rate of expenditure of the rainfall kinetic cnergy (K0, which
has the units of energy per unit arca per unit time. and (b) the amount
of rainfall kinetic energy expended per unit quantity of rain (E,,),
which has the units of energy per unit area per unit depth. I, and
Fo are related o follows:

Py = C b, 1Y [7]
where Lis rainfall intensity (depth/time) and C is an empirical con-

stant. Commonly nsed algebraic equations that relate kinetie energy
to rainfall intensity are of the following type:

gy = a + blog, | [8]
Fio = cth-alh [9]
[y, = bl ~a [10]

where Tis rainfall intensity and a and b are empirical constants. Some
commonly used equations are discussed in the section of this chapter
dealing with estimation of rainfall erosivity.

Direct measurement of erosicity. Direet measurements of rainfall
erosivity involve monitoring energy load and splash simultancously,
The sand splash is measured for sieved. acid-treated quartz sand of
astandard size fraction. maintained at a constant soil moisture poten-
tial and packed to a standard density. The standard technique widely
used fothe BlEson splash cap method (22). The sand splash cansed
by a rainstorm then is related to simultancously monitored param-
cters kinetic energy, momentum. median drop size, intensity,
ammount, ete.

Ellison (131 defined standard sand as a fine. round-grained material
that passes through a 60-mesh sieve bat s retained on a 70-mesh sieve,
The sand is treated with hydrogen peroxide to remove organic mat-
ter. then is washed clean to remove other colloids and binding
materials. The detaching or splashing capacity of a rainstorm is then
evaluated using this standard, oven-dried sand packed in small
aluminum cups. 8.9 em (3.5 inches) in diameter and about 5 em (2
inches) deep (Figure 3). A fine-mesh sieve is fixed at the base with
overlying cotton or filter paper to retain the sand but to facifitate
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water movement. The weight of the oven-dried sand packed in the
cup is recorded and then saturated by capillary rise. The cup is then
exposed to the rain, and the amount of sand splashed is recorded
as the loss in oven-dry weight of sand after it has been splashed by
failing raindrops. Numerous modifications and improvements have
been made sinee the original design was published 40 vears ago (25).

Erosivity indexes. Attempts have been inade to relate detaching
or splashing capacity and kinetic energy of rain to routinely measured
rainfall parameters. such as rainfall rate and amount, for use in soil
loss prediction. Some of the most commonly used indexes include:

Erosivity index (R) of the USLE. Wischmeier and Smith (41)
developed a relation between soil loss and a rainfall parameter. The
latter is a product (Ely) of the total kinetic energy (E) of the storm

_~ Standard 3 n" dia.
) aluminum soil cup

| ————— Asbestos wick

Figure 3. Fllison splash cup technique.
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times its maximum 30-minute intensity (Iy). This parameter is a com-
pound term that reflects the combined potential of raindrop impact
and turbulence created in overland flow. The term Iy, is computed
as twice the greatest amount of rain falling in any 30 consecutive

Table 2, Kinetic energy of rainfall expressed in foot-tons per acre per inch of rain, *

Intensity

(inch hour) 0.00 001 0.02  0.03 0.04 0.05 0.06 0.07  0.08 0.09
] =250 3540 4120 453 485 512 534 553 570
0.1 H8H B9y 6l 623 G633 643 653 661 669 677
2 685 692 698 705 71l TIT 722 728 733 738
3 3 T8 752 TRT TRl 765 69 T3 77T T8I
| T8E T8RS 7Yl TS 708 801 K04 807 810 SId
D 8160 819 822 835 827 830 RI3 835 838 840
6 843 845 84T 850 852 854 856 858 861 863
T BG5S 8GT 86Y  ST1 873 875 87T KT8 KRB0 882
.8 B84 KBBG SST 8RO 891 KY3 894 RYG B8 899
Ry 01902 904 906 907 909 910 912 913 915
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1 016 930 942 054 9G4 974 984 992 1,000 1.008
2 LOI6 1023 1,029 1.036 1,042 1045 1.053 1,054 1,064 1,069

3 107

*Computed by the equation, 1 =916 + 331 log,, I, where E is kinetic energy in foot-
tons per acre per inch of rain and Uis rainfall intensity in inches per hour,
The 1074 value also applies for all intensities greater than 3 inches/hour,

Table 3. Kinetic energy of rainfall expressed in metric ton-meters per hectare per
centimeter of rain.*

Iutensity

(emh) A0 0.1 0.2 0.3 (.4 0.5 0.6 0.7 0.8 0.9
) 0 121 I8 163 175 184 191 197 202 206
1 2100 214 217 290 223 226 228 23] 233 235
2 237239 241 242 244 246 247 249 950  95]
3 253 254 255 256 258 259 260 261 262 9263
4 264265 266 26T 268 268 269 270 271 9792
5 273 273 274 275 275 276 277 978 278 979
6 280280 281 28] 282 283 283 984 284 985
7 286 286 28T 287 288 288 2891

*Computed by the equation, E = 210 + 89 log,, 1. where I is kinetic energy in metric
ton-meters per hectare per centimeter of rain and 1 is rainfall intensity in centi-
meters per hour.

I'The 289 value also applies for all intensities greater than 7.6 cm/h.
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expressed in other units is transformed as foilows:

E = 210.3 + 89 log, I [12]
where E is in m-t (ha-em)" and I is in em h*, and

5= 11.9 + 873 logy, | [13]

where Eisin J m* —mm?' and I'is in mm h'. Tables 2 and 3 pro-
vide tabular solutions to the energy equation for a range of intensitics.

The kinetic energy of a rainstorm is caleulated from the daily
recording rain chart (Figure 4) by subdividing the rain into specific
intensity ranges. Table 4 illustrates an example computation of Ely,
index for the rainstorm shown in figure 4. The numerical value of
Ele index thus computed varies with the choice of intensity class.
The width of intensity class is usually 0.5 inch (10 mm) per hour,

In addition to the energy equation of Wischmeier and Smith 41,
other algebraic equations have been developed that relate the energy
load of a rainstorm to easily monitored soil parameters, for exam-
ple. rainfall amount and intensity. Kinnell (24) related kinetic energy
to rainfall rate as follows:

KE (ergs em? sy = 8.371 - 45.9 [14]

where Tis the intensity ranging between 0 and 300 mm L.

Table 4. Computation of Al,, and Ely index for a rainstorm on June 16, 1972,
E = (foot-ton per acre-inch) = 916 + 331 logiel (where I = inch/hour).

1 2 3 4 i} 6 7 8 9
Time  Rainfall Intensity  Rainfall  Intensity Al Logl Total E
Interval  (inch) (em) (iadhr)  (cm/hr) (em/hr)(in/he) 331 Log | E (9x2)
s 0.75 1.9l 6.0 5240 2911 0778 257.5  1,173.5 880.1
7.5 .65 1.65 5.2 13.20 0 21,26 0.7l 2369 1,152.9 749.9
TS 0.55 1.10 4.4 LK 15.65 0.643 2128 1,128.8 620.8
75 45 1.1 3.6 9. 14 10,42 0.556 184.0  1,100.0 495.0
7.0 0.25 0.64 2.0 3 0R 3.25 0.301 99.6  1,015.6 253.9
7.0 0.55 140 4. 1118 15.65 0.643 212.8  1,128.8 620.8
i) 015 0.38 1.2 3.05 16 0.079 26.1 2.1 141.3
7.0 0.30 .76 2.4 6.10 4.64 0.380 1258 1,041.8 312.5
7.5 (.20 0.5] 1.6 4.04 2,07 0.204 67.5 983.5 196.1
T.h 0.25 0,64 2.0 5.0K 3.25 0.301 99.6  1,015.6 253.9
7.5 .05 013 0.1 102 0.13 03498 197.7 784 39.2

TAL, =2 aiy, = T06.59:0 AL as obtained from peak intensity and total rainfall amount =

L6093 Total E=4.563.17, Ly (Maximom intensity in 30 minates) = 4.8 inchesthour;
F L/ 100 = (4,563, 17 « £.8/100 = 219.03.
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In Zimbabwe, Hudsea (21) used the following equation to com-
pute kinetic energy using rainfall intensity T in mm h':

, 27.!
KE (Jm*mm?") = 29.8 - 127.5 [15]
I
In northern Nigeria, Kowal and Kassam (26) related the kinetic
energy of a rainfall to the rainfall amount per storm (R, in mm) as
follows:

KE (ergs em!) = 41.4 (R, - 120.0) x 10° [16]
At Ibadan, Nigeria, 1 (28) related kinetic energy to rainfall amount
P (mm) and to the maximum 30-minute intensity (Isp in mm h!) as
follows:

KE (Jm?) = 24.5P + 27.6 [17]
KE (J m2) = 18.2 1, + 18.2 [18]

In Zimbabwe, Elwell (15) related annual rainfall energy with mean
annual rainfall as follows:

17.368 (P) for regions with

I (J m? per season)

morning drizzle [19]
E (] m* per season) = 18.846 (P) for regions without
morning drizzle [20]

where P is the mean annual/seasonal rainfall in mm,

The Ely factor has been modified to consider the importance of
overland tlow. The interaction between the depth of overland flow
and the drop diameter causes «oil detachment. Soil detachment in-
creases with the increase in depth of . verland flow up to a threshold
almost equat to raindrop diameter. Therefore, the erosivity term
should consist of both rainfall and overland flow or runoff com-
ponents (31, 33). Onstad and Foster (33) proposed a combined energy
term, W, computed as follows:

W = 0.5 ElLy 15 Q ¢ [21]

where Q is storm runoff volume (inches) and q, is storm peak
runoff rate in inches per hour. Further improvements in this equa-
tion were made by Foster and associates (17).

Varied and often confusing units of energy are used in the El,,
index of the USLE. In customary English units, rainfall rate is
measured in inches per hour, kinetic energy in foet-tons per acre-
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inch or foot-tons per acre, and the storm crosivity Ely, index is
expreszed inunits of foot-ton - inch per acre-hour. The corresponding
ST anits are mm/h for MJ ha-nun' for energy and MJ-mm ha-hr!
for storm erosivity. The conversion factor for changing storm crosivity
from English units to Si units is 0.17092.

KE > i index. While working on the rainfall erosivity index for
rains in southern Africa, Hudson (22) observed a threshold value of
rainfall intensity below which splash was negligible. He observed
that erosion occurred only if rain intensity exceeded about 1 inch
per hour. He. therefore, developed an index that used kinetic energy
of rain segments with intensity exceeding 1 inch per hour (KE > 1).
He computed kinetic energy using the intensity-cnergy equation 15.
[udson (22) obtained better correlation of erosion on soils of Zim-
babwe with the KE > 1 index than with El, index of the USLE. Sim-
ilar observations have been reported from Sri Lanka by Joshua (23).

AL, index. Based on soil erosion-rainfall records at Ihadan, Ni-
veria, |Hound that for high rainfall intensities in the tropics soil loss
was related to the index AL, minus the product of rainfall amount
perstorm (A in em) with the maximum 7.5-minute intensiw (1, in
cim hY (28). This index is casier to compute than the Elyy and
KE > Lindexes and is based onintensity rather than on kinetic energy.

p*/I index. Fournier (18) developed an crosivity index for river
busins on the basis of the relationship between suspended load in rivers
and climatic data and relief characteristics. The index, described as
climate index €, is defined as follows:

C = piP [22]

where pis the rainfall amount in the wettest month and P is the an-
nual rainfall amount. This index subsequently was modified by FAO
(16) as follows:

C= 3 [23]

where p; is the rainfall in a month and P is the annual rainfall. This
index summed for the whole year was found to be linearly correlated
with El;, index (R) of the USLE as follows:

R =1 + a(C) [24]

where the zonstants a and b vary widely among different climatic
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zones. The value of intercept b is — 152, — 420, -3, and —416 for
the United States, the castern United States, the western United
States, and West Africa, respectively. The corresponding values of
coefficient a are 4.17, 6.86, 0.66, and 5.44, respectively, This index
is an approximation of the Ely, index for regions where long-term
recording raingage records are not available.

In sunvnary. Lrosivity is best estimated by direct measurements
of a rainstorm’s energy load. The data base for these measurements
is limited to a few regions only and must be expanded to other
agriculturaily important arcas. Fmpirical equations that relate rain-
fall energy with intensity are necded urgently, especially for tropical
regions characterized by high-intensity rainstorms. The reliability
of the various erosivity indexes discussed depends upon the basic data
available. The ElLy, index can be used reliably for a wide range of
climatic regions if the intensity-cnergy cquations for the region are
available. Adopting any index to estimate erosivity without evaluating
its applicability can lead to grossly erroncous estimates of soil loss.
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M. A. Stocking

Assessing
vegetative cover
and management effects

MANY people believe that vegetative cover is the simgle most
important factor in soil erosion control in the tropics. Soil ccnserva-
tion systems increasingly emphasize .ne role of organic matter, dead
or alive, in arresting erosion. Management for soil conservation is
now as much a question of encouraging vegetative growth as it is
of constructing physical conservation measures.

As a strategy for soil conservation plarning, the promotion of vege-
tation, or a “biological™ approach to soil conservation, has much to
offer. Vegetation is the factor most easily manipulated by careful
management. Beyond that, better vegetative growth and, hence,
better protection of the soil almost always provides direct economic
benefits in terms of yicld and production. Perhaps the major prob-
lem with such a conservation strategy is that it requires continuous,
sensitive, and knowledgeable management of both the soil and the
crop to be fully effective. But the rewards in terms of reduced soil
loss are indisputable,' and it is a goal achievable by small or large,
rich or poor farmers alike (39).

How vegetative cover and management work

Vegetative cover and rainfall. First and foremost, vegetation protects
the soil from erosion by intercepting raindrops and absorbing

"It is not my purpose here to review the evidence for the officacy of vegetative cover and
management. Suffice to say. the differences in erosion between good cover/high management
plots and clean-tilled, fallow plots can be in orders of magnitude of 100 or more. The reader
is referred to Hudson (19), Meyer and Mannering (27), and the many other experiments
worldwide.
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their kinetie energies harmlessly. Some water may he evaporated from
the leaves, but most reaches the ground surface either by stemflow
or by reforming into droplets that, if the vegetative cover is close-
growing, have little chance to pick up speed and gain further kinetic
energy.,

The German Ewold Wollny pioneered research on rainfall inter-
ception (7). He demonstrated how planting densities common for
many crops allowed nearly 90 pereent of the total annual rainfail
to reach the ground unimpeded. Even under the highest planting
densities, nearly half the rainfall in Wollny’s experiments fell directly
onto the soil (Table 1).

Although this has been a neglected area of research, it is clear from
these early experiments and a few later ones, such as that by Sreenivas
and associates (38). that raindrop interception is the main way that
vegelation reduces erosion. Yet, if this were the whole story, a linear
relationship would hold between pereentage cover and erosion; it
does not, Experimental evidence now indicates that the crosion-cover
relationship is curvilinear and that erosion is little different whether
cover is 106 pereent or 60 percent (Figure ). Researchers have found
similar curvilinear relationships for runoff (76, 25). Such findings
are vital to conservation research and planning in helping to design
realistic management objectives. But they also raise the question as
to why a mean seasonal cover of 60 pereent is nearly as effective as
full, continuous cover,

Vegetative cover and soil. There are many interactive processes be-
tween a plant and its soil that affect erosion. Some of these processes
include the following:

» The physical binding of soil by plant stems and roots,

Table 1. Percentage of total rainfall penetrating a canopy of vegetation at different
planting densities on 4-m? trial plots (30. 42, 47).

Planting
Density Percent Total Annual Rainfall Peactrating Canopy With:
( )l(mt.s'/ﬁﬂ) Corn Soyheans Oats Peas
i L DOYPeans
0 100 100 100 100
9 62.9 88.4 - -
16 60.7 78.2 78.5 -
25 57.0 65.9 78.4 78.9

36 44.5 (4.3 78.9 -




ASSESSING VEGETATIVE COVER 165

80

Y

Soil Loss as a Percentage of Bare Plot Soi Loss

0 20 40 00 80 100

Mean Seasonal Vegelabon Coaver ("o)

Figure 1. Erosion-cover relationship. generalized
after Elwell (13) and Elwell and Stocking (15).

» Electrochemical and nutrient bonding between roots and soil.

» Detention of runoff by stalks and organic litter.,

» Improved infiltration along root channels.

¥ Greater incorporation of organic matter into the soil, resulting
in better structural and water-holding qualities.

» Increased faunal and biological activity, leading to better soil
struecture.

Of course. many of these processes themselves contribute to bet-
ter vegetative cover. This is particularly true in the seasonal tropics
where the increased infiltration promoted by vegetative cover helps
to avoid periodic drought stress and maintains a more vigorous cover.
Clearly, provided that vegetation is maintained above a certain level
of cover (50-60 percent, but varying according to type of cover and
soil), the interactive process between the soil and the plant are suf-
ficient to cope with erosive forces.

Management. All of the above has direct implications for manage-
ment. But in addition, management works to reduce erosion through
fertihzation, timely planting, and a whole host of farm practices that
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encourage vegetative growth. The only exception from normy
routine farm practices is weeding, which inadvertently acts to reduce
cover. Effeets of management on soil characteristics are also impor-
tant, especially in the maintenance of soil aggregation and the preven-
tion of soil crusting. Aggregates are formed through the bridging cf-
feets of organic colloids. Tt is only through the use of mulches and
other supplies of organic matter that aggregation can be kept stable.

Tillage practices are one of the main aspeets of management that
alter soil porosity and infiltration and incorporate organic residucs
into the topsoil. In particular, no-till practices and direct drilling
techniques effectively reduce erosion, especially when combined with
cover erops (20),

Ambivalent effects. 1t would be a mistake to call vegetative cover
the panacea for soil erosion control, For example, a mature, natural
forest cover is a perfeet foil to crosion processes. RBates of erosion under
undisturbed forest are nsually always well below 500 kg/halyr. For
example, in Hong Kong, on 29-degree slopes with pine regrowth,
soil loss was 150 kg/ha (24). The temptation, therefore, is to pro-
mote afforestation as a universal conservation measure. However,
Fknow of at least two cases where planted trees aceelerated the ero-
sion rate. In Brazil, on the slopes of the Val do Rio Doce, Minas
Gerais, the planting of Eucalyptus Spp- as an crosion control measure
stifled ground cover and accelerated sheet erosion. In Mondoro, Zim-
babwe, trees planted for gully control appear to have increased the
rate of headward recession of gullies so that many of the trees have
been undermined by the process they were meant to stop.

What are the causes of the ambivalent effeets of vegetation? Three
an be identified. First, the height of the vegetative cover above the
ground surface is important (38). Droplets, often larger in mass than
in the original rainfall, mav reform on leaves. In falling to the ground,
they mayv accelerate sufficiently to have a sizable kinelic energy. For
example, a 2-mm diameter raindrop with a terminal velocity of 6
m/sce has about the same kinetie energy as a 3-mm drop falling at
3.25 m/see, a speed that is reached well within the first meter of
fall. Natarally, it requires more than three 2-mm drops to make a
3-mm one. Nevertheless, the cnergy impact of droplets falling from
vegetation should not be underestimated.,

Sccond, tall-growing vegetation may reduce ground cover com-
pletely, either directly by shading or by little-understood chemical
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effeets through the roots of certain woody perennials. Unimpeded
surface runoff, coupled with the bombshell effect of large droplets
falling from leaves. can cause significant erosion.

Third, ambivalent effects of vegetation also have been demon-
strated in laboratory rainfall simulator tests. De Ploey and associates
(9 found a cover of grass definitely reduced erosion on slopes under
5 degrees. But above 8 degrees. the rate of erosion exceeded the rate
on bare soil. The rescarchers concluded that higher slopes generate
turbulent eddies downstream of grass blades that erode more soil.
Obviously. there exists a complex interaction among vegetation, slope,
soil tvpe. and erosion.

Kev areas in crop cover and management research

Before considering actual research methodologies, it is necessary
to pinpoint the nature and type of rescarch that may be needed in
crop cover and management over the next few decades. For better
or for worse, the greatest effort on a sustained, worldwide basis has
gone toward establishing the C and P factor values in the universal
soil loss equation. Many now feel that further refinement of such
empirical methods through expensive rescarch provides diminishing
returns to knowledge and that scientists shouid pursue new areas of
rescarch more vigorously. Following are some arcas that need atten-
tion.

Soil fertility, productivity, and management. One of the major
lessons learned from recent erosion research is the complex nature
of the interdependencies among erosion factors. In part, this is per-
haps a reaction to the more simplistic erosion models, in which all
factors are independent (indeed, this is a requirement of empirical-
statistical models). Therefore, scientists increasingly have appreciated
that the growth of good cover erops not only has an immediate benefit
in reducing erosion but a carryover effect into succeeding vears as
well. For example. the antecedent effect of rotation is such that a
maize-following-maize plot would always have higher soil losses than
a maize-following-grass/legume plot. The classic analysis of Klemme
and Coleman (21) on the differential effects of cropping svstems on
erosion is worth reading in this context, Similarly. it is a sad but true
fact that arcas which have suffered high erosion tend to continue
to have high erosion rates. Some of the blame for this can be aseribed
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to erosion affecting fertility and fertility affecting crop growth.
However, there is an enormous field of research open to investiga-
tion of such interactions. The Food and Agriculture Organization
recently commissioned a study of erosion and productivity, and
specific arcas of research relevant to vegetation and management
are identified in the report (41).

Quality of crop canopy. Vegetation varies significantly in its
characteristics and structure, and this has a bearing on its efficacy
for soil protection. Aspeets might include the value of the vegeta-
tion as a mulch, the lavout of leaves at different heights so that rain-
drop interception is maximized, good cover crops for low fertility/high
crosion conditions (it is lamentable that nearly all experimental plot
rescarch is done under good, high-management conditions on soils
that are uneroded). and density of planting as well as experiments
with broadcast versus row versus grid planting patterns.

One line of researeh that needs investigation has to do with the
role of stemflow. The structure of certain plants encourages water
to quickly chanuel down the leaves and flow down the stem. Is this
dangerous? De Ploey (8) demonstrated just how important stemflow
is to runoff generation. Studies of the quality of the crop canopy could
extend into crop breeding programs where the ability of a plant to
produce a quick, close-growing anopy is as much a criterion for
varicetal selection as is yield and resistance to disease, In a similar
vein, the development of cover crops that will vield a crop nearly
every vear under marginal, droughty. and low fertility conditions
is important.

Economic aspects of speciality cocer craps. One of the major fac-
tors responsible for the present high rates of erosion js continuous
monocropping with no falow or grass ley in the rotation. Farmers
or landowners argue that it is not cconomical to have an unproduc-
tive year in a rotation and that inorganic fertilizers now make a
recuperative year unneeessary. Sufficient evidence exists, however,
that shows the deleterious effect of continuous cropping on soil struc-
ture and how more and more chemicals have to he applied simply
to retain vields at present levels on many soils. More economic
analyses are needed that take into account the dynamics of ero-
sion/productivity relationships and incorporate the medium-term
beneficial aspects of planted cover crops.
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Integrated land use systems. Multiple cropping, agroforestry, alley
cropping, interplanting. and striperopping all have a certain appeal,
not the least of which is the improved cover and soil conservation
they afford. But the fact remains that, with notable exceptions. there
is a dearth of experimental work on these svstems. despite semetimes
extravagant claims. In particular, there is little on-farm research into
integrated land use. Itis one matter to demonstrate that a cropping
or management svstem is teehnically viable on a rescareh station.
Itis gquite another matter to do this under the real management con-
straints of a small farm. With modern farming techniques, the
management of integrated forms of land nse is difficult and requires
specitic skil.s on the part of the farmer. Yet, the scope is enormous
for innovation and development of farming svstems that are acceept-
able socioeconomically to the farmer while conserving the environ-
ment.

Agricultural operations on the farm. A particular case of farming
systems research that has many implications for soil crosion is the
timing of planting and harvesting. Planting date is critical to vield
throughout the tropies. But it is also critical to the degree of protec-
tion aftorded to the ground over a scason by the growing crop. The
later planting is delayed, the more opportanity rainfall has to hit
bare soil. Tn the seasonal tropics especially, carly season storms can
be the most intense and crosive. Similarly, harvesting and disturb-
ance of the soil can cause additional erosion. There are many and
varied reasons for late planting. In developing countries. the most
widely cited reason is the weakness of draught oxen at the end of
the dry season to pull a plow through an often hard and stony soil.
Whatever the precise cause. there is reason to examine farming
systems with the view to proposing adaptations that would be
beneficial to conservation objectives, for example, perliaps a breeding
program for improved draught animals or fodder trees.

Tillage and soil structure research. Management also relates to ap-
propriate methods of tilage and maintenance of soil structure. Type,
direction. and degree of tillage all have important effects on ero-
sion. There are indications that the same method of tillage vear after
vear is bad for soil structure and that a rotation of implements is
desirable, perhaps, in suceessive vears, conventional moldboard plow-
ing followed by zero tillage and direct drilling, light disking, and,
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finally, chicel plowing. Also, changes in soil properties following agri-
cultural operations have a considerable effect on erodibility.

Methodologices

The previous discussion highlighted the fact that research on
vegetation and management can be extremely diverse in scope and
nature, varying from the micromoiphological structure of plants,
through plot and field experiments, to socioeconomic influences in
farming systems. Clearly, it is impossible to detail all methodologies
here. What follows is a description of only those approaches most
directly relevant to vegetation, management, and erosion.

Vegetative cover. Botanists and ceologists tend to use basal cover—
the arca of the actual ground surface taken up by stalks of vegeta-
tion—as the principal measure of cover. Such measurement methods
include line-intercept, wheel-point, and variable-plot technicues (44).
For purposes of erosion rescarch, however, it is more important to
know the proportion of the ground that is covered, even if that cover
is some distance off the ground. This gives a measure of the effici-
eney of the vegetation to intereept raindrops or, alternatively, the
proportion of bare ground open to direct raindrop splash.

Techniques. The most simple, least costly, and most practical tech-
niques for direet measurement of vegetative cover are ground-based,
vertical photography and use of a quadrat sighting frame. Elwell
and Gardner (18) evaluated the two techniques, concluding that the
sighting {rame is the better method for routine field measuremnents.
Aerial photography is uscful for resource surveys, but cannot pro-
vide the detail necessary for cover determinations; it is also a costly
technique for repeated observations throughout a growing scason.

Several authors have proposed stereophotography for monitoring
vegetative changes (45). But this form of ground-based, vertical
photography from a camera perched on a long pole suffers from exces-
sive radial displacement. Even when used stercoscopically, the per-
centage of cover is always underestimated because it appears to be
spread over a larger area than it actually s, Although Elwell and
Gardner (18) worked out percentage errors for leaf canopies at dif -
ferent heights, they concluded that even with a camera located more
than 5 m above the ground little more than immediate ground cover
can be measured.
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In its most simple form, a quadrat sighting frame consists of two
horizontal bars set directly above each other. Ten small holes are
drilled at regular intervals along each bar so that an observer may
peer through a hole in the top bar and see a small area of the ground
through the corresponding hole in the lower bar. The observer simply
records the presence or absence of a leaf or other item of intereepting
vegetation. Atter a predetermined number of observations, perhaps
100 sights or 10 positions of the frame for a fairly regular cover, or
more if cover is discontinuous, the results are expressed as a pereent-
age of hits in the total rumber of observations. An early user of this
method estimated that acenracy with 10 random positions of the
frame was + 2 pereent of vegetative cover (). Towever., subsequent
experience with the frame indicates that errors are underestimated
serioushy. Sonme sourees of error include bias in the case of row crops,
aitficulties in vertical sighting with crops more than 1 m high, prob-
lems with partially covered sights, and difficalty of interpretation
with heavy shadow. Unpublished tests using three observers on the
same ficld showed that observer error and/or misinterpretation can
produce unaceeptable errors of + 10 percent. Using similar pro-
cedures and statistical analysis. Elwell and Gardner (18) found that
atotal of 1.000 sights would be needed to achieve a 2 pereent aceu-
racy for unitorni cover conditions and 300 sights for a 5 pereent acen-
racy where cover is variable,

A improved instrument has been designed for vegetative cover
measurements (Figures 2 and 3). It retains the case of operation of
the simple sighting frame but removes some of the biases and potential
crrors and allows the measurement of tall-growing vegetation, such
as maize (1), Instead of looking vertically down, the new instru-
ment vses adapted gunsights on sliding cursors (to allow adjustment
for row crops at different spacings) to look obliquely downward onto
a strip of mirror. The observer sees the reflected image of the crop
leaves outlined against the sky,

Other techuiques for assessing vegetative cover include the use of
light meters, point ¢uadrats. shadow measures (2), and clectronic
monitoring devices. One interesting cover study compared botanical
methods, including all-contacts-point. first-contact-point, and step-
point methods, evaluated against both runoff and sediment produc-
tion in Colorado: none of the methods gave a good correlation against
sediment vield (3). Indirect incasures include assessing the effective-
ness of cover in preventing soil detachment through the use of splash
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cups. Sreenivas and associates {38) proposed the use of a soil cover
rating as follows:

SCR weight of soil splashed from bare land - weight of soil splashed under cover

weight of soil splashed from bare land

The technique has not received wide use, however.

Use of cover measurements. A measurement of cover percentage
provides a single assessment at one point in time in the grewth period
of a crop or vegetation. In other words, if a rainfall event were to
oceur at that exact time, the cover value is equal to the percentage
of rainfall likely to be intercepted before reaching the ground. By
itself, such a measurement is of little intrinsic value. Knowledge is
required of how the vegetation progresses through its growing season
and the proportion of the seasonal rainfall that is interrepted. This
scasonal interceptive efficiency of vegetation is one of the key
parameters used in the soil loss estimation developed in and employed
by the Conservation Service in Zimbabwe (17). Tt is similar to the
crop protection factor of Sharma and associates (35).

To caleulate seasonal interception, cover measurements are taken
al regular intervals (usually every 10 days) through the growing
season. Then a cover curve is constructed (Figure 4). Superimposed
upon this curve is the mean seasonal distribution of rainfall kinetic
energy as measured from a recording raingage. For example, if in
one 10-day interval the cover averaged 25 percent and the kinetic
energy of rainfa)l was 800 J/m?, then 200 J/m? would be intercepted.
Summing these caleulations over the whole growth period, it is possi-
ble to calculate the percentage of mean seasonal kinetic energy that
is intereepted by the vegetation. Typical values of interception range
from about 20 pereent for a poor crop of maize or tobaceo to nearly
i00 percent for a dense weed fallow.,

Zimbabwe scientists have established a vegetative cover data bank
of cover measurenients and crop-hazard ratings. For instance, a cot-
ton crop grown under moderace fertility and reasonable manage-
ment will achieve 38 percent interception of rainfall, whereas a sor-
ghum crop will achieve 52 percent interception. Researchers already
know that the erosion-cover relationship is curvilinear (Figure 1) and
that 38 percent cover is potentiallv dangerous. If erosion is likely
to be severe because of slope or other conditions. then there would
be compelling arguments to grow sorghum rati,er than cotton. The
major varisbles affecting interceptive efficiency are planting date
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and fertility status of the soil. In Zimbabwe, H. A. Elwell has con-
structed tables of interception for crops at various expected vyield levels
and dates of crop emergence (Table 2 is an example for one crop).

Other vegetative characteristics and methods. Canopy height, the
structure of the plant, and rooting characteristics are measures of
vegetation that could influence erosion to varying dejzrees. Standard
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length measures and a leaf area index can be used for the former,
but root measurements are difficult. Because no single measure can
adequately describe all vegetative characteristics that are important
in erosion, one method is to classify vegetation into types based upon
similarities in soil protective characteristics (Table )

The problem remains, however, to relate quantitatively types of
vegetation to splash detachment and overall erosion. Laboratory and
rainfall simulator studies have the most potential. Some possibilities
that have been discussed at recent meetings, but which remain gen-
erally unpublished, include:

» Splash detachment in a rainfall simulator using plants grown
in trays at various spacings and cover percentages: brussels sprouts,
potatoes, and sugar beets have been us-1 at Silsoe, England, for
example.

® As above, but with plastic or artificial plants.

» As above, but using an open grid above the soil surface upon
which discs or rectangles can be placed to simulate accurately various
cover percentages and spacing of the cover. Experiments at the In-
stitute of Agricultural Engincering, Harare, Zimbabwe, used this
approach, along with clumps of Hyparrhenia grass to represent the
stems of row crops (this addition of a basal cover reduces soil loss
slightly but consistently).

The classic early experiments of Hudson (19) using mosquito gauze
to simulate a full cover is another example.

Experiments on the effects of vegetative mulch on erosion are more
common, principally because this is an aspect covered specifically
by the USLE. Standard soil loss/runoff plot experiments (with or

Table 2. Interception values for cotton based upon vield and emergence data; data
from H.A. Elwell, CONEX, Zimbahwe.

Expected Interception Value (%) for Emergence Dates cf:
Yield 1 15 1 15 1 15 1 1 1
(kg/ha) Sept Sept Oct Oct Nov  Nov  Dec Jan  Feb
500 43 41 39 34 29 23 16 7 2
1,000 62 59 55 49 41 32 24 9 2
1,500 72 69 65 57 48 38 28 11 2
2,500 84 79 75 66 56 44 32 13 3
3,500 92 87 82 72 61 48 35 14 3
4,500 95 89 84 74 63 49 36 14 3
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without rainfull simulation) are the usual way of expressing the bene-
ficial aspects of various rates of application and incorporation of
organic residues and mulches (22, 36).

Plot and field experiments. Apart from experiments aimed at fix-
ing factor values for the USLE (see later section), researchers widely
use plot and field experiments to investigate specific crop and manage-
ment circumstances. The major weakness of such experiments is this

Table 3. Crop classitication based on similarities in soil-protective characteristics (16).

Description Examples

A. Row crops
1. Tall, upright crops generally grown  Annuals: maize, sorghum, sun-

on unridged lands flowers; perennials: napier fodder,
sugarcane
2. Lepumes, annuals: short, bunch Beans: sova, velvet, ete.: ground-
and procumbent varicties nuts; cowpeas

3. Tall. upright crops on ridged lands — Tobacen; group 1 crops on ridges

4. Woody, bushy row crops Cotton
B. Broadcast crops
Lo Tall, upright, for fodder See Al
2. Short legumes broadeast for See A2
fodder and green manure
3. Medinm height plants for fodder,  Sunhemp, weed fallow
fgreen manure, ete,
C. Orchards/plantations

I Individual trees und bushes planted  Coffee, citrus, deciduous fruit
on regular pattern

2. Hedged crops Tea
3. Thick stands of nataral and exotic  Forestry

trees with little to no goass cover

D. Grasslands

1. Stoloniferous grasses planted in Star. Kikuyu, torpedo
in rows from runners; permanent
pastires
2. Seed established grass; bunch Love grass. Sabi panicum,
K
varicties Rhodes, cte.
3. Species composition related to Natural veld grasses, mixed species,
natural soil and environmental mainly bunch, with some annuals

conditions and perennials




178 M. A. STOCKING

very specificity; they are only relevant to the precise conditions of
the experiment, Extrapolation must proceed with extreme caution,
A few of the many examples that might be quoted include the
following:

» Water yield and erosion response to land management n
watersheds up to 389 acres (37).

» Comparison of the effects of no-till practices and conventional
plowing on soil properties and yields of different crops. No-till had
negligible soil lnss (23).

P Effect of narrower row spacing for a sorghum crop. Soil loss
was 39 percent less than with conventional spacing (1).

All experiments that monitor the relationships among erosion and
measures of vegetation and management show that other factors in-
fluence the exact nature of the relationship. Some of these factors
are the nature of the rainfall, evapotranspiration, and infiitration
rates. In turn, these factors may depend at least partially on the
vegetation and management. For the researcher there is often the
considerable danger of circularity of argument, ac well as lack of
adeqguate control over plot and field experiments.

Vegetation as wni indicator of ercsion. Within the complexity of

natural systems, one variable cffectively can integrate several other

aviables and present an obseiver with useful information in a
simplified manner (43). Plant indicators are one of the most power-
ful integrators, and they have two important areas of application
in crosion research: in general survey work for use as dateable markers
of old soil levels and through species composition as indicators of
the state of the environment or of soil types or conditions that are
particularly susceptible to erosion.

Field measurements using vegetation. Dunne and associates (10)
described several ways of using vegetation as a rapid means of field
measurement of erosion. The exposure of tree roots is one common
method. But a mcre accurate assessment used in Tanzania involves
use of certain woody species, for example, ant-gall acacia (Acaria
drepanalobium), that have a physiological mark on their stem (a
bulge or branching or color of bark) at the level of the original soil
surface (11). With suitable species, it is possible to develop a calibra-
tion curve between age of tree (by ring count) and circumference
at ground level. Therefore, nondestructive sampling can be carried
out linking age of trec and depth of erosion since germination of the
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tree. There are several practical difficulties leading to sources of error
with this methodology, such as ambiguity of originai surface level
or scarcity of suitable shrubs in some places. But it is an unrivalled
method for gaining recent historical data on rates of sheet erosion
without the need for expensive instrumentation.

Indicater species. As indicators, plants are extremely uscful be-
cause they are chvious features of the landscape and can react
dramatically to small changes in environmental conditions. The reac-
tion of grasslands, in particular, to overgrazing and intensive use
is usually by a sequential change in species composition from vigorous,
palatable perennial grasses to a reduced density of tufts of less
palatable annuval species (32). In central Zimbabwe, I observed
Panicum coloratum with some Digitaria spp. on a lightly grazed site
and Brachiaria humidicola on an adjacent but intensively used site—
an overall serious deterioration of the grasstand that can be used as
an indirect measure of erosion.

Certain species also tend to be specific to particular soils. Apart
from the obvious role of plant indicators for soil surveys, plants can
be used to identify certain problem soils from the standpoint of ero-
sion. Throughout central Africa, the mopane tree (Colophospermum
mopane) is an immediate indicator of sodic soils that ar« extremely
erodible. A less well-known example is the occurrence of mupundu
(Parinari curatellaefolia), which fiourishes on ridge tops in zones with
a fluctnating seasenal water table in the root zone. Such conditions
form noncalcic hydromorphic soils that have an open-bridge struc-
ture, strong when dry but susceptible to sudden collapse when wet.
With the use of agricultural machinery, the management of such
a soil is especially critical.

Cropping factors in predictive equations. Two USLE factors relate
directly to vegetation and management. The cover and management
factor, C, is the ratio of soil loss from an area with specified cover
and management to that from an identical area in tilled, continuous
faliow. The support practice factor, P, is the ratio of soil loss with
a support practice, such as contouring, stripcropping, or terracing,
to that with straight-row farming up-and-down slope. Field plot
measurements form the basis for determining these factor values.
Specific procedures for C and P values are laid down in the Agri-
culture Handbook 537 (46).

Briefly, C values for a particular site are calculated frorm soil loss
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ratios representing six cropstage periods (rough fallow, seedbed,
establishment, development, maturing crop, and residue/stubble) and
three levels of canopy cover at the mature stage. Other variables in-
clude crop type; the specific rotation; stage in the rotation; method
of plowing--moldboard, conventional, chisel; direction of plowing;
use of winter cover crops; dry weight of residues in the spring; effect
of chopping stalks for residue; and percentage o! soil surface covered
by mulch after crop seeding.

Some crops, for example, require further refinements and details
to culeulate accurate C values. A large number of interrelated
variables are covered by this one factor. Consequently, there has to
be considerable complexity both in method of determination and in
final C values. For example, maize has some 60 C values in the United
States to account for the variety of ways it is grown.

The P factor basically describes the effect of those management
practices that are conservation-oriented: contouring, ridge planting,
stripcropping. and terracing. It is more simple in its application than
C. but there is considerable overlep in concept between C and P,
with improved tillage, sod-based rotations, fertility treatments, and
crop residues relegated to C rather than P.

Considerable research has gone into determining USLE factor
values. Noteworthy in this respect are the research programs fund-
ed by the French Office for Overseas Scientific Research (ORSTOM)
in West Africa and Brazil (26, 53). It remains an unfortunate fact
that the complexity of tropice! {2-10iag systems necessitates a vastly
greater research effort to establish C and P values than has already
been conducted in the United States, an impossible task with pres-
ent resource constraints. Perhaps for individual high-value crops,
the rescarch effort may be worthwhile,

Other models tend not to address the complexities of vegetation
and management. One exception is SLEMSA (Soil Loss Estimator
for Southern Africa), which uses the concept of rainfall interception
described ecarlier. It also incorporates management effects into soil
erodibility on the basis that plowing, residues, and other standard
management practices basically affect the susceptibility of the soil
to erosion. This is one of the integrative components of SLEMSA
that makes it somewhat different than the USLE.

Farming systems approaches. Farming systems research is now seen
as a research methodology in its own right, although it has only rarely
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been applied specifically to soil conservation (40). If the objectives
of soil conservation are to save soil and maintain productivity, then
there are many means to that end. The most obvious and widely
used means is to implement physical conservation works and land
use planning. Bat time and again these have failed. What are the
alternatives? At least five separate strategies have been identified (39),
but all of them demand an intimate knowledge of farm practices,
seeial and economic circumstances, labor peaks, and the like before
they ean be implemented with any confidence that they will be
accepted. Farming systemns research aims to analyze the farming
systemn background to pinpoint any positive opportunities within the
day-to-day life of the farm household in which practices that also
meet soil conservation objectives can be incorporated—it is “con-
servation by stealth”! Notwithstanding the emphasis at some inter-
national research centers, farming systems research is not simply a
technical analysis of cropping systems.

A key manual on farming systems research inethodology is Plan-
ning Technologics Appropriate te Farmers: Concepts and Procedures
(6), published by CIMMYT (Centro International de Mejoramiento
de Maiz y Trigo). It emphasizes a point that is particularly relevant
for soil conservation research and planning:

“Few farmers are following in their entirety the recommendations
made by rescarchers and extension workers. Some argue that farmers
are at fault, some that extension is ineffective, others that credit is
unsuitable, and some that inputs are not available in a timely way.
A less frequently heard explanation is that the recommended tech-
nologies themselves are simply not appropriate to farmers.”

Adoption of a technically proven method of soil conservation by
farmers is, in effect, the same Lrocedure as the adoption of any new
technology. That adoption hi pes upon a numnber of interrelated fac-
tors. In the main. farmers s 2k technologies that increase their in-
comes while keeping risks within reasonable bounds. Whether one
talks to a rich commereial farmer in a developed country or a shift-
ing cultivator in the tropics, it is of littie practical use to appeal to
his or her conservation ethics. Farniing systems research, in analyz-
ing the interrelationships in decision-making on the farm, hopefully
may identify where new technelogy and what type of technology
can be introduced without apsetting the delicate set of conditions
that the farmer perceives to be important.

CIMMYT (6, 29, 34) has identified a systematic set of procedures



182 M. A. STOCKING

that are useful in obtaining information on a farmer’s circumstances,
In brief, the procedure involves:

> Assembling background information, such as agro-climatic,
erosion, population data, etc., from published and unpublished
secondary sources.

» Making exploratory surveys—informal interviews with farmers,
extension workers, merchants, and others with strong local knowledge
as a means of narrowing down the circumstances of farmers. A
guiding principle adopted by most farming systems research workers
is that if a significant number of farmers in a region are using (or
not using) a particular practice there is a good reason.

P> Making a formal survey—formal interviews by trained inter-
viewers using specific and focussed questions identified in the explor-
atory survey but needing qualification and verification.

A closely related research approach emphasizing vegetation and
management is that adopted by agroforestry research. One of the
principal objectives of agroforestry is soil conservation and the sus-
tainability of agricultural/forestry/livestock production in difficult,
eresion-vulnerable environments. The International Council for
Research in Agroforestry, based in Nairobi, Kenya, has developed
“A Diagnostic and Design Methodology for Agroforestry” (31) that
incorporates eiements of farming systems research in the context of
rapid rural appraisal to identify the possibilities for the growth of
woody plants in conjunction with other land use activities. Indeed,
“rapid rurzl appraisal” (5), which has entered into the jargon of
tropical development work, is a set of methodologies and techniques
designed to maximize the social relevance of project planning activi-
ties without resorting to long, time-consuming, expensive survey
work—an application especially relevant to soil conservation plan-
ning (7). Useful listings of plants suitable for soil erosion control and
agroforestry purposes have been developed (12, 28).

Farming systems research involves a diversity of individual ap-
proaches. Of late, there has been a tremendous increase of interest
in this line of investigation. It there is one lesson to be drawn from
farming systems research that is relevant to all methodologies for
the assessment of vegetative cover and management, it is that tech-
niques for research and for planning in soil conservation need to be
adapted far more closely to the farmer and his or her local environ-
ment. Universal solutions are impossible. The challenge for research
is how best to identify human and physical environmental ¢ .adi-
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tions at the local level rapidly and accurately enough to plan con-
servation effectively.,

10.

11

16.
17.

18.
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Monitoring soil
erosion’s impact
on crop productivity

QUANTIFYING the effects of soil erosion on crop yields is a com-
plex task because it involves the assessment of a series of interactions
among soil properties, crop characteristics, and the prevailing
climate. The effects are also cumulative and often not observed until
long after accelerated soil erosion begins. Furthermore, the mag-
nitude of erosion’s effects on crop yields depends upon soil profile
characteristics and on management systems. Crop vield, an integrated
response to many interacting parameters, is difficult to relate under
ficld conditions to any individual factor. It is, therefore, difficult
to establish a one-:~-one, cause-and-effect relationship between rates
of soil erosion and erosion-induced soil degradation on the one hand
and crop vields on the other.

Nonetheless, it is imperative that the erosion-productivity relation-
ship be known for major soils. Such information is essential for future
planning and for developing an effective land use policy. The custom-
ary method of reporting soil erosion—the equivalent depth per unit
time or equivalent mass of soil displaced per unit time—should be
replaced by an expression of economic loss in monetary terms. The
economic loss attributable to soil erosion includes loss of applied and
inherent plant nutrients, including soil organic matter reserves, loss
of plant-available water reserves and storage capacity, crop burial,
and stand losses. In addition to reduced grain yield, erosion also
increases crop production costs. Improved technology often masks
the effects of lost fertility and water storage capacity. making these
effects difficult to quantify.

Because of pollution of surface water and groundwater and the

187
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rising costs of agricultural inputs, there has been an increased inter-
est in soil erosion and erosion-caused productivity decline (2, 7, 13).

Evidence and causes of yield decline due to soil erosion

Stocking (21) attributed the lack of a direct relationship between
sois erosion and productivity to four causes:

» Soil erosion ard productivity, while interdependent, are not
inaependen’ variables.

» Under field conditions, reduced crop vield often is attributed
to factors ather than these related to soil erosion. such as pests,
climatic charge. soil salinity. water-logging, conipaction, or others.

» Diffecences in soil profile characteristics ~ause differential
effects on vield in soils with similar levels of soil erosion.

B~ Maost parameters that affeet crop vields and ave affected by
soil erosion are interrelated. A change in one variabie induces changes
in others.

Soil erosion influences erop vield by changing factors that limit
production. in other words, progressive soil ¢ osion increases the
magnitude of soil-related constraints to praduction. Vhese constraints
can be physical, chemical, or biological, Amnng the important soil
physical constraints aggravated by erosion are reduced rooting depth,
loss of soil water storage canacity. erusting and soil cempection, and
hardening of plinthite. Erosion also changes soil color and albedo.,
Morcover, crosion results in loss of clav and colioids duc to preferen-
tial removal of fine particles from the soil surface. The loss of clay
influences soil tilth and consisteney. Exposed subsoil is often of mas
sive structure and harder consisteney than the aggregated surface
soil. Development of rills and gullics may change microretief, create
soil variability. and render mechanized farm operctions difficult.
Another physical effeet of soil erasion concerns the management and
timing of farm operations. Achieving a desired seedbed -with friable
tilth necessitates a delay in plowing until the soil s adequately wet,
Suil chemical constraints and nutritional disorders related to erosion
include low cation exchange capacity . deficiency of major plant nu-
trients (N.P,K) and trace elements (Zn, S), nutrient toxicity (Al, Mn),
and high soil acidit:. Soi] biological properties, important factors
related to productivity, include biomass carbon and activity of macro-
fauna, such as carthworms. Erosion-induced alterations affect soil
biological propertivs.
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The loss in productivity set in motion by accelerated soil erosion
is a seif-sustaining process. Loss of production en eroded soil fur-
ther degrades its produstivity, which. in turn, accelerates soil ero-
sion. The cumulative effect observed over a long period of time may
lead to irreversible loss of productivity in shallow soils with hard-
ened plinthite or in soils that respond only to expensive management
and to additional inputs.

Monitoring erosion’s impacts on crop production

In 1984 a group of scientists recommended possible field, green-
house, and laboratory methods to evaluate the effects of soil erosion
ar productivity (21, Numerous techniques were suggested to establish
the causc-and-eftect relationship bhetween erosion and vield. These
were grouped into four categories: agronomic or direet methods,
assessinent of soil properties, geological measurements of weather-
ing rate. and medeling and productivity indexes

Direct methods. Productivity Tosses can be measured vnder field
conditions where crop performance over a period of time is related
to recorded soil Toss or to erosion-induced alterations in soil proper-
ties. Direcet methods comprising agronomic experiments with natural
or artificial soil loss are deseribed below.

Yield records prom long-term agronomic trials. Evaluation of long-
term vield records of agronomic experiments condueted on different
soils can provide some indirect measure of changes in productivity
due to changes in soil properdes. For example, response furctions
over time for soils A to 1) in figure 1 indicate differences in yield
reductions dire to alterations in soil properties. Crop vield on soil
A apparently was affected more drasticallv than on soils B, C, or
D. Although agronomice records of vield are available, it is often dif-
ficult to evaluate soil properties and attribute the magnitude of
changes caused by erosion,

Yield trends over time also can be assessed for different soil sui-
face management treatments over the same soil. The vield data in
figure I could be obtained frem a tillage experiment ennducted on
sloping land. The differential vield trends for treatments A and B
nay be related to effects of different levels of erosion caused by dif-
ferent tillage methods. Such records from well-nlanned tillage ex-
periments conducted for a reasonably long pesiod zre rather rare.



190

R. LAL

A
Nutrient Distribution (C,N,P.K )
0 T T T T T 1]—1
204
a
- b
E, 40~
L
I
N
O 60~
80
100

Cc

~. Qf/:

\‘,,%{
»
\ J0q)

Iy

900
2 nan

N

s

Relative Crop Yield

J. 1 ! i
10 20 30 40
Time (years)

\"“;I;m(.,,,

T .
&”"'Vt’menl
—_—

Relative Crop Yield

B
Root Density

20 -

40

60

eop-

1ol

D

<71 Eroded Soil

i Eroded Soil With
LT!J Good Management

|
!
|
!
f
|
]
I
|
|
{
!
|
i
!
|

Figure 1. Crop response to erosion in relatio

n to soil profile characteristics for nutrient
distribution and rooting density. Yield trends with time in C and D may be atiributed
to different levels of erosion caused by tillage systems.
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Table 1. Relation between soil erosion, as measured on field runoff plots from 1970
to 1975, and grain yields of maize and cowpea on an Alfisol in southwestern Nigeria
(11).

Slope (% Regression Equation Correlation Coefficient
Cowpea
1 Y = 0.43 exp( - 0.036X)* -0.85*1
i Y = 0.64 exp(-0.06X) ~-0.97"
10 Y = 0.49 exp( - 0.004X) -0.91*
15 Y = 0.29 exp(-0.002X) -0.66
Maize
I Y = 6.41 exp(-0.017X) -0.99¢
5 Y = 6.70 exp( - 0.003X) -0.99¢
10 Y = 6.70 exp(--0. 03X) -0.89"
15 Y = 8.3€ exp( - .004X) -0.86*

Y is grain vield in ton/ha; X is cumulative soil erosion in ton/ha.
TA = signific 't at 5% level of probability; B = significant at 1% level of prob-
ability; C = significant at 0.1% level of probability.

Because experiments of this nature are not designed to evaluate
the effects of erosion, such information is of an indirect nature. These
experiments also lack a control over changes in soil properties. Careful
evaluation of the analytical data on soil properties from different
treatments may provide clues to the control variables that influence
crop vield, such as available water storage capacity, nuirient status,
or rooting depth.

Using loag-term crosion plots for agronomic experiments with
known soii Inss. Another possibility is to conduct long-term crop yield
assessment experiments with standard management where plot his-
tory is known and adequately recorded. These plots may be field
runoff plots on ~vhich past erosion has been recorded precisely. Effects
of past erosion on crop vields can be obtained by conducting agro-
nomic experiments with uniform or variable management. I used
such a procedure to monitor soil erosion on field runoff plots from
1971 to 1975 under different soil surface management systems on
an Alfisol near Ibadan, Nigeria (11). Maize and cowpeas were grown
in 1976 and 1977 as sequential crops under uniform soil manage-
ment systems. The effects of previous soil erosion on different plots
were related to maize and cowpea yield. Table 1 shows that maize
and cowpea vields declined exponentially with cumulative increases
in soil erosion. The high correlation coefficient indicates the strong
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influence of erosion-induced chauges in soil properties. Erosion-
aused productivity losses may be less for soils with deep, effective
rooting depth and with edaphologically favorable subsoil character-
istics.

New erosion plots under natural or simulated rainfall. This is the
most direcet method to assess the effeets of erosion on vield because
the experiment is designed for this specific objective. Accurate records
of soil loss and changes in soil properties are maintained over a period
of time. Different levels of natural soil erosion over time are achieved
by varving surface soil conditions, for example, plowed bared, natural
vegetative cover, plowed bat with a protective inorganic sereen muleh
cover, ete. The erosion process can be aceelerated by applying sim-
ulated rainstorms under field conditions. Large field-type simulators
are expensive, however, and produce varizble levels of soil erosion.
Appropriate crops are then grown with uniform soil and crop man-
agement systems. Figure 2 is an example of field runoff plots with
a runoff and soil loss collection systen.

Figure 2. Field runoff plots showing details of a runoff collection system used to
measure soil loss,
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Table 2. Regression equations relating grain vields of maize and cowpea lo simulated
erosion by desurfacing for different soils and ecological regions in Nigeria (14).

Annual Correlation
Rainfal! Regression Cocfficient
Location Soil (mm) Equation A
Maize
Onne Oxic Paleudults 2,480 Y = 1.590 - 233E + 7.68E2* (.94°¢
Ikenne Oxic Palenstalfs 1,307 Y = 11,869 - 725F + 12,12 0.82"
Hora Oxic Paleustalfs 1.230 Y = 4,537 - 357E + 718K 0.61*
S. Nigeria Alfilsols & Ultisols 1.230-9.480 Y = 5.999 - 435K +9.00K2 0,434

Cowpea

Onne Oxic Paleudults 2480 Y o= 534 - 6541 + 2,398 0.9]¢
Ikenne Oxic Paleustalfs 1.307 Y = 832 -50.7F + 1,082 0.69*
Hora Oxic Paleustalfs 1.230 Y = 1522 - 6531 + 144 077"
S. Nigerias Altilsels & Ultisols 1.230-2.480 Y = 963 - 60,51 + 1.91] 0.53%

*Yois grain vield in kgha: Fois emoof soil removed.
"A = significant ac 59 level of probability: B = significant at 1% level of prob-
ability: € = significant at 0.1 level of probability.

Desurfacing experiments. Artificial removal of surface soil to vary-
ing depths, followed by crop growth evaluation under uniform man-
agement, is a common agronomic technique (10, 11, 14, 15). The
technique is rapid. simple, relatively inexpensive, but unnatural.,
Mbagwu and associates (14, 15) conducted desurfacing experiments
in southern Nigeria and developed regression cquations relating maize
and cowpea vields to the depth of topsoil removed. Their results
showed lincar and quadratic ¢ffeets of soil removal depth on maize
and cowpea vields (Table 2). The effects of desurfacing were more
scvere on maize than on cowpea and, therefore, were soil- and crop-
specific. I eveluated the effects of desurfacing of an Alfisol at the
International Institute for Tropiral Agriculture. near Ibadan,
Nigeria, for varying levels of N and P (10). Application of major plant
nutrients could not fully compensate for topsoil loss. It is possible
that. in addition to the drastic reduction in available witer, defi-
ciency of some trace elements and toxicity of Al and/or Mn reduced
grain vields.

Effects of desurfacing are different from natural soil erosion pro-
cesses. Natural erosion is a sorting process involving preferential dis-
placement of clay and organic colloids and removal of soil from some
places and deposition at others. In contrast, desurfacing is a wholesale
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removal of a uniform soil depth. Consequently, the effects on crop
growth and yields likely will differ. The effects of desurfacing likely
are more drastic in soils where nutrient fertility is concentrated in
the top few centimeters and subsoil horizons are edaphologically un-
favorable. In comparison, the effects likely are less drastic on soils
with deep surface soil and favorable subsoil properties,

Feompared the effects of desurfacing and natural erosion on maize
grain vield for an Alfisol at Ibadan, Nigeria (11). Maize grain vield
fell 0.13 and 0.09 t ha' em? of eroded soil for desurfacing to 10
and 20 em depths, respeetively. On the same soil about 10 m away,
however, the decline in maize grain vield caused by natural erosion
was 0.26 t ha' mm? of eroded soil. The vield reduction by natural
erosion was about 16.25 times greater than that cansed by artificial
desurfacing. For soils where chemical fertility is confined to the top,
thin soil layer, the effects on vield of removing 1 em of surface soil
are more drastic than the average effect spread over 10 em of soil
depth removed by desurfacing. It is important to note that the enrich-
ment ratio of eroded sediments under natural erosion is 3:5 for organic
matter, clay, and plant nutrients (10).

Laboratory and greenhouse studies. The relative crop response with
varying inputs of nutrients and water and at varyving levels of com-
paction can be obtained readily in greenhouse or growth chamber
studies using <oil samnples from appropriate depths to simulate dif-
ferent levels of crosion. The effects of natural erosion can be simulated
by sieving out the fine soil fraction. The crop growth information
thus obtained, through of a relative nature, can provide basic infor-
mation on control factors. such as drought, nutrient imbalance, ete.
Aina and Egolum (1) used this method to evaluate maize response
to surface and subsoil conditions. Their data indicated vield improve-
ment in maize by adding N, P, and K and high doses (3 and 6 per-
cent) of cattle manure. One limitation of this method is the artificial
conditions of crop growth in a greenhouse environment on disturbed
samples packed in a confined space, which, again, makes the data
obtained of relative importance.

Assessment of soil properties. Two major effects of soil erosion are
degradation of soil physical properties and loss of plant nutrients and
soil organic matter. Rather than ¢ aluating Crop response agronom-
ically on plots on which the surface soil loss has been measured by
direct methods, researchers often estimate erosion indirectly from
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Table 3. Influence of erosion on soil physical and chemical properties (8).

Correlation

Soil Parameter Regression Liquation Cocfficient
Organic carbon (%) Y = 1.79-0.002(FE)" -0.71
Total nitrogen () Y = 0.163 - 0.0002(1) - 0,60
Bray-1 (ppm) Y = 80.6-0.13(F) -0.77
Soil pll Y = 5.6-0.02L) -0.92
Total porosity Y = 38.7-0.02(E) -0.92

“I< is soil erosion (t ha®h

changes in soil physical and chemical properties. Less accurate, in-
direet methods of estimating soil erosion are less capital-intensive,
however.

Field surveys. Field surveys of soil profile characteristics are used
to assess the approximate loss of surface soil. Field surveys can be
supported by detailed laboratory analyses of soil chemical and phys-
ical properties to assess the depth of topsoil removed by past ero-
sion. This paired-plot evaluation technique is useful provided that
relatively uneroded and eroded plots exist side-by-aide. While soil
erosion is estimated indireetly from changes in soil properties over
time, crop response is measured under similar agronomic practices
of tillage. fertilizer application, and soil surface management,

One drawback of this indirect technique of estimating soil ero-
sion is that changes in soil properties can occur with cultivation even
without soil erosion. Disturbance of the soil surface by plowing and
exposure to climatic elements causes clay migration to the subsoil
horizon. reduced soil organic matter content, and other changes in
soil properties similar to those caused by sheet erosion. Knowledge
of plot history and previous land use is very important. | observed
significant relationships between soil properties and the accumulative
soil erosion (Table 3) (8). The most notably affected properties of
this tropical Alfisol by soil erasion were total porosity and soil organic
matter content. Furthermore, 1 found maize vield was related sig-
nificantly to soil properties as follows:

Y = 179 -~ 0.007 (E) + 0.70 (O0.C.) + 0.07 (M) (1]
+ 0.002 (1) ....r = 0.90°

where Y is maize vield in t ha ', [ is accumulative soil loss

(t ha-"), O.C. is organic carbon (%), M,, is total porosity (%),
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and I, is infiltration capacity (em). Results from the use of this
equation also indicate that adverse effects of erosion on maize yield
can be compensated for in part by adding organic matter and by
improving total porosity and infiltration capacity. The latter can be
achieved by subsoiling.

Geomorphological approach. Researchers often use the geotech-
niques of evaluating weathering rate and the rate of new soil forma .
tion to calculate soil loss tolerance. The latter is detined as the rate
of soil erosion that provides for the permanent preservation or im-
provemeunt of the soil as a resource and is equal to or less than the
rate of new soil formation. These techniques, explained by Kirkby
(9), are based on “balancing the acceptable rate of soil loss™ with
the “natural rate of new soj] formation.” The rate of mechanical ero-
sion is estimated from the weathering rate as follows:

e Pg
"= () .

where T is the rate of mechanical erosion (mm/year); D is chemical
soil formaticn or solutation weathering (mm/year); and P is the
degree of weathering, which is 1 for unweathered bedrock. A
desirable value for P is0.8. A knowledge of solutational weather-
ing and of P values for different parent materialg can provide a
tentative indication of acceptable soil loss. This technique is more
appropriate to evaluate soil loss tolerance than to assess productiv-
ity loss duc to soil crosion. The geotechnique ignores the edaphological
aspeets of plant nutrient availability and the importance of organic
matter and the clay fraction in plant growth,

Stamey and Smith (20) used a very similar technique to define a
usable mathematical function for the computation of tolerable soil
loss:

’I‘(A\',.\'.“ = T; + (’l‘g -~ 1‘])/2 +l(’rg - 'l‘]/QJ(;()S{T[ + [(/ - Z[)/(ZQ - Z])]n} [3]

whereT (x,v.1) is tolerabje soil loss rate at point (x,v), Ty and T, are
lower and upper limits of allowable soil loss rate, T, corresponds
to soil rencwayl rate, zy and zy are minimum allowable and optimum
soil depths, and 7 is the present soil depth.

[ used this technique to compute soil loss tolerance for g topo-
sequence in Nigeria (12). Depending upon the effectjve rooting depth
for this particular toposequence in western Nigeria, the soil loss tol-
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erance ranged from as low as 0.05 t hat v! for shallow soils to a
maximum of 2 t ha' v! for soils with relatively deep, effective root-
in. depths.

Crop productivity models. Scientists have attempted for many years
to establish a relationship between soil properties and soil produc-
tivity on the basis of some control variables. The control variables
or soil properties that drasticallv influence soil productivity differ
among soils and agroecologics. Control variables considered by
various rescarchers include root growth and water depletion (8. 16,
18). Kiniry and associates (8) described response curves relating suf-
ficieney for root clongation to cach soil property. The soil proper-
ties considered included potential available water capacity (PAWC),
which is influenced by soil texture and structure: bulk density; pH:
acration: and cleetrical conductivity, On the basis of the sufficiency
of these variables in relation to root growth, Kiniry and associates
(5) deseribed the productivity index (P1) as follows:

Pl = }:](:\ =BG D x Fox RDi [4]
where Ais the sufficiencey of potential available water storage capac-
ity (SUFFPAW). The researchers assumed that a PAWC of 0.20 or
larger was nonliniiting, SUFFPAW was assigned a value of 1 if
PAWC = 0.20 and PAWC/0.20 if PAWC < (.20,

Bis the sufficieney ot aeration (SUFFAER). The air-filled POrosi-
tv. 5, was converted to a form of relative resistance by computing
the reciprocal 1S and then summing relative resistances by the
integral ”f/ /s dz. Relative conductance, as a reciprocal of relative
resistance, is converted to sufficieney classes by assuming the critical
value of air-filled porosity to be 0.08.

Cis the sufficieney of bulk density (SUFIFDB), computed as follows:

SUFFDB = -0.68 D, + 188 for 1.3< D, <1.55
SUFFDB = -3.32 D, + 5.98 for 155<1), < 1.0
SUFFDB = 0 for 1D, > 1.80

D is the sufficiency of pl (SUFFPHS). estimated as follows:

SUFIPHS = L0 il 5.5<pll<7.5
SUFFPHS = 0.16 pII + 0.12if 5.0<pH <5.5
SUFFPHS = 0.446 pH - 1.31 if 2.9<pH =<5.0
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E is the sufficiency of electrical conductivity (SUFFEC) in
mimhos/cm, expressed as:

SUFFEC = 1.0 if EC<2.0
SUFFEC = 1.14 - 0.07 EC if 2.0<EC<16.0
SUFFEC = 0if EC=16.0

RI is predicted root fractions under ideal soil conditions, converted
to soil-determined root fractions by multiplying the ideal fraction
(RI) for each depth increment by the fractional sufficiency of each
soil parameter for that depth increment.

r is the total number of 10-cm-depth increments in the plant-
determined rooting depth R.

i is the 10-cm-depth increment number (i = 1,23, ... r).

This model has been tested to estimate the relationship between
soil loss and crop productivity in western Nigeria (10), Hawaii,
ICRISAT (6), and other regions of the tropics and northern latitudes
(16). The model is applicable to a wide range of soils in the United
States: Pierce and associates (17) used it to evaluate erosion-induced
losses in productivity. The model, however. requires appropriate
modifications for soils in the tropics. I suggested the following
modifications (12):

Sufficiency of organic carbon. The rapid decline in organic matter
content of tropical soils causes drastic reductions in soil structure and
in plant-available water reserves. Furthermore, the organic matter
content is concentrated in the top 10 to 20 cm of soil. Thus, the
sufficiency limit of organic matter content needs to be changed.

Presence of skeletal material in the soil profile. Root growth and
the water and nutrient retention capacity of the soil is drastically
altered by the presence of coarse material exceeding 30 percent by
volume (3, 22). Crop response to gravel also depends upon the textural
and nutritional properties of the intergravel material.

Rooting depth. The effective rooting depth of most tropical soils
rarely exceeds 0.5 m.

It is difficult to use empirical relations if the data base is sketchy.
Successful application of these models requires prior knowledge of
(a) optimun rooting depth for crops, (b) plant-available soil water
reserves, (¢) appropriate criteria to assess soil compaction and crop
responsc to different levels of soil compaction, and (d) tolerance to
subsoil acidity. El-Swaify and associates arrived at similar conclu-
sions (6). They reported that replacing inapplicable sufficiency curves
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with simple indexes and adding new parameters, for example, nutri-
ent deficiencies, would improve the application of the PI index to
Oxisols in TTawaii.

In addition to PL, a range of processes and economic models have
been developed to assess the erosion-productivity relationship. One
such model is the erosion-productivity impact calculator, EPIC (19,
20). This model simulates the physical processes involved using
rontinely available data. Similar to the process models, linear pro-
gramming models also have been used to evalute erosion-induced
loss in productivity (£1). 1 previously reviewed the uses and limita-
tions of such models (1.3).

Conclusions

It is important to be able to relute erop vields to soil erosion and
to the additional inpnts needed to maintain the same crop produc-
tion. The most relevant approach to determine erosion-caused redue-
tion in soil productivity is the direct agrenomice approach to assess
crop vields on land from vwhich the loss of surface soil has been
assessed directly on field runoff plots. The rates of natural erosion
can be aceelerated by using simulated rainfall. The effects of desur-
facing are more drastie for some soils but not as drastic as natural
erosion for others. Parametric methods of assessing potential pro-
ductivity can be useful in providing information relative to the effects
of erosion, provided that empirical data relating crop vields to im-
portant soil properties exist. If such a data base is not available, the
restlts obtained are of limited use.
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Wind erosion

WIND erosion is a serious problem in many parts of the world.
Extensive aeolian deposits from past geologic eras also prove it is not
a recent phenomenon.

Wind ercsion is worse in arid and semiarid areas where the follow-
ing conditions frequ-ntly ocenr: loose, dry, finelv divided soil; a
smooth soil surface devoid of vegetative cover; large ficlds; and strong
winds (44). Arid and semiarid lands are extensive. Arid lands com-
prise about one-third of the world's total land area and are the home
of one-sixth of the world’s population (37, 50). Arcas most suscep-
tible to wind erosion on agricultural land include much of North
Africa and the Near East, parts of southern and eastern Asia, the
Siberian Plains, Australia, southern South America, and the semiarid
and arid portions of North America (44).

Land undergoing desertification becomes vulnerable to wind ero-
sion (85). On pastoral rangeland, composition of pastures subject
to excessive grazing during dry periods deteriorates, the proportion
of edible verennial plants decreases, and the proportion of annuals
increases. Tre thinning and death of vegetation during dry seasons
or droughts increase the extent of bare ground, and surface soil con-
ditions detcriorate, increasing the fraction of erodible aggregates on
the soil surface. In rainfed farming areas, removal of the original
vegetation and tallow expose the soil to accelerated wind and water
erosion.

Excensive soil erosion in the U.S. Great Plains during the last half
of the 19th century and in the prairie region of western Canada dur-
ing the 1920s warned of impending disaster. In the 1930s, a pro-



204 E. L. SKIDMORE

longed dry spell culminated in dust storms and sojl destruction of
disastrous proportions in the prairie regions of both western Canada
and the Great Plains (2. 62. 65. 76. 102y,

Wind erosion physically removes from the field the most fertile
portion of the soil and, therefore, lowers land productivity (35, 68).
Some soil from damaged Iand enters suspension and becomes part
of the atmospherie dustload. Hagen and Woodruff (54) estimated
that croding land in the Great Plains contributed 244 million and
7 million tons of dust per vear to the atmosphere in the 1950s and
1605, respectively, Jaenicke (63) estimated the source strength of
mineral dust from the Salara at 260 million tons a vear. Dust obscures
visibility and pollutes the air. causes automobile accidents, fouls
machinery. and imperils animal and hamon health, Blowing soil also
fills road ditehes; vednees seedling survival and growth: lowers the
marketability of vegetable crops. such as asparagus, green beans.
and lettuee: increases the susceptibility of pilants to certain types of
stresse including diseaces: and contributes to transmission of some
plant pathogens (33, 58, 59,

Soil erodibility by wind

Scientists recognized carlv that soil crodibility, the susceptibility
or case of detachrient and transport by wind, was a primary variable
atfecting wind erosion. From wind thunel tests, Chepil (17) deter-
mined relative erodibilities of soils reasonably free from organic
residues as o tunction of apparent specific gravity and proportions
of drv soil agorecaies in varions sizes. Clods Tavger than 0.84 mm
in diameter were nenerodible in the ra:ue of windspeeds used in
the tests. Sinee then. the nonerodible soil fraction >0.84 mm. as
determined by drv sieving, has been used Lo indicate erodibility of
soil bvawind. Tncan carlv version of the wind crosion equation (26),
the noneradible soil fraction was one of three tnajor factors developed
from reselts obtained principally with a portable wind tunned (173,
114116y

A dimensiontess soil crodibility judex, T, was based on the non-
crodible fraction. the pereentage of clods >0.84 mm in diameter
(22,270 The quantity of soil eroded in wind tunnel tests is governed
by the tmnel™s lenwth and other characteristics, Therefore, erodibility
was expressed enadimensionless basis so that for o given soil and
surface condition the same relative crodibility value would be ob-
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tained regardless of wind-tunnel characteristics (24). The soil erod-
ibility index was expressed as follows:

[ = Xo'N, [1]

where X 1y the quantity eroded from soil containing 60 percent of
clods > 0.84 mm and X, is the quantity eroded under the same set
of conditions from soil containing any other proportion of clods >
0.84 mim. The soil erodibility index, 1, gave a relative measure of
crodibility. but actual soil loss by wind was not known.,

Therefore. during the severe wind erosion seasons of 1954-1956,
from January through April, Chepil studied 69 fields in western Kan-
sas and castern Colorado to determine the quantity of soil loss for
any tield erodibili*y as deternsined from various field conditions (24).
The average depth of soil eroded usually was indicated by the depth
to waich crowns and roots of plants were exposed.

Scasonal Toss was converted to anniial soil loss. and relative field
erodibility for cach field was determined by procedures previously
outlined (23, 26, 27). The relation between annual soil loss and
relative field erodibility was as follows:

Y = aXv - Led [2]

where Yis annual soil loss (tons/acre): X is the dimensionless relative
field erodibility: and a, b. ¢, and d are constants equal te 140, 0.287,
0.01525, and 1065, respectively. Chepil (24) recogrized that inaccu-
racies in measuring relatively small annual soil losses from depth of
soil removal made converting relativ e field erodibility to annual soil
loss by equation 2 highlv approxiniate.

Whenaficld is smooth. bare, wide, unsheltered, and nonerusted.
its relative erodibility is equal to the erodibility index delined by equa-
tion 1. "Fo obtain potential annnal soil loss in tons per acre, 1 is
substituted for x in equation 2. Equation 2 was multiplied by one-
third. then used to generate a table (109) for erodibility of soils with
different pereentages of nonerodible fractions > 0.84 i (Table 1),

A more reliable and technically sound procedure is needed to
estimate or prediet the erodibility index without making physical
measarements, This would save time and expense and provide a
means to estimate erodibility more acearately,

[n current practice. scientists often estimate soil eradibility by
grouping soils. mostly according to predominant soii textural class
(Table 2).
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Because of the utility of predicting soil erodibility from easily ob-
tainable soil propertics, table 2, or a similar one, has been used exten-
sively. Problems associated with using table 2 to estimate soil erod-
ibility include the transience of dry soil aggregates > 0.84 mm within
a given wind erodibility group (WEG).

Actual erodibility is extremely dynamic and varjes seasonally,
vearly, and as the result of management operations. In a study on
the effects of season on soil erodibility, Chepil (18) found erodibil-
ity alwavs was higher in the spring than in the previous fall if the
soil had received moisture occasionally during the winter. But the
inereases were not of the same magnitude for all soils. The greatest
increase in erodibility from fall to spring occurred in the finest tex-
tured soil, the least in the coarsest. Sandy loam was highly ercdible
in both fall and spring. Clay was least erodible in the fall, but about
as highly erodible as sandy loam in the spring. The intermediate-
textured soils had an intermediate erodibility in both spring and fall.

Grouping is discontinuous and results jn large, discrete jumps in
erodibility with textural change. For example, the soil erodibility
indexes for loamy very fine sand (WEG 2) and very fine sandy loam
(WEG 3) are 300 and 193 Mgrhalyr, respectively. All other soils
classed in those wind erosion groups have the same erodibility indexes.
Do they have the same erodibility? It would be better to predict
percentage of aggregates > 0.84 mm and then use table 1. A
procedure must be devised for realistically predicting dry soil-

Table 1. Soil erodibility, 1. for soils witk different percentages of nonerodible frac-
tions as determined by standard dry sieving (109),

_\lll/_]_f(i({l!}_l_/lfyl)‘l‘!:{hrf‘(_lljgg_(*({/ Dry Soil Fractions >0.84 mm }

Percent 0 ! 2 3 4 5 6 7 8 9
¥ 17 11

0 - 695 560 403 137 404 381 359 336 314
10 360 294 ART 250 271 262 255 244 238 228
20 290 213 205 200 197 193 186 182 177 170
30 166 16] 1549 155 150 146 141 139 134 130
40) 126 121 1i7 114 119 108 105 101 96 92
50 85 S0 ) 70) 65 61 28 54 52 49
60 47 15 43 40 38 36 36 34 31 29
70 n 25 20 18 16 13 9 7 7 4

80 4 : : . - . . . . .




WIND EROSION

207

aggregate status that accounts for vearly and seasonal fluctuations

and dominant soil properties influencing erodibility.

The aggregate status of the soil at any instant in time is the result
of many aggregate-forming and degrading processes. These preeesses
comprise a complex interrelationship of physical, chemical. and bio-
logical reactions. Aggregation may be the breakdown of clods into
more favorable size. or it mav be the formation of aggregates from

finer materials.

Anuther factor to be considered in assessing or predicting the aggre-

Table 2. Descriptions of wind crodibility groups (105).

Dry Soil Wind
Aggregates  Lrodibility
Predominant Soil Texture Class > (.84 mm Index, I
wkQ of Surface Layer (%) (Mp/ha)
! Very fine sand, fine sand, or coarse sand 1 695
2 560
3 193
5 404
7 359
2 Loamy very fine sand. loamy {ine sand, 10 300
loamy sand, loamy course sand. or sapric
soil eaterials
3 Very fine sand leam. fine sandy loam, 25 193
sandv loam. or coarse sandy Joam
4 Clav. silty clay, noncalcareous clay loam, 25 193
or silty clay Toam with more than 35
nereent clay content
4L Caleareous toany and silt foam or 25 193
calcarcous el foam and silty clayv foam
5 Noncalearcous loa and sift loam with Jess 40 126
than 20 percent clay content or sandy
clav loany, sandy clav. and hemice
organic soil materials
6 Noncaleerous Toam and silt loam with more 45 108
than 20 percent clay content «
noncaleereous clay loam with less than
35 pereent clay content
7 Silt, noncalcarcous silty elav loam with Jess 50 85
than 35 percent clay content, and filvric
organic seil material
0

8 Sails not suseeptible to wind >80
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gate status or erodibility of a soil is the influence of cropping history
and tillage. Page and Willard (82) found that the degree of aggrega-
tion in a corn/oats/alfalfa-bromegrass/alfalfa-bromegrass rotation is
two to three times greater than that for continuous corn, Cropping
systenis that included continuous small grain, continous row crops,
and rotations including fallow showed no significant differences in
water-stable aggregation (81). Soils broken out of native sod lost much
of their aggregation in the surface-tilled zone (81. 92, 100). Skid-
more and associates. in a study of soil physical properties as influenced
by management of residues from winter wheat and grain sorghum,
found that grain sorghum or wheat menagement treatments did not
influence most of the soil physical properties measured (92). However,
the aggregate status differed among crops. Soil aggregates from
sorghum plots were smaller. more iragile. less dense, and more wind-
crodible than aggregates from wheat plots. Harris and associates (57)
reported that agronomic svstems affeet aggregation significantly but
that interpreting controlling imcehanisins is complicated by the di-
versity of factors through which the effeets are manifest.

Inability to nredict both aggregate status and the weather undoubt-
edly influenced Woodraf! and Siddowav’s definition of soil erodibility
(O “the potential average annual soil loss from a wide. unshel-
tered. isolated field. . for the climate in the vicinity of Garden City,
Kansas.™ In spite of temporal variation of soil aggregate status,
Woodruff and Siddoway suggested that soil crodibility can be
estimated by standard dry sieving and use of table 1. Use of sieving
results assumes that the values determined (pereent > (.84 mm)
“characterize”™ wsoil during the eritical erosion period for the time
domain of the wind crosion cquation (109,

For determining pereentages of dry soil fractions > ()84 mnm,
Chepil and Woodraff (27) recommended the rotary sieve. A con-
ventional and more readily available flat sieve may be used, but
results with it are less aceurate than with a rotating sieve.

Rescarchers should use the following procedure when using a {lat
sieve:

B Obtain | kg samples Grom the 0- to 2-em surface laver when
soil is reasonably drv. If soi' is not near air dryness, dry it in the
laboratory before sieving,

B Weigh the sample and sieve it on 4 0.84-mm (No. 20y, 20.3-cm
(S-inch) diameter sieve until the aggregates < 0.84 mm diameter
have passed through the sieve. Be careful not to fragrment aggregates


http:liId.o.r.ir

WIND FEROSION 209

during sieving. Weigh the amount of sample remaining on the sieve.

» Calculate the mass fraction of the total sample that was re-
tained on the sieve and use table 1 to determine soil erodibility,

Suppose from replicated sievings from a sample site that the total
amount of air-dried soil for cach sieving was 1.035. 945, 850, and
990 grams and the respective amonnts retained on the 0,84 mm sieve
after sieving were 3700 2270 200, and 250 grams. Therefore, per-
centages of drvsoil fracitons > 0.84 mm would be 26.1. 2.4.0, 20.7,
and 23,3, respectively . Corresponding soil erodibility values from
tuble I wonld be 1860 1970 213, and 193 Mg/ha, respectively: the
mean would be 197 My b

Wind erosivity

Chepil and asociates (251 proposed a elimatic factor to determine
average annual soil loss for climatice conditions other than those ac-
curring when the relationship between wind-tunnel erosion and ficld
erosion was obtained, Ttis ancindex of wind erosion as influenced
by monsture content insurface soil particles and average windspeed.
The windspeed term of the climatic factor was based on the rate
of il miovement being proportional to average windspeed cubed
T Y The sotl roisture term woas developed on the basis that
the cradibility of soil vanes mversely with the sqnare of the equivalent
water content i the near surtace soifo which was assumed to vary
as the Thornthwante tndey (20

The climatie factor wan expressed as follows:

1

(B,

3]
where s the mean annnal windspeed corrected to 9.1 n and PR
is the Thornthwaite (705 index. The 386 value indexos the factor
to-conditions at Garden City. Karnsae

Thornthwaite developed the climatic nudes to evainate precipita-
tion effectiveness Ncequation was fitted to rather linited data that
cvprecedithe PR it to terperature and precipitation as follows:

. ; ]' AU ST
P st () [
where Pis the mean monthhy precipitation inom, B is the monthly
evaporation in mm. and T is temperature in €70 Monthly values
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were added to obtain an annual value, which was multiplied by 10

to give:
12

- P, 10/9
PE index = 3.162:l (m) [5]

Equation 5 was evaluated and used in equation 3 to determine
climatic factors for wind erosion at many locations in the United
States (25, 69, 98).

As the PE index gets smaller as precipitation declines, as in arid
regions, the elimatice factor in equation 3 approaches infinity. In
application. an upper limit is set by restricting minimum monthly
precipitation to 13 mm (69). Monthly climatic factors also were cal.
culated using an annual PE index with monthly mean windspeed
(108).

The Food and Agriculture Organization approached the problem
of the climatie factor beconing a large value in arid conditions dif-
ferently (£3). Agencey researchers modified the Chepil and associates’
index (25) as follows:

() g

where T is the mean monthly windspeed at a 2-m height, ETP is
potential evapotranspiration, P is precipitation, and d is the total
number of dayvs in the month. In this case, as precipitation approaches
zero. windspeed dominates the elimatie factor. Conversely, as pre-
cipitation approaches E'TP. the elimatie factor approaches zero. The
influence of soil water in the FAO version is less than the squared
influence of soil water demonstrated by Chepil (20).

[ handled the influence of soil water differently and included a
windspeed probability density function as follows (90):

12
Cl= 1100 2§
[

[e¢)
. 12
Cl=p j [113 — IP] f(u)ydu [7]
R
where.
R = u + ylpa? (8]

and CE is the wind erosion climatic erosivity, which is directly pro-
portional to mass flow rate of an all erodible material: g is air densi-
tvi wand u, are windspeed and threshold windspeed, respectively;
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y!' is the cohesive resistance of absorbed water; and a is a combina-
tion of constants, k/In(z/z,), fork = 0.41,z = 10 m, z, = 0.05 m;
thus, a = 0.0774.

The value for y is approximated as follows:

y = 0.5 p? 9]

where p is the equivalent soil water content, fraction of water (by
mass or volume) in the soil, divided by fraction of water in the same
soil at - 1,500 J/kg (20, 90). It was assumed that equivalent surface
water content was approximated by the ratio of precipitation to
potential evaporation. The ratio of precipitation to evaporation can
be approximated by the Thornthwaite PE index or the inverse of
the dryness ratio (12, 56). The dryness ratio, D, is defined as follows:

D = Rn/(iLP) [10]

where Rn is net radiation. L is latent heat ¢f evaporation, and P
is precipitation. The dryness ratio at a given site indicates the number
of times the net radiative energy could evaporate the precipitation
over the same time interval.

The windspeed probability density function, equation 7, can be
expressed as a Weibnll distribution:

fin) = (k/e) (ufe) Hlexpl—(u/e)t] [11]
where ¢ and k are scale and shape parameters, respectively. Param-
eter ¢ has units of veloeity and k is dimensionless (3, 66). Weibull
parameters have been determined from windspeed distribution sum-
maries at many locations in the U.S. Great Plains (53).

Ilquation 7. with f(u) defined by equation 10, can be integrated
straightforwardly when k = 2 as follows:

CE = 1.330¢" exp | = Ried)) [12]

where R is defined by equation 8.
The summation procedure for evaluating equation 7 can be writ-
ten as follows:

CE = Qx %H(u?,(, \ - [{)‘1 2[1“(11, . 1) -F (1,1,)] {13]

where F(u) is the cumualative distribution function:

Fn) = 1 = exp | - (u/c)] [14]
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When mean windspeed is available but the data from which the
mean was calculated are not, the Weibul] parameters can be esti-
mated,

Studies have shown that the Weibull scale parameter was about
12 percent larger than mean windspeed and the Weibull shape
parameter was i function of the scale parameter (64, 90). Thus, if
only mean windspeed is known, a reasonable estimate of Weibull
distribution can be obtained as follows:

c = 1.12 1 [15]
and
k= 0.52 4+ 0.23¢ [16]

Equations 7 and 13 express wind power, W m-2. When multi-
plied by the time duration in the accounting period represented by
f(u). they give crosive wind encrgy. This is the energy of the wind
inexcess of that necessary to overcomie threshold shear stresses
represented by R. Lrosive wind cuergy is a useful parameter to
evaluate the elimatic factor for the wind erosion equation.

Suppose one wishes to know an appropriate climatice factor for
a 30-day period of given conditions: mean windspeed = 5.8 m s,
average precipitation = S0 mm. net radiation = 490 MJ m?®,
Then, from cquations 15 and 16, ¢ and k are estimated to be
f.5 m s and 2,00 respeetively. The drvoess ratio caleulated from
cquation 10-is 2.5 for heat of vaporization of 2.45 M] kgt

Thus.

Ro= 0l ypa® = 36 + 11 = 47 m® g2 [17]
Equation 13 could be used to ecaleulate CE. However, because
k' = 2.0. cquation 12 was used to caleulate CE as follows:

CE = 133 oct exp | = (RieY)] = 144 W 2 [18]
Therefore. the erosive wind energy for the 30-day period would be
as follows:

CEtime = B s 8,60+ 100 s ' 30d =373 M) m® [19]

It the conditions viven in this example 30-day period were to
prevadl for an cntire vear, then the erosive wind energy would be

4535 M m-. That wind cnergy, compared to the reference of
800 MP - gives a climatic factor of 56, Also. from figure I, for
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WIND -EROSION CLIMATIC FACTOR
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Figure 1. Wind erosion climatic factor as influenced
by dryness ratio and mean windspeed (90).

a dryness ratio of 2.5 and a mean windspeed of 5.8 m s!, the
climatic factor is 56.

Ridge roughness

Chepil and Milne (32) investigated the influence of surface
roughness on intensity of drifting dune materials and cultivated soils.
They found that the initial intensity of drifting was always mucl
Jess over a ridged surface. Ridging cultivated soil reduced the severity
of drifting, but ridging highly erodible dune material was less effec-
tive because ridges disappeared rapidly. The rate of flow varied in-
versely with surface roughness. Armbrust and associates (7) studied
the effects of ridge-roughness equivalent on the total quantity of
eroded material from soils exposed to different friction velocities.
I'rom their data, a curve can be constructed showing the relation-



214 E. L. SKIDMORE

tween the relative quantity of eroded material and the ridge-
roughness equivalent. Presumably, this was the origin of the chart
(109, figure 4) showing a soil ridge-roughness factor as a function
of soil ridge roughness, so that ridging may reduce wind erosion up
to 50 percent,

Ridge ronghness estimates the fractional reduetion of erosion
caused by ridges of nonerodible aggregates. It is influenced by ridge
spacing and ridge height and is defined relative to a 1:4 riclge-height-
t()-ridgc-spacing ratio,

Tables were prepared of ridge-roughness factors for various com-
binations of ridge heights and spacings (88). Hayes (60) suggested
evaluating fields as cither smooth, semiridged, or ridged and then
assigning 1.0, 0.75, and 0.50, respectively, as soil ridge-roughness
factors. Williams and associates (106) fitted equations io the curve
of Woodruff and Siddoway (109) to express the ridge roughness factor
as follows:

K = 1.0, HR/IR<0.57 [20]
K = 0913-0.153 In (HR¥/IR), 0.57<(HR¥IR) < 22.3 [21]
K = 0.336 exp (013 HR*IR), (HR2/IR)>22.3 [22]

where HR and IR are ridge height and ridge spacing, respectively,
in nun. A field with ridges 100 mm high and spaced 400 mm apart
has HR¥IR = 25. Because 25 > 22.3 and using equation 22, the
ridge-roughness factor K = 0.5.

Field length

Chepil and Milne (32) reported that the rate of sojl movement
started at zero on the windward side of fields or field strips and
increased with distance downwind. Later, Chepil (16) found that
the cumulative rate of soil movement with distance away from the
windward edge of eroding fields was the main cause of steadily in-
creasing amounts of erodible particles, increasing abrasion, and
gradual reduction in the rate of soil flow with distance downwind
“avalanching.”

Rate of suil flow increased with distance downwind across an
croding fieldd. If the field were large enough, soil flow reached the
maximum that a wind of 4 given velocity could carry. Beyond that
point, the rate of flow remained essentially constant (21). That maxi-
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mum was about the same for soil of any texture— about 50
gm's ' for a 17 m st wind at 10 m. The rate of increase for
various soil textures was the same as the order of cerodibility for soil
texture classes,

The distance required for soil flow to reach the maximum that
a wind of a given velocity can carry varies inversely with the erodibil-
itv of a ficld surface. The more erodible the surface, the shorter the
distance to reach maximum flow (23).

Chepil (23) related relative wind erodibility to the distance re-
quired for soil flow to reach a maximum. In his earlier work (16,
21.32). he presented data for the rate of soil movement as a func-
tion of distance from the windward edge of the field for soils
that varied widely in crodibility. He converted the relative surface
erodibility, based on four factors-—soil cloddiness. crop residue, ridge-
ronghness equivalent, and soil crodibility-—to relative ficld erodi-
hility, based on additional factors- - wind barrier, width of field, and
wind direction (23). These functional selationships between field
erodibility and field width with the many associated factors gave
Fise to how the ficld length term was used iv the wind erosion equa-
tion (28, 10,

Orivinallv. ficld length was considered as the distance across a
field in the prevailing wind erosion direction (109). However, some-
Grnes almest as meh wind oceurs from one direction as from another,
o there s essentially no prevailing wind erosion direction. In these
cases. rescarcliers nsed the preponderance of wind erosion forces in
the prevaiting wind erosion direction to assess cquivalent field length
(87, 08). Later, tronr a more detailed analysis, tables were prepared
that give wind erosion direcaon factors. numbers that when multi-
plied by field width give median travel distanee as a function of
preponderance of wind erosion forces in the prevailing direction and
deviation of prevailing wind erosion direction from perpendicular
to direction of field length (90).

I some of the modeling efforts, the procedure for determining
[ for use in the wind erosion equation was simplified by ignoring
wind direction distributions. Cole and associates (34) suggested the
following:

= { wosece 0 [, < (1* + w9 23]

[ ese 6 otherwise

where w and 1 are the small and large dimensions, respectively, of
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arectangular field and 6 is the angle between side w and the prevail-
ing wind erosion dircetion. Ag 8 varies through n/2 radians, L will
range from w to 1, with a maximum equal to the main diagonal of
the field. The procedure Williams and associates (106) used in EPIC,
the erosion-productivity impact calculator, was ag follows;

e A

leos(n/2 + o = P + wlsin(n/2 ¥ o - $)|
where land w are the large (length) and smal] (width) dimensions,
respectively, of a rectangular aeld, o is the wind direction clockwise
from north in radians, and ¢ is the clockwise angle between field
length and north jn radians. Using equation 24, L. = 236 m for 4
rectangular field where | = 1000 m, w =200 m, o =n/4 radians,
and ¢ =),

Vegetative factor

Seientists realized carly the value of crop residue for controlling
wind erosion and reported quantitative relationships (14). From wind
tunnel tests on plots especially prepared to obtain a range of vegetative
cover and soil structure, Englehorn and associates (39) found the
expotential relationship that best expressed their results. Subse-
quent stadies (19, 26 27) expressed the relationship in the form
X o= al(BK)Y where x s the wind tunne] erodibility; 1 is the soil
crodibility index (percent of clods > (.84 mm): R is the dry weight
of erop residue in pounds/acre; K is the ridge-roughness equivalent;
and a and b are constants,

Amounts of wheat straw needed to protect most crodible dune
sands and less erodibie sojls against strong winds were established
(30). Standing stubble was much more effective than flattened stubble
(29). Standing sorghum stubble with rows perpendicular to wind
direction controlled wind €TOSION more effectively than rows parallel
to wind direction (39, 97).

Siddoway and associates (86) quantified the wnocific properties of
vegetative covers influencing soil crodibility and developed regres-
sion equations relating soil losg by wind to selected amounts, kinds,
and orientation of vegetative covers, wind velocity, and soil clod-
diness. They found a cornplex relationship among the relative effec-
tiveness of different kinds and orientation of residue, The relative
value of kinds and orientations of residue in controlling erosion must
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be qualified by soil, wind velocity, and variable characteristics of
the residues. Generally, Siddoway and associates concluded that (a)
on a weight basis, fine-textured residues were more effective than
coarse-textured residues: (b) any orientation of residue, except flat-
tened residue. reduced wind erosion: and (¢) fine-leafed erops, such
as grasses and cereals, provided a high degree of erosion control per
unit weight.

Those studies led to the rclationship develeped by Woodruff and
Siddoway (109) showing the influence of an equivalent vegetative
cover of small grain and sorghum stubble for various orientations
(flat. standing) and heights. then relating soil loss to equivelent
vegetative cover.

o fforts to evaluate the protective role of additional crops have con-
tinued. In wind tunnel tests. Lvles and Allison (70, 71) determined
cquivalent wind erosion protection provided by seieeted range grasses
and crop residues. Thev found high simple correiation coefficients
from an cquation of the form:

(SGY = aX’ [25]

where (SG, is the flat small-grain equivalent, X is the quantity of
residue or grass to be converted, and a and b are constants. Tables
3 and 1 show prediction equation coefficients.

IUis not practical in testing all combinations of crops and residues
to determine their protection value as flat small-grain equivalents.
Therelore. a practice is needed to estimate the protection values of
crops and residues not tested. Haves (59) suggested that if any residue
is not represented researchers should use a curve for the erop most
like the crop in guestion,

Lvles and Allison (71) correlated measurable parameters, which
deseribe crop rosidues, in several combinations to obtain an equa-
tion for oredicting the flat small-grain equivalent of flat, random
residues as follows:

(SG) = 0.162 Rwid + 8708 (Rw/dy)'s - 271

S A (’O

r~ = .Ja

[26]

where (SGh, s the flat small-grain equivalent (kg/ha)., Rw is the
residue amount to be converted (kg/ha), d is the average stalk
diameter cemi, and y is the average specific weight of the stalk
(g am® . Winter wheal, rape. sovbeans. cotton. and sunflowers were
used i developing equation 26,



Table 3. Coefficients in prediction equation (8G). =aR,} for conversion of crop residues to an equivalent quantity of flat small-
grain residue, both in kg/ha (71 ).

813

Row
Crop Surface Height Length Spacing Row Orientation
Residue Orientation (cm) (cm) (cm) To Flow Prediction a  Equation b Coefficients r*

Winter wheat Standing 25.4 - 25.4 Normal 4.306 0.970 0.997
Rape Standing 25.4 - 25.4 Normal 0.103 1.400 0.990
Cotton Standing 34.3 - 76.2 Normal 0.188 1.145 0.998
Sunflowers Standing 43.2 - 76.2 Normal 0.021 1.342 0.994
Winter wheat Flat-random - 25.4 - - 7.279 0.782 0.993
Sovbeans Flat-random - 25.4 - - 0.167 1.173 0.993
Rape Flat-random - 25.4 - - 0.064 1.294 0.997
Cotton Flat-random - 25.4 - - 0.077 1.168 0.998
Sunflowers Flat-random - 43.2 - - 0.011 1.268 0.993
Forage sorghum Standing 15.9 - 76.2 Normal 0.353 1.124 0.995
Silage corn Standing 15.9 - 76.2 Normal 0.229 1.135 0.998
Soybeans 1/10 standing 6.4 - 6.2 Normal -
Soybeans 9/10 flat-random - 25.4 - - 0.016 1.555 0.991

oy
L

1

JHONWAINS



Table 4. Coefficients in prediction eguation (SG). = aXP for conversion of range prasses to an equivalent
quantity of fiat small-grain residue, both in kg/ha (70).

Grass
Grazing Height
Grass Species Management (cm) Prediction ¢ Eguation b Coefficients r?

Blue grama Ungrazed 33.0 0.60 1.39 (.98
Buffalograss Ungrazed 10.2 1.40 i.44 0.97
Pig bluesten: Properly grazed 15.2 0.22 1.34 0.99
Blue grama Properly grazed 3.1 1.60 1.08 C.99
Buffalograss Properly grazed 5.1 3.08 1.18 0.99
Little bluestem Properly grazed 10.2 0.19 1.37 0.99
Switchgrass Properly grazed 15.2 0.47 1.40 0.99
Western wheatgrass  Properly grazed 10.2 1.54 1.17 0.99
Big bluestem Overgrazed 2.5 4.12 0.92 0.99
Blue grama Overgrazed 2.5 3.06 1.14 0.99
Buffalograss Overgrazed 1.5 2.45 1.40 0.99
Little bluegrass Overgrazed 2.9 0.52 1.26 0.99
Switchgrass Overgrazed 2.5 1.80 1.12 0.99
Western wheatgrass Overgrazed 2.3 3.93 1.07 0.99

NOISOYY UNIM

613
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Until recently, all small-grain equivalence data have been limited
to dead crop residue or dormant grass. Armbrust and Lyvles (6)
reported flat small-grain equivalents for five growing crops—corn,
cotton, grain sorghum. peanuts, and soybeans, as follows:

(SGY, = a2, Rwe [27]

where (SG), is the flat small-grain equivalent and Rw is the above-
ground dry weight of the crop to be converted, both in kg/ha, and
a and by are constant coefficients for each crop. They found that
if only rough estimates of (SG), are needed, an average coefficient
could be used. An average equation determined from pooling all crap
data with rows running perpendicular to wind direction gave 6.9
and 0.9, respectively, for a; and b,.

suppose one wishes to know the equivalent flat small-grain residue
for a ficld with grain sorghum growing in 400 ke/ha of flat, random
winter wheat residue when the dry weight of the growing grain
sorghum is 83 ke/ha and the grain sorghun is growing in rows
perpendicular to the expected wind. Therefore, (SG), for the grow-
ing sorghum, from equation 27, would be as follows:

(SG). = 8.083)" = 475 [28]
and, from tanle 3. (SG), for the wheat residlue would be
(SG), = T.3(400) % = 880. [29]

However. because of nonlinear relationships, the flat smail-grain
equivalents are not strictly additive. When more than one crop con-
tributes to the residue, it is better to combine the caleulation into
a single cquation as follows:

(SG), = ay" ay (Rwt)bw b [30]

.A

where p; and p; are fractions of total residue, Rwt, and a,, a, and
bi, by are constant cocfficients for respective crops as in equation
27. For our example as follows:

(SG). = (8.9)72(7.3) ™ (483) -1 172+ case

1,190 kg/ha [31]

Fither the equivalent flat small-grain or vegetative factor is needed
for the various procedures to estimate wind erosion. The relation-
ship between equivalent flat small-grain and vegetative cover was
given graphically by Woodraff and Siddoway (109). Williams and
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associates (106) fitted an equation to the graphical relationship as
follows:

Vo= 0.2533 (SG) ! [32]
Therefore,
Vo= 0.2533 (1,180)' " = 3,896 Mg ha'! [33]

A wind erosion model

Researchers and scientists have used a wind erosion equation pro-
posed by Woodruff and Siddoway (109), with various modifications,
for the past 20 years. The model was developed as a result of in-
vestigations to understand the mechanices of the wind erosion pro-
cess. o identify major factors influencing wind erosion, aand to
develop wind erosion control methods. The general functional rela-
tionship between the independent variable E, the potential average
annual soil loss. and the equivalent variables or major factors is as
follows:

E o= f(I. K, C. 1., V) [34]

where Lis the soil erodibility index, K is the soil ridge-roughness fac-
tor, C is the climatic factor, L is the unsheltered median travel
distance of wind across a ficld, and V is the equivalent vegetative
cover. These factors were discussed in more detail earlier.

Solving the fumetional relationships of the wind erosion equation
as presented by Woodruff and Siddoway (109) required the use of
tables and figures. The awkwardness of the manual solution
prompted a computer solution (43, 99) and development of a slide-
rule calculator (89).

The model has been adapted for use with personal computers (55)
and interactive programs (40). Cole and associates (343 adanted the
Woodruff and Siddoway (109) model for simulating daily soil loss
by wind erosion as a submodel in EPIC (106). The latter version was
simplified by fitting cquations to the figures of Woodruff and
Siddowayv (109).

Solution of the wind erosion equation gives the expected amount
of erosion from a given agricultural field. A second application of
the equation is to specify the amount of erosion that can be tolerated
and then solve the equation to determine the conditions required to
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limit soil loss to the specified amount., for example, the amount of
residue, field width, ete. Conservationists have used the equation
widely for both of these applications.

U.5. Soil Conservation Service field workers have used the equa-
tion extensively to plan wind erosion control practices (59). Haves
(58) also used the wind erosion cquation to estimate crop tolerance
to wind erosion. The equation is a useful guide to wind erosion con-
trol principles as well (13. 80, 111). Other uses of the equation in-
clude (a) determining spacing for barriers in narrow strip-barrier
svstems (52). (b) estimating fugitive dust emissions from agricultural
and subdivision lands (83. 107). (¢) predicting horizontal soil fluxes
to compare with vertical acrosol fluxes (419), (d) estimating the effects
of wind erosion on soil productivity (67, 106}, (¢) delineating those
croplands in the Great Plains where various amonnts of crop residues
may be removed without exposing the soil to excessive wind erosion
(96), and (1) estimating erosion hazards in a national inventory (104).

The following example of how to use the wind erosion equation
to predict expeeted soil Joss employs the variables used earlier, that
is. I =197 tha vr K = 0.5.C = 56, L, =923 m, and V=3.9
Mg ha ' To determine the erosion estimate, however, requires a
special combination of the factors. Several approaches are possible
to find the solution: graphs, figures. tubles, slide rule, or computer,
Here, I use the procedure presented by Williams and associates (106).
This procedure is done stepwise. hut it haus been simplified computa-
tionally by fitting cquations to figures of Woodruff and Siddoway
(109). The first step (E1) is to determine soil crodibility, I. Steps E2
and E3 are determined by multiplying the factors indicated as follows:

2 = IK = 197 x 0.5 = 93 Mg ha 'yr [35]
3 = IKC = 93 x 56 = 59 Mg ha! vr [36]

E4, the inclusion of field length, is

B4 = (WF' 4 E3"" - E2Vs)2% o 33 Mg hatyrt [37]
where

WI = E2(1.0 - 0.122(L/Lo) "™ exp(-3.33 LiLo) = 64 [38]
and

Lo = 156 x 10%E2) '* exp( - 0.00156 E2) = 4,465 m [39]

WF is a field length factor; it accounts for the influence of field length
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on reducing the crosion estimate. Lo is the maximum field length
for reducing the wind crosion estimate.

Yarameters W, and W, are functions of the vegetative cover factor
deseribed by the equations:

W, o= exp( - 0.759V = 4.74x 10 V2 4 2.95 x 10-4V?
0.026

) [40]

|

W, = 1+8.93 x 10 *V + 851 x 10Vt — 1.5 x 10-5V3 )
1.469 [41]

i

"and for our example, from equation 33. has

', Therefore,

where V is in Mg ha
the value of 3.9 Mg ha

E5 = W E4% = 0.026 (33)' " = 4.4 Mg ha ' yr ! [42)

The estimate of 4.4 Mg ha ' vr ' given by equation 42 is the
annual rate of expected erosion during the 30-day period represented
by the climatic factor C. To determine the expected erosion during
the accounting period. it is necessary to multiple the given estimate
by the fraction of the average annual total erosive wind energy
occurring during the 30-day accounting period.

Management effects

Rough, cloddy surface. Tillage operations that leave furrows or
ridges reduce wind erosion, as discussed earlier. When ridges are
nearly gone, vegetative cover is depleted, and the threat of wind ero-
sion continues. a rough. cloddy surface resistant to the force of wind
‘an be ereated on many cohesive soils with appropriate “emergency
tillage.” For example, Lyles and Tatarko (73) found that chiseling
of growing winter wheat on a silty clay soil greatly increased non-
crodible surface aggregates without influencing grain vields. Farmers
can use listers, chisels. cultivators. one-ways with two or three disks
removed at intervals, and pitting machines to bring compact clods
to the surface. Emergency tillage is most effective when done at right
angles to the prevailing wind direction. Because clods eventually
disintegrate, sometimes rapidly. emergencey tillage offers only tem-
porary wind crosion control at best (111, 112).

Residue. Living vegetation or residue from harvested crops pro-
teets the soil against wind erosion. Standing crop residues provide
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nonerodible elements that absorb much of the shear stress in the
boundary layer. When vegetation and crop residues are sufficiently
high and dense to prevent intervening soil-surface drag from ex-
ceeding threshold drag, soil will not erode. Rows perpendicular to
wind direction control wind erosion more cffectively than do rows
parallel to wind direction (39, 97). Flattened stubble, though not
as effective as standing stubble, also protects the soil from wind ero-
sion (29).

Soon after the disastrous “dirty thirties” in the U.S. Great Plains,
researchers demonstrated that stubble-mulching was a feasible
method of reducing wind erosion on cultivated land (38). Stubble-
mulching is a crop residue management system using tillage. generally
without seil inversion, usually with biades or V-shaped sweeps (77,
78).

Other reduced and modified tillage svstems have evolved with
efforts to maintain residue on the soil surface. Chemical fallow (11)
and ccofallow (41) systems use herbicides or herbicides and subsur-
face tillage during fallow periods to conserve a large quantity of
residue on the surface.

Directly seeding small grains and other crops into stubble without
a fallow period and without tillage is being studied and shows prom-
ise. The advantages of this system, compared with the tillage systems
designed to preserve residues on the surface, include the following:
(z) the standing stubble is needed for erosion control until the seeded
crop produces enough cover to control erosion; (b) standing stubble
more effectively controls erosion than does an equal quantity of flat-
tened residue: (¢) standing stubble. because it is not in direct con-
tact with the soil, is less subject to decomposition than is stubble that
has been tilled and mixed with the soil; and (d) without tillage, the
soil is not pulverized.

The goal is to leave a desirable quantity of plant residue on the
soil surface at all times Residue is needed for a period of time after
the crop is planted to protect the soil from erosion and improve water
infiltration. The residue used is generally that remaining from a
previous crop. Efforts continue to evaluate the residue needed to con-
trol wind erosion (75. 91. 96).

Stabilizers. Researchers have evaluated various soil stabilizers to
find suitable materials and methods to control wind crosion (4, 5,
19, 28, 30, 72). Several tested products successfully controlled wind
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crosion for a short time, but many were more expensive than equally
effective wheat straw anchored with a rolling disk packer (30). The
following are criteria for surface-soil stabilizers: (a) 100 percent of
the soil surface irast be covered. (by the stabilizer must not adversely
affeet plant growth or emervence. (¢) erosion must be prevented ini-
tiallv and reduced for at least two months. (d) the stabilizer should
be casy to apply and not require special equipment, and (e) cost must
be Tow enongh for profitable use (5). Armbrust and Lyles (5) found
five polvmers and one resin-in-water emulsion that met all of these
requirenents. Thev added, however, that before soil stabilizers can
be used on agricultural land. methods must be developed to apply
Large volumes rapidlv. Also. reliable preemergent weed control
cnemicals for use on coarse-testured soils must be developed, as well
as films that are resistant to raindrop impact while allowing water
and plant reots to penetrate the soil | without adversely affecting the
environment.,

Barriers. Use of wind barriers is an effeetive method of reducing
field width to centrol wind erosion (9. Hagen (51) and Skidmore
and Hagen (93 developed a model that when used with local wind
data shows wind barrer effectiveness in reducing wind erosion forees.,
Barriers will reduce wind erosion forces more than they will wind-
speed. A properhy oriented barrier. when winds predominate fron,
asingle direction will reduce wind erosion forees by more than 50
pereent from the barvier leeward to 20 times its height: the reduction
will be greater for shorter distances from the barrier.

Different combinations of trees. shrubs, tall-growing crops, and
urasses can reduce wind erosion. Aside from conventional tree wind-
breaks ¢£20 840 110) many other barrier systems are used to control
wind crosion. They include annual erops, such as small grains,
corn. sorgh, sudangrass, sunflowers (13, 47, 48. 52, 61): tall
wheatgrass (1. 1) sugarcane: and rve strips on sands (John Griffin,
SCS agronomist. Gainesville, Florida, personad communication,
1O75).

Most barrier systems for controlling wind crosion, however, oceupy
space that could otherwise be used {or crop production. Perennial
barriers yrow slowlv and often are difficult to establish (36, 110).
Such barriers also compete with erops for water and plant nutrients
(71 . As a resulty the net effect of many tree-barrier systems is that
their use may not benefit crop production (46, 79, 94. 95, 101).
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Perhaps tree-barrier systems could be designed so that they become
a useful crop, [urnishing nuts, fruit, or wood.

Stripcropping. The practice of farming land in narrow strips on
which the crop alternates with fallow is an effective aid in control-
ling wind crosion (21). Strips are most effective when they are at
right angles to the prevailing wind direction, but they also provide
some protection from winds that are pot perpendicular to the field
strip,

Striperopping reduces erosion damage by reducing the distance
the wind travels across exposed soil, localizing drifting that starts
at a focal point, and reducing wind velocity across the strip when
adjacent fields are covered with tall stubble or crops.

Although cach imethod to control wind erosion has merit and appli-
ation, establishing and maintaining vegetative cover, when feas-
ible, remains the best defense against wind erosion. However, that
becomes a difficult challenge as pressure increases to use crop residues
for Tivestock feed and fuel for cooking.

Conclusions

Investigations of the factors inflnencing wind erosion led to the
development of a wind erosion equation. The two-fold purpose of
the wind erosion cquation is to predict average annual soil loss from
afield for specified conditions and to guide the design of wind ero-
sion control practices,

Principles suggested by the wind erosion cquation for controlling
wind erosion include stabilizing crodible surface sojl with various
inaterials: producing a rongh, cloddy surface: reducing field width
or the distance wind travels in crossing a field unprotected with bar-
riers and strips of crops; and establishing and maintaining sufficient
vegetative cover. This last item is sometimes referred to as the “ear-
dinal rule” for controlling wind erosion.

Although the wind erosion cquation is extremely useful and widely
applicable. users are cautioned that the value obtained for E ig an
estimate of average annual potential soil loss. The actual soil loss
may differ from the potential because ef (a) variation from the
average of wind and precipitation, (b) inaceuracies in converting
from relative field crodibility to annnal soil losses, (c) relationships
among variables not well defined for al] combinations of field and
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climatic conditions, (d) seasonal variation of field erodibility, and
(¢) uncertainties inherent in the empiricism used in developing the
cquation,

Research in progress to improve the accuracy and applicability
of the wind crosion equation includes:

> Determining the percentage of eroding soil that can be sus-
pended during erosion under a wide range of field conditions and
the residence time and fate of the various sizes of particles suspended
by wind erosion.

» Refining the soil moisture term of the climatic factor, C, in
the wind crosion equation. The current procedures assume that effec-
tive moisture of the surface soil particles varies with the PE index
er dryvness ratio, but surface moisture content is transient. Drying
rate and dryness of particles, as a function of soil hydraulic proper-
ties and climatic variables, need to be examined and then related
to the wind erosion process.

> Converting wind erosion prediction from a deterministic to
a stochastic model by incorporating probability functions for some
of the dyvnamic variables.

B Developing more applicable flux equations that can be inte-
grated over time and space to predicet soil erosion during single wind-
storms. Soil fluzx from ficlds that contain nonerodible clements
decreases with time, which suggests that a time function is needed
in the prediction equation.
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Appendix

Common units of measurements used in erosion research and conversion factors.

Conventional/

English Units Metric Equicalents

Length:
inch (i
foot (1Y
mile (mi)
nauticle mile
angotron (A7)
light-vear

2.54 centimeters (em)
30,48 centimeters
1.61 kilometers (k)
1.85 kilometers

101" meters (m)
946 x 10 Ym

Enerey. force. work, power and pressure
pound (b 1,45 Newtons (N)
dvne 10 * Newton
foot-pound 1.36 Joules (])
British Thermal Unit (Btuy 252 calories (caly or 1,054 ]
Watt (W) I Jouleisee (/8)
horsepower thp) 746 Joulesisee
ery 107 Joule
atmosphere ratim) 1.013 bar = 1.013 x 10° Pascals (N/m?)
poundiinch (b in®) 6.90 > 168 Nim?
Pascal (P I Newtoi m® (N7m®)

Weight, time. spevd and angle
dav 1y B.64 x 10* seconds (s)
vear (v 3,156 < 107 seconds (8)
mile-hour (i 0.447 meter/second (mis)

knot 0.5144 meter/second

degree (1) 0.01745 radian (rad)

radian (rad)
short ton
pound (Ib)

57.30 degrees (1)
907 kilograms (k)
153.6 grams (¢

Volume
cubie foot {ft?)
cubic inch (in)
gallon
gallon per acre
quuart (liguid)

0,028 cubic meter (m?)

16.4 cubic centimeters (em?)
3.785 liters (1

9.35 liters/hectare (1-ha=1)
0.946 liter (1)

Area and yield
acre 1,047 square meters (m?)
acre 0.405 heetare (ha)
square foot (ft%) 9.29 x 10 2 square meter (m®)
square inch (in®) 645.2 squar: millimeters (mm?)

square mile (mi?) 2.59 squace kilometers (km?)
pound per acre 1.12 kilograms per heetare (kg-ha )
pound per acre 1.12 x 10 7 inegagrams per heetare (Mg-ha 1)
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Conversion factors for wiits related to the universal s0il loss equation {(USLE).

= -
To Concert From: U.S. Customary Units Multiply By: To Obtain: SI Units
—_— TPy

. . . . inch _ millimeter mm
Rainfall intensity, i or 1 o 25.4 : e
. hour hour h
. . foot-tonf megajcule M
Rainfall energy per unit of rainfall, e S e 2.638 %104 HEE: e - M]
- acre-inch hectare millimeter ha-mm
foot-tonf - megajoule M
Storm. energy. E R R 6.701 % 10-7 Trajou M]
- acre hectare ha
. foot-ton{-inch megajoule - millimeter MJ-mm
Storm erosivity, Eil e S S 702 x 10-1 negajoule: mill : MJ-mm
. acre-hour hectare - hour kha-h
. hundreds of foot-tonf-inch* - megaioule - millimeter MJ]-mm
Storm erosivity, El e — e 2L 1709 megaioule millimete M)
. acre-hour hectare hour ha-h
.. hundreds of foot-tonf-inch - megajoule- milliineter MJ-mm
Annual erosivity, Rt T st 1702 megajoule millime MJ:mm
acre-hour- vear hectar@hourg\'uar ha-h-y
. . . ton-acre-hour e metric ton-hectare- hour t-ha-h
Soil erodibility, K rundreds of ame Foo o= 1317 x 1g-1 .metri S S T Lo LI
: hundreds of acre-foot-tonf - inch hectare- megajoule - millimoter ha-M] mm
X ton metric ton t
Soil Joss, A 2.242 ol
acre hectare ha
. ton kilogram k
Scil loss, A ~o— 2.242 x 10-1! *"*—g'-i; —g,,
acre meter? m?

—_—
“This notation, “hundreds of" means numerical values should be multiplied by 100 to obtain true numericai values in given units. For example,
R =125 (hundreds of ft-ton-in/acre-hr) = 12,500 fe-tonf-in‘acre-hr. The converse is true for “lundreds of” in the denominator of a fraction,
tErosivity, EI or R. can be converted from a value in U.S, customary units to a value in units of Newten‘hour (N hr) by muitiplying by 1.752.
1S0il erodibility, K, can be converted from a value 1n U.S, customary units to a value in units of metric ton-hectare/Newton - hour (t-h/ha-N)
by multiplving by 1.317.
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Acacia species, 179
Acidity, 188, 195, 197
Acoustic devices
depth measnrement and, 58
rainfall kinetic energy and, 150
sediment momtoring and 56
Acration, 147
A factor, USLELD 15 1T
Atrica
crosion indicators in, 179
crosivity indexes and, 157
river sediment vields, 224, 43
SLEMSA, 102, 180-181
See also specitic countries
Avvregation
cropping history and, 208
crodibilitv indexes and, 120 144-145
crosion process model and, 127
vegetative cover and, 166
wind erodibilitv groups, 206-208
Avrienltural Research Service, 102
Agroforestry, i82
Albedo, 188
Allalfa, 208
Algeria, 43
Aluminum, 01 188
Arid areas. 495, 203
Australia, 29, 136
Automatic pumping samplers, 46, 54-55

Barrier svstems, for wind erosion,
225-226

Boundary effects
rainfall simulator plots, 86
small erosion plots, 13-14
unit-sonrce watersheds, 32

Brazil, 166

Brown, Lester, 97

Brownell Creek, Nebraska, 60

California, 66
Carbon, sediment vield of, 10, 61
Centrifuges, 60
Centro International de Mejoramiento
de Maiz v Trigo (CIMMYT), 181-182
) factor, USLE, 21-22, 28
cropstages and, 180
soil loss and, 133
sub-Tactor method and, 102-103
Channel erosion
CREAMS model and, 18
river sediment vields and, 43
USLE and. 17
Chemicals, Runoffl, and Erosion for
Agricuitural Management Systems
(CREAMS), 112-114
EPIC and, 17
sediment vield and, 104
USLE factors in, 18
LIMMYT. See Centro International
de Mejoramiento de Maiz v Trigo
Clay
ratio, 144
seasonal erodibility of, 206
sediment vicld and, 59
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soil productivity and. 18
wind erodibility groups, 207
Colloid ratio, 142
Colorado
sediment vield and. 42, G0
wind erosion in, 205
Compaction, 188
Computers
CREAMS aud. 113
erosion prediction and, 105
USLE and. 99
Concentrated fow erosion, 10O, 104-105
Conductivity, of soil. 197198
Contour rowy
rill formation and. 11
VSLE P factor and, 31
Coon Creek, Wisconsin, 66
Core amalvsis, lake sediment, 61 63
Corn. See Maize
Cotton
crop residue of . 218, 29y
rainfall interception values, 176
vegetative cover and, 174
Cover. Sep Vegetative COVET
Cowpea, 190, 193
Creedy River, Fngland, 4549, 52.53
Cropping swstems
conservation research for, 181183
erosion control and, 101-102
erosion prediction and. 179180
P factor for, 29 3]
rill formation and, 11
soil Toss and, 67168, 178
USLE evaluation of, 22
vegetative cover and, 16y
wind erosion and, 29073
Crop residue, wind crosion and,
216224 S alve Vegetative cover
Crop vield
ALrOnomic measarenent and, 189
desurfacing and, 193194
EPIC model et
PLand, 114116
predictive models, 106, 197,19y
soil erosion and, 1, 99, 187.189
sail profiie and, 19, 194-196
technological advances and, Y7
tillage and, 178
wind crosion and. 208, 292

INDEX

Dali River, Peoples Renvblic of
China, 40

Dart River, England, 48, 6]

Densimeters, 56

Depasition. of sediment, 123-125

Desertification, 203

Desurfacing, 193.194

Detachment processes, 141-1492
erosion process model and, 123.194
rainfall kinetic energy and, 150
runoff depth and, 156
time-dependence of, 4.5
vegetative cover and, 176
wind erosion and, 204

Devon, England, sediment vield data,
48-49, 52.53. )

Dispersion ratio, 142, 144

Drainage
laboratory erosjon plots, 14
sediment delivery ratio and, G4-65

Drifting, wind erosjon and, 213

Diriftless area, Wisconsin, 42

Dunes, 213

Dust, 229

Leonomic factory

sediment damage, 1.2

soil loss models, 106

vegetative cover, 168
Edge effects. See Boundary effects
Lllison splash cup method, 151-152
Enrichment ratio, 113, 194
Eotrainment vffici('n('_\', 124, 128, 134
EPIC. See Frosion l’mducli\'ity

Impact Caleulator
Loual transit-rate sampling, 16
Erodibility, of soil, 14]

crop residue and, 216

data reliability for, 4.5

dry soil fractions, 208

factors affecting, 10]

ficld length and, 214216

indexes of, 142

laboratory factors and, 144-145

nomogram estimation of, 147-149

plant indicators of, 179

rainfall simulations and, 90

seasons and, 206

SLEMSA and, 180
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sail classification for, 141-142, 206

ime-dependence of, 4-5

units of, 149

USLE factors for, 15-16, 19, 24-25,

143-147

wind erosion models and, 221-223
crosion, definition of, 10-12. See also

Soil erosion; specific teypes of erosion
“rosion Productivity Impact

Caleulator (EPIC)H, 106

climatic variability and 116

CREAMS and, 117

wind erosion, 221

crosion rescarch plots
laboratory plots, 12, 949, 144
rainfall simulation and, 91-92
seale of. 10
sinall plots, 12-15
unit-source watersheds, 31234

“rosivity, of rainfall. 14]

data reliability for, -5

dircct measurement of . 151152
factors affecting, 101

indeves of ) 16, 152 156

kinetic energy equations and, 23, 150
momentum and . 150

river basins, 157

sediment vield and. 104
single-storm events, 155

storm definition tor, 25
tinie-dependenee of 425, 23

USLE R factor tor, 1517, 19-20, 157
Trosivity, of wind, 209213 See gl

Wind erosion
“thiopia, 43
“ucalvptus species, 166

“xtrapolation
erosion prediction and, 99
sediment vield maps and, 2-4

“allow plots
USLIL erosion plots and, 18-19, 29
wind erosion and, 224
Fertilization, desarfacing and, 194
Floods, sediment vield sampling and., 51
Flimes, 32, 86
Fodder, as cover, 17
Forest cover, 166

t

Frains Lake, Michigan, 61-62

Gamma radiation, 56-57
Geologic erosion, 11, See also specific
types of erosion
Georgia, 42
Crasslands
as cover, 177
crosion indicators for, 179, 219
Grazing, 203
Great Plains, United States. 203-204,

DA0)

Greenhouse environments, 194
Gully erosion
forest cover and, 166
gulhy definition for, 100
prediction of | 104-105
river sediment and, 43

Hawaii

Pl model and, 198

sediment loss in, 130
Henin erodibility index, 142, i44
Herbicides, wind erosion and, 22.4.225
Hocking River, Ohio, 60
Hong Kong, torest cover in, 166

Infiltration
laboratory erosion plots, 14
porosity and, 142
rainfall simulation and, 92
vegetative cover and, 165
Instability index, 142, 144
International Council for Research
in Agroforestry, 182
Iron
sediment vield percentages, 61
soil erodibility and, 101
Irrigation
rainfall simulation and, 79
USLE and, 107

Java, 140
Kansas, 205, 209

Kentucky, 60
Kentucky rainfall simulator, 79, 81
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Kenyva
agroforestry in, 182
river sediment vields in, 40, 44-48
Sagana River monitoring in, 57
K factor, USLE, 143.147
fallow plot preparation for, 15-16, 143
laboratory parameters for, 144-145
storm definition for, 95
time-dependence of, 24
Kinctic energy, of rainfall
drop size and, 166
erodibility and, 142, 145
erosivity and, 23, 150-151
simualated rainfall, 89
USLE R factor and, 152-156
Kiowa Creek. Colorado, 60
Laboratory crosion plots, 12-15
eradibility indexes, 144
rainfall simulation and, 92
Lakes, sediment vield for, 60-63
L factor, USLE, 15.17, 20-21, 25.96
Loam
entrainment efficiency for, 132
scasonal eradibility of | 206
wind erodibility gronps and, 207
Loess, 132, 142

Lone Tree Creek, California, 66

Macrofauna, 184
Magnetic analysis, 63
Maive
crop residue of, 218, 29()
crop rotation and, 208
Nigerian crop yvields, 190, 193
USLE C factor and, 180
wind erosion and, 225
Mali, 43
Mangancese, 188
Michigan, lake sediment in, 61-63
Minnciota, soil Pl for, 115
Mirror Lake, New Hampshire, 62
Modified Universal Soil Loss Equation
(MUSLID, 17-18
Momentumn, rainfall crosivity and,
150
Mopane tree, 179
Mulch, 176
Multidivisor systems, 4

INDEX

Mupundu, 179

Nebraska, 60
Nephelometers, 56
New Guinea, 40, 62
New Hampshire, 62
New Zealand, 40, 44
Nigeria
crop yields in, 19]-194
erodibility indexes for, 149
Pl model and, 198
rainfall kinetic energy in, 156
river sediment yields, 43
Nitrogen
crosion and, 188, 195
maize and, 194
Nuclear probes, sediment measure-
ment and, 46, 56-57, 67
Nutrients, 59, 188, 194

Ohio, 60
Oka River, Soviet Union, 66
Oklahoma, 15-46
Optical instrumentation, sediment
transport and, 56
Orchards, as cover, 177
Organic matter
crosion and, 195
sediment vields and, 59, 61
sufficieney of, 198
Overflow, 4

Palouse Region, United States, 103
People’s Republic of China
loess erosion in, 142
river sediment vields in, 40
sediment sampling in, 52
Pesis, 188
P factor, USLL, 29-31, 180
Phosphorus, 61, 188, 194
Photography, vegetative cover
methods and, 170
Plinthite:, 188
Plowing
soil crodibility and, 143
USLE plots and, 20
Plum Creek, Kentucky, 60
Poland, 39
Pollution, sediment transport and, 59
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Porosity, 142, 195
Potassium, 188, 194
Precipitation. See Rainfsll
Productivity Index (PI), 106, 114-116
definition of, 197
Minnesota soils, 115
See also Crop vield
Furdue infiltrometer, 79

Quadrat sighting, 170-172

Rainfall

climatic factor and, 209-210

crop hazard ratings, 174

droplet size and, 150-151, 166

crosivity of. See Erosivity, of
rainfall

kinetic energy of, 89, 100, 153

rill erosion and, 11

river sediment vield monitoring
and, 54

sediment transport model and,
122.123

single-storm events, 103

SLEMSA and. 180

splash from, 13-14

storm definition for, 25

unit-source watersheds, 32

USLE R factor for, 15-17, 23,
152-157

vegetative cover and, 163-164, 175

weed control and, 225

Rainfall simulation

advantages and limitations of, 75-76

cold weather and, 22

crop vield research and, 192

data interpretation, 93

erodibility indexes and, 145-146

crosion prediction and, 107

laboratory crosion plots, 12-13

natural rainfall and, 88-89

raindrop sizes and, 77

rainulator, 27, 79-80, 145

requirements of, 85-86

research procedures for, 87-93

rilling and, 83

scaling of, 10

types of, 78-84

vegetative cover and, 167
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Rainulator, 79-80
erodibility indexes and, 145
USLE S factor and, 27
Rangeland, 203
Rape, 218
Rating curves, sediment vield, 47-48
Research projects, outlines for, 9-10
Reservoirs, sediment in, 58, 97
R factor, USLE, 15-17, 23, 152-157
See also Lrosivity, of rainfall
Ridge roughness, 213
Rill processes
cropping systems and, 11
crosion research plots and, 13
rainfall simulation and, 83
till definition for, 160
soil loss models and, 121-122
stream power and, 130
USLE and, 18. 102
River basins
crosivity indexes, 157
sediment yields, 1, 39-44
Root growth, 198
Rotation, of crops
aggregation and, 208
rainfall simulation and, 90
soil loss and, 167-168
Row-cropping, rill formation andg, 11
Runoff
barriers to, 130
collection syster for, 192
cover relation equation, 137
depth versus soil detachment, 156
erosivity of, 101, 104
laboratory erosion plots, 14
measurement of, 32-33
rainfal]l simulation and, 86
stemflow and, 168
transport capacity of, 10
USLE measurement, 17
vegetative cover and, 164
See also Sediment transport

Sagana River, Kenya, 57

Sahara desert, 204

Salinity, 188

Sand, 59, 142

Saturation, laboratory erosion plots, 14
Scotland, 62
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Sediment delivery ration (SDR)
basin arca and, 64-65
upstream erosion and, 42
USLE and, 18, 103-104
watershed area and, 101
See also Runoff
Sediment transport
analytic model for, 120-129
downstream damage from, 97
deposition model, 125
erosion process maodel and, 123-130
nutrients and, 59
planar model, 12]
stream power and, 124-195
Sediment vield
African rivers and, 2.4, 43
automatic sampling of | 54-60)
channel erosion and, 43
CREAMS and, 113
data reliability for, 4-5, 44-48
definition of, 10
deposition and, 100
tlobal patterns, 1, 39-4]
human activity and, 63
indircet calenlation of, 47-48
lake studies, 60.63
land slopie and, 135
manual sampling of, 51.53
manitoring programs for, 49-63
off-site damage from. |
particle size composition, 60
planar crosion model and, 197
prediction models for, 103-104
reservoir survevs and, 38
sampling techniques, 45-16
sediment properties, 59
soil loss measurements and. 492
South America, 2-3
unit-source watersheds, 33
upstrean soil loss and, 63.67
USLL estimation of, 18
U.S.-series samiplers for, 50)
water surface tension and. 11
See also Sediment delivery ratio;
Sediment transport
Seedbed preparation, flow crosion
and, 100
S factor, USLE, 20-21, 26.98
Shade, 166

INDEX

Sheet erosion, 99-100, 102, 166
Silica, erodibility and, 144
Silt
erodibility nomogram and, 148
erosion susceptibility of, 142
sedimient properties, 50
SLEMSA. See Soil Loss Estimator for
Southern Africa
Slope factors
contour banks and, 139
erosion rate and, 10]
sediment vield and, 135
soil loss and, 130-133
USLE factor for, 15-17, 20-21,
25-26, 146-147
USLE rill svstemns and. 18
vegetative cover and, 167
Sodium, soil erodibility and, 101
Soil, charucteristios of
crop vield and, 188, 190
crosion influence on, 105
thawing and, 100, 103
tillage methods and, 169
vegetative cover and, 163-164
Soil conservation
farming systems research and, 180-162
process approach to, 120
USLE and, 17
vegetative cover and, 1€3-164
wind erosion control, 299
Soil erosion
climatic factor for, 209
contour banks and, 139
cropping svstems and, 167-168,
177-178
crop vield, and, 187-189
desurfacing and, 193-194
dowustream sediment vields and,
63-67
cconomic models, 106
erosion factor interdependence, 167
forest cover and, 166
geomorphological approach to, 196
inter-rill erosion, 12
land slope and, 136
organic matter and, 163
plot length and, 130-132
prediction models for, 101-108
process model for, 1922-130



INDEX

sediment transpert model, 125
sediment vield measurement and, 42
tyvpes of, 99-100
vegetative indicators of, 178-179
See also Erodibility, of soil; Soil loss
tolerances; Universal soil loss equa-
tion: specific types of erosion
Soil Loss Estimator for Southern
Africa (SLEMSA), 102, 180
Soil loss tolerance (1 factory
Australian soils, 136
cover effects and, 133
crop vields and, 196
crosion prediction and, 98
Pl model and, 114-116
slope and. 133
weathering rate and, 196
Sonic depth recorders, 58
Sorghum
crop residues of . 218, 220
rainfall interception of, 174
“ow spacing for, 178
wind crosion and, 225
Sovbeans, 218
Splash
crodibility indexes and, 142
crosivity measurement and, 131-152
particle detachment and, 123-124
small erosion plots, 13-14
vegetative cover and, 176
Sprinklers
rainfall simulation and, 79
USLE and, 107
Steepness, USLIS S factor for, 15-17,
20-21, 26-28
Stemflow runoff, 168
Storms
definition of, 25
crosivity index for, 155
rainfall simulation of intensity, 87
single-storm events, 103
soil erosion models and, 94
Stream power, 124-125. 129130
Striperopping, 226
Sugarcane, 130, 225
Sulfur, 188
Sunflowers, 218, 225
Surface tension, runoff concentrations
and, 11
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sweden, 62

Taiwan, 29, 40
Tana River, Kenva, 44-48
Tanzania, 149, 178
Terraces
r!ll formation and, 11
unit-source watersheds and, 31
T factor. See Soil loss tolerance
Thawing soil, 100, 103
Thornthwaite index, 209
Tillage
crop vields and, 189
erodibility and, 101
flow erosion and, 105
rainfall simulation and, 90
rill erosion and, 100
soil damage from, 169, 178
USLE factors and, 31
vegetative cover and, 166
wind crosion and, 223
Tolerance, soil loss. See Soil loss
tolerance
Trace elements, 188
Trees
as cover, 166
as erosion indicators, 178-179
wind erosion and, 225
Tropical areas
USLI and, 143, 180
vegetative cover in, 163
Trummen Lake, Sweden, 62
Turbidity meter, sediment vield
measurement and, 46, 48, 56-57

Jrasonic sensors, 56, 150

United Nations Environmental
Programme, |

United States Water Resources
Council, 51

Universal soil loss equation (USLE),
99, 111-112
applicability of, 1146-120
cropping system evaluation and, 23
crosion plots for, 15-31, 143
factors for, 15-16, 20-21, 102, 143-147
fallow plots for, 29-30
geographical applicability of, 102
limitations of, 107
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runoff measurement for, 17
sediment vield wnd, 18, 103
single-storm events, 103

vegetative cover and, 21 22,

See also Soil erosion: specifie factors

102-103, 179-180

Vegetative cover

ambivatent effects of L 166 167
as erosion indicator, 178-179
canapy qualitv and, 160
cotton and, 174, 176, 218
crop classification and, 177
cropping systems and, 169
cconomic aspects of L 168
erodibility and, 101

fodder as. 177

forest cover, 166, 182
measurement ethods, 170-176
rainfall and. 163-164, 175

rinoff relation equation, 137

soil and, 164165, 133-137

soil cover rating, 171

USLE C factor and, 21-32. 102103
wind erosion and. 203, 216224

Versitols, 1320 1134

Washita River. Oklahoma, 45-16

Water
depth of. 58

for rainfall simiulators, 85
surface tension of, 11
See also Rainfall; Runoff
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Watersheds, unit-source research
plots, 31-34
Weathering rate, 196
Weeds
USLE factors and, 22
vegetative cover and, 166
wind erosion and, 295
Wetting, heat of, 145
Wheat, crop residues of, 218
Wibull distribution, 211-21¢
Wind erodibility groups (WEGH, 207
Wind erosion
barriers and, 225-256
climatic factors for, 213
crodibility and, 204-208
crosivity and, 209-213
field length and, 214-215
model {for, 221-223
ridge roughness and, 213
soil stabilizers and, 2924
susceptibility to, 203
Wisconsin, sediment vield data, 66
Wollny Ewold, 164
Worldwatceh Institute, 97

Yangtze River. People’s Republic of
China, 52
Yellow River, People’s Republic of

China, 10, 142

Zimbabwe, 156, 174
Zine, 188
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