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Preface

Soil and water have always been vital for sustaining life, and these resources are becoming
more limiting and crucial as population increases. The importance of conserving soil pro-
ductivity and protecting the quality of both soil and water is becoming clear to more people
than ever before. Declining productivity and increasing pollution could spell disaster for al
residents of the Earth. The soil and water resources of the planet are finite and are already
under intensive use and misuse. Environmental degradation is becoming painfully evident,
and increasing numbers of people are demanding that steps be taken to not only reduce the
amount of current degradation but also to amend some of the previous damage.

Soil and water conservation deals with the wise use of these important resources.
Wise use requires knowledge, understanding, and value judgments. The hazards posed by
erosion, sedimentation, and pollution, and the techniques needed to conserve soil and main-
tain environmental quality are all treated in this book. Situations and examples are drawn
from many places to constitute a cross-section of the soils, climates, and cultures of the
world. The scope includes agricultural, engineering, mining, and other uses of land. Soil
and water are recognized as essentials for everyone's life.

Thisfourth edition continues the use of foot-pound-second unitsasthe principal units
of measurement. Metric units are usually included in parentheses and are presented as the
principal or only units where they are the units generally used in the United States. The
fourth edition has been updated throughout with many citations to the literature published
since the third edition was printed. Significant new material has been added, and certain
sections have been expanded. The trend toward computerizing the soil-loss equations is
emphasized in Chapter 6. The rapidly growing use of no-till cropping is recognized with an
expanded treatment in Chapter 9.

The former chapters “Vegetating Mining and Construction Sites” and “Vegetating
Other Areas of High Erosion Hazard” have been combined in one chapter titled “ Vegetating
Drastically Disturbed Areas.” This and several smaller changes helped to consolidate sim-
ilar topics and make the material flow more smoothly. The increased emphasis on water
conservation initiated in the third edition is continued in this edition.

Much of this book can be read and understood by anyone with a good general edu-
cation. Some parts, however, necessarily assume an acquaintance with basic soil proper-
ties such astexture, structure, water-hol ding capacity, and cation exchange capacity. These

Xiii



Xiv Preface

topics are covered in any introductory soil science textbook and one of these should be
consulted if the reader lacks this background. The system of soil taxonomy used in the
United Statesis followed in this book. An explanation of that system can also be found in
modern introductory soils textbooks.

The broad collective background of the authorsin soil science and soil conservation
in the United States and abroad has been reflected in each edition and carries forward into
this new edition. Much credit goes to Dr. Roy Donahue for having originated this project,
enlisted his co-authors, and contributed enthusiastically to al three previous editions in
spite of hisadvancing age. However, hisdeath in 1999 madeit necessary to change the han-
dling of revisionsfor this edition. Suggestionswere obtained from several users of the pres-
ent text, and Dr. Troeh accepted the responsibility of incorporating these suggestions along
with new material from the literature into the text. Dr. Hobbs contributed by reviewing all
of the material and making valuable suggestions.

The authors experience has been supplemented by extensive use of excellent li-
braries to locate appropriate literature including journals, books, and publications from
government agencies. Many colleagues have also contributed valuable suggestions and
some have thoughtfully reviewed the manuscript of one or more chapters dealing with sub-
ject matter in which they were especially well qualified. The helpful assistance of the fol-
lowing personsis gratefully acknowledged:

Paul L. Brown, ARS-USDA, Northern Plains Soil and Water Research Center,
Bozeman, Montana (deceased)

Lee Burras, Associate Professor of Agronomy, lowa State University

J. Brian Carter, Oklahoma State University

Julian P. Donahue, Assistant Curator, Entomology, Natural History Museum, Los
Angeles County, California

George R. Foster, ARS-USDA, National Sedimentation Laboratory, Oxford,
Mississippi (retired)

PaulaM. Gale, Associate Professor, Plant and Soil Science, University of
Tennessee at Martin

Harold R. Godown, NRCS-USDA (retired)

Robert Gustafson, Botanist, Natural History Museum, Los Angeles County,
Cdlifornia

Lawrence J. Hagen, ARS-USDA, Northern Plains Area Wind Erosion Research
Unit, Kansas State University, Manhattan, Kansas

Walter E. Jeske, NRCS-USDA, Washington, D.C.

John M. Laflen, Laboratory Director and Research Leader, USDA-ARS National
Soil Erosion Research Laboratory, Purdue University, Lafayette, Indiana

Rattan Lal, Agronomy Department, Ohio State University

John Malcolm, USAID, Washington, D.C.

Gerald A. Miller, Associate Dean of Agriculture and Professor of Agronomy, lowa
State University

John A. Miranowsky, Professor of Economics, lowa State University
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Basil Moussouros, former Minister for Agriculture, Government of Greece
Kenneth R. Olson, Professor of Crop Sciences, University of Illinois
Gerald W. Olson, former Professor of Soil Science, Cornell University (deceased)

G. Stuart Pettygrove, Department of Land, Air, and Water Resources, University of
Cdliforniaat Davis

Durga D. Poudel, Assistant Professor of Soil Science, University of Louisiana at
Lafayette

Kenneth G. Renard, ARS-USDA, Southwest Watershed Research Center, Tucson,
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CONSERVING SOIL AND WATER

Soil and water are vital resources for the production of food, fiber, and other necessities of
life. Food and fiber are renewable resources—a fresh crop can be grown to replace what is
consumed. The soil that produces these renewable resources is essentially nonrenewable.
Water can recycle, but its supply islimited, and it is frequently the limiting factor for crop
production.

Strong reactions occur when there are shortages of food products or other consumer
items. Prices of coffee and sugar, for example, have increased dramatically when a signif-
icant part of the world's crop was damaged, often by unfavorable weather, temporarily de-
creasing the supply. Such situations arise suddenly and require adjustments in the lives of
many people. The more gradual changes resulting from persistent processes such as soil
erosion may escape attention despite their fundamental importance. The long-term loss of
productivity caused by soil erosion should be of greater concern than temporary shortages.

The purpose of soil conservationisnot merely to preservethe soil but to maintainits pro-
ductive capacity while using it. Soil covered with concrete is preserved, but its ability to pro-
duce cropsislost in the process. Intensive cropping uses the soil but often causes erosion on
doping land. Land needs to be managed for long-term usefulness as well asfor current needs;
thatis, itsuse should be sustainable. Scarred landscapes, asshownin Figure 1-1, tell asad story
of waste and ruin where long-term principles have been sacrificed for short-term gain.

Soil erosion is often more detrimental than might be supposed from the amount of
soil lost. The sorting action of either water or wind removes a high proportion of the clay
and humus from the soil and leaves the coarse sand, gravel, and stones behind. Most of the
soil fertility is associated with those tiny particles of clay and humus. These components
are also important in microbial activity, soil structure, permeability, and water storage.
Thus, an eroded soil is degraded chemically, physically, and biologically.

Degradation of soil and water resources is a worldwide problem that takes many
forms (Napier et a., 2000). It isespecially severein devel oping countries where people are
struggling to eke out an existence and are more concerned with survival than with conser-
vation. Each situation is different and calls for its own distinct solution.
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Figure1-1 The amount of soil eroded by gullies eating their way into alandscape is spectacular

but is often exceeded by sheet erosion around the gullies. (Courtesy USDA Natural Resources
Conservation Service.)
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1-1 NEEDS INCREASING WITH TIME

The demand for plant and animal products increases with time as population increases and
standards of living are raised. People now consume more food than do all other land ani-
mals combined (Deevey, 1960). Their needs place an increasing load on soil productivity—
aload that can severely strain the ecosystem (Wohlke et a., 1988). Plants can be grown
without soil by hydroponics and by sand or gravel culture, but the expense is high and the
scaleissmall. Even seafood is used on a much smaller scale than are soil products.

Until recent decades, production increases came mostly by using more land. New
frontiers were opened, forests were cut, prairies were plowed, and deserts were irrigated. It
was suggested that one hectare (2.5 acres) of cropland per person was needed to maintain
a satisfactory standard of living. A continually expanding land base maintained approxi-
mately that much area for along time. Of course, the best land was chosen first, so the av-
erage suitability of the land declined even while the area per person was maintained.

The one-hectare-per-person rule is no longer supported. Most countries now have
more people than hectares of cropland; the world average is declining and will soon be
down to 0.1 haper person (Lal, 1999). Production depends on soil, crop, climate, and man-
agement aswell asland area. One hectare per person may not be adequate in some places,
but it is enough to support ten or twenty peoplein other places.

In recent decades, the land base has been relatively constant. Most of the good crop-
land isaready inuse. Irrigation has been increasing and may continueto increase, but much
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of the newly irrigated land comes from previoudly rainfed cropland. The small areas of new
cropland being added each year are offset by new roads and buildings on former cropland.
Ryabchikov (1976) estimates that people already are using 56% of Earth’s land surface,
15% of it intensively. Much of therest iscovered by glaciers, barerock, steep slopes, desert,
or other conditions that make it unsuitable for crop production.

Increased production is now obtained mostly by using present cropland more inten-
sively. New crop varieties and increased fertilization areimportant factors producing higher
yields. Moreintensive cropping systems increase row crops and grain crops at the expense
of forage crops. Multiple cropping has increased, and the rest period in the slash-and-burn
system has been reduced or eliminated in many tropical areas. The effect of these changes
on soil erosion has been mixed. Fertilization and multiple cropping increase plant cover on
land and reduce erosion. The replacement of forage crops with row crops and grain crops
and the shortening of rest periods in slash-and-burn tend to increase erosion.

1-2 EROSION PROBLEMS

Erosion occursin many forms as aresult of several causes. Anything that moves, including
water, wind, glaciers, animals, and vehicles, can be erosive. Gravity pulls soil downslope—
either very slowly asin soil creep or very rapidly asin landslides.

1-2.1 Intermittent Erosion

Erosion can be uniform and subtle. Sheet erosion, for example, removes layer after layer a
little at atime until alot of soil has escaped almost undetected. Most erosion, though, isin-
termittent and spotty. Surface irregularities concentrate the erosive effect of either wind or
water in certain spots. Cavities may be blown out by wind or gullies cut by water. The pat-
ternisusually spotty, asillustrated in Figure 1-2.

Generally, more than half of theannual soil lossin an areaoccursin only afew storms
during which rain and wind are intense and plant cover is at a minimum. Weeks, months,
or even years may pass without much soil being lost. Thelossfrom asingle ferocious storm
sometimes exceeds that of an entire century.

The spotty and intermittent nature of erosion complicates the interpretation of ero-
sion measurements. A field with an average soil loss of 4 tons/ac (9 mt/ha) annually is
within the accepted tolerable rate for most deep soilsif thelossis evenly distributed. But if
most of the loss comes from part of the field eroding at 40 tong/ac, that part of the field is
being ruined by erosion. Furthermore, crops on adjoining areas may be suffering damage
from sedimentation, as shown in Figure 1-3. An average over time is equally deceptive.
The benefits of having only small soil lossesfor nine years are wiped out if severe loss dur-
ing the tenth year completely destroys a crop and carries away the topsoil that produced it.

1-2.2 Accelerated Erosion
The normal rate of erosion under natural vegetation isin approximate equilibrium with the

rate of soil formation. A particular set of conditions maintains sufficient soil depth to insu-
late the underlying parent material from weathering just enough so that soil is formed as
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Figure1-2 Estimated annual soil-loss rates by 10-acre (4-ha) cellsin the Lake Canadarago
drainage basin, New York. (From Kling and Olson, 1975.)

fast asitislost. Deviations from equilibrium cause the soil to get either thicker or thinner
until a new equilibrium is established. Precise data on rates of geologic (natural) erosion
and soil formation are difficult to obtain but are thought to average about 0.5 ton/ac
(1 mt/ha) annually (see Section 3-8).

Tilling cropland, grazing pasture or rangeland, or cutting trees nearly alwaysincreases
therate of soil erosion. Loss of soil cover reduces protection and may accelerate soil 1oss by
afactor of 10, 20, 50, or 100 times. Formation of new soil cannot keep pace with greatly ac-
celerated erosion rates, so the soil becomes progressively thinner, sometimes until little or no
soil remains. The quality of the remaining soil generally deteriorates, not only becausethe soil
has less depth but also because its physical, chemical, and biological properties become less
favorablefor plant growth (Lal et ., 1999). Islam and Weil (2000) suggest that microbial bio-
mass, specific respiration rate, and aggregate stability are good indicators of soil quality.
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Figure1-3 Sediment from the higher areas covered and killed the crop in the foreground in this
lowafield. (Courtesy USDA Natural Resources Conservation Service.)
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Accelerated erosion reduces the amount of plant growth a soil is able to support. The
productive potential is reduced even if the actual production is maintained or increased by
the use of fertilizer and other management techniques. A shallower soil, with itsreduced ca-
pacity for storing water and plant nutrients and its generally poorer structure and aeration,
cannot match the productive potential of the uneroded soil.

1-2.3 An Old Problem in a New Setting

Cultivated fields, overgrazed pastures, and cutover forestlands have suffered from erosion
since the dawn of civilization in al parts of the world. The eroded soil becomes sediment
that covers bottomlands and sometimes becomes so thick that it buries both fields and
cities. The result becomes an archaeol ogist’s treasure when a famous city such as Babylon
is uncovered centuries after its inhabitants lost a frustrating battle with sediment eroded
from nearby hills.

Gullies, sand dunes, and other obvious signs of erosion have caused concern sincethe
beginning of agriculture. Impressive terrace systems were built thousands of years ago to
stop erosion. Even so, entire soil profiles have been lost by sheet erosion, gullies have dis-
sected hillsides, and sand dunes have drifted across anything in their path, such asthe side-
walk shown in Figure 1-4. Many millions of acres of formerly productive land have been
abandoned because of erosion damage.

In recent years, anew concern has been added to the age-old problems of erosion and
deposition. Dust clouds and muddy water signify air and water pollution. Soil particles
carry plant nutrients and other chemicals that contaminate water. Erosion has become an
environmental problem that must be remedied for the sake of clean air and water. This new



6 Conserving Soil and Water Chap. 1

Figure 1-4 Sand from anearby beach drifted ihto the city and blocked this sidewalk in
Montevideo, Uruguay. (Courtesy F. R. Troeh.)

concern has added an urgency to erosion control that should have been recognized earlier.
Similarly, the increasing amounts of waste materials such as sewage sludge and mine tail-
ingsthat are being spread on soil asameans of disposal generate concerns of soil pollution,
especialy by accumulation of heavy metals in the soil (Dinel et a., 2000). Soil and water
pollution concerns are addressed in Chapters 16 and 17.

An increasing part of the impetus for soil conservation, especialy that which is
legally mandated, stems from environmental concerns. The early stages of pollution con-
trol concentrated on point sources such as sewage systems and smokestacks. Current efforts
are beginning to include nonpoint sources such as soil erosion. Soil conservation practices
must be used along with other pollution controls to protect the environment.

1-2.4 A Concern for All People

Eroded soil and the chemicals it carries are matters of concern because a degraded envi-
ronment harms everyone's health and enjoyment. Polluted water, for example, isunsafe for
drinking, swimming, and many other uses. It can kill fish; moreover, the surviving fish may
impair the health and reproductive capacity of birds that eat them. Both the fish and the
birds may be made unfit for human food.

Erosion adds to the cost of producing food and other soil products, thereby increas-
ing the cost of living. With worldwide trade and emergency relief programs, the effects of
reduced production in any major area spread through the world markets. Eswaran et al.,
(2001) point out that soil erosion, soil compaction, and plant nutrient depletion are world-
wide problems that add billions of dollars per year to the cost of food production. In ex-
treme conditions, ruined land must be taken out of production, and the increased load
placed on the remaining land drives up production costs. Installing expensive erosion con-
trol practices also adds to production costs, but these practices help assure that production
will continue.
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Soil conservation legislation should be of concern to all voters, even those not di-
rectly affected by it. Government may provide too little, too much, or even the wrong kind
of control in an effort to bring about effective soil conservation. Tax funds are used to pay
the public’s share of conservation costs. The public needs to understand and support the
principles of soil and water conservation and environmental protection.

1-3 OBSTACLES TO CONSERVATION

Conservation is difficult to oppose, yet easy to overlook or ignore. Too many people give
lip service to conservation but leave the application to someone else. Reasons for inaction
include economic and aesthetic obstacles, insecurity and uncertainty, ignorance, and apathy.

1-3.1 Economic Obstacles

Major decisions are usually based largely on economic considerations. How much will it
cost? What returns can be expected? Will the cost be repaid in a short time, in along time,
or not at al? Much reluctance to apply conservation practices is based on economics. The
people who must spend money to conserve their soil are not the only ones who suffer if the
soil is eroded or benefit if it is conserved. Often the persons most affected live someplace
downstream or downwind or will live a a later time. People are commonly reluctant to
spend their money for unknown beneficiaries; some are unwilling to spend money to con-
serve soil for their own future benefit.

Conservation practices vary greatly in costs, returns, and effectiveness. The easiest
practicesto promote arethose like agood fertilizer program that will both conserve soil and
return a profit within a short time. Longer-term practices such as liming and soil drainage
may be recognized as desirable for some time before any action is taken. The time lag is
still longer for terracing and other practices whose high investment costs require many
years to repay. Least popular of all are practices such as changing to aless intensive land
use with lower probable returns.

The economic value of many conservation practicesis further complicated by benefits
that accrue to persons other than those who install the practices. Reduced erosion generally
meanstherewill belessair and water pollution and probably |essflood damagein downstream
areas. Consideration of “externdities’ shows that many conservation practices are economi-
cally desirable for society as a whole even though their costs exceed the on-farm benefits
(Stonehouse and Protz, 1993). The farmer should not bethe only oneinvolved in thedecision
nor theonly oneinvolved in paying for such practices. Thiskind of situation may be resolved
by governmental involvement in the form of lawsand cost sharing for conservation practices.

1-3.2 Aesthetic and Cultural Obstacles

A great deal of pride can beinvolved in certain agricultural traditions. Straight rows, for ex-
ample, are considered a mark of skill. Years ago, young farm workers were instructed
“Don’'t look back!” because atug on the reins would turn the horses and make a crooked
row. Straight rows are appealing, but they cause erosion on hilly land by providing chan-
nels for runoff water to erode. Contour tillage is often the solution, but it must overcome
tradition.
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Figure 1—5 M uch hand Iabor is used in areas Where people are barely able to subsist by tilling the
land. (Courtesy F. Botts, Food and Agriculture Organization of the United Nations.)

Many farmers take pride in plowing so that crop residues are completely covered.
Unfortunately, this practice exposes the soil to the impact of rain, runoff, and wind.
Conservation tillage reduces erosion by leaving residues on the surface. This concept is
now widely recognized, but it still must overcome tradition before many of its critics will
accept it.

1-3.3 Insecurity, Uncertainty, and Small Holdings

Many people in developing countries can barely eke out a living from their land by hard
work such asthe hand tillage shown in Figure 1-5. They know that traditional management
has kept them and their predecessors alive, and that they have nothing to spare for gambling
on anew method. Itisdifficult for them to changetheir techniques even for immediate ben-
efitssuch ashigher yieldsand less soil loss. It isstill moredifficult for them to adopt aprac-
tice that requires an investment, especialy if the benefits are delayed or distributed over
severa years. The establishment of conservation practices under such conditions requires
a reliable guarantee that these people will not starve to death if the new practice fails
(Napier and Sommers, 1993).

Short-term tenancy prevents the adoption of many desirable practices. A one-year
contract, or even afive-year contract, does not give the renter enough time to benefit from
the sizable investment of money and labor required to install long-term conservation prac-
tices. Theoretically, the landowners should be willing to invest in sound long-term prac-
tices, but many owners are too far removed from the land to realize what practices are
needed. Short-term tenancy makes it easy for both tenants and owners to overlook prob-
lems, even when those problems reach critical stages.
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Small holdings are acommon problem in devel oping countries. They may need con-
servation structures that cross several property lines or even need to be applied to an entire
watershed to be effective (Pandey, 2001). Often, much of the benefit would go to people
living downstream in the form of flood control and pollution prevention. Individuals can-
not be expected to apply such practices.

1-3.4 Ignorance and Apathy

Most erosion occurs so gradually and subtly that its effects are easily overlooked until long
after preventive action should have been taken. Evenrills (small erosion channels) in afield
are often ignored because tillage operations can smooth the surface again. Unproductive
subsoil exposed on the shoulder of a hill is overlooked if the rest of the field remains pro-
ductive. Even people who work with land often are unaware of how many tons of soil are
being lost each year, of how costly these losses are, and of how short the useful life ex-
pectancy may be for arapidly eroding soil.

Many people are apathetic about future needs and have short-term viewpoints re-
garding the use of soil and other resources. Land that was ruined in the past is unavailable
now, and land that is ruined now is lost to future generations. Reduced productivity of
eroded but usable land is even more important because it is more widespread.

Erosion-control practices needed to prevent environmental pollution often arenot in-
stalled or are long postponed because of indifference. Some landowners claim the right to
use their land asthey please even if it is being ruined and even if the sediment is damaging
other people's property. Public opinion and environmental considerations have provided the
impetus for laws restricting the rate of soil erosion allowable under certain conditions.

1-4 CONSERVATION VIEWPOINT

The need for soil conservation has been clear enough to catch the attention of both modern
and ancient people. For example, the people of ancient Rome, India, Peru, and several other
places valued soil enough to build terraces that still stand today, such as those shown in
Figure 1-6. Terrace wallswere built of stones|eft on eroded hillsides; then laborers carried
soil in baskets on their backs or heads from the foot of the hill up to the terraces to make
level benches. The Chinese still carry out similar laborious projects, but most modern con-
servation structures are built with the aid of machines.

Concern for the land is the most important characteristic of a soil conservationist.
Those who have such concern will find away to conserve their soil and water; those who
lack concern often neglect to use even the most obvious and inexpensive means of conser-
vation. Conservation efforts, therefore, include education and persuasion aimed at con-
vincing more people to care for their land.

Several organized groups now exist to promote soil and water conservation. The
Natural Resources Conservation Service of the U.S. Department of Agriculture hel ps peo-
pleinstall conservation practices; several other agencies assist their efforts. Employees of
the Natural Resources Conservation Service work in cooperation with local Soil
Conservation Districtsthat have their own national association. Interested individuals can
become members of the Soil and Water Conservation Society, and there are many other
groups at national, state, and local levels that advocate conservation of natural resources.
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Figure1-6 Theseterracesin Boliviawere built hundreds, or perhaps thousands, of years ago and
are still protecting the soil from erosion. (Courtesy F. R. Troeh.)

Conservationiststake along-term view regarding the use of resources. Someland has
been used for several thousand years and is still productive. All land needs to be used in
waysthat will maintain its usefulness. The objective of soil conservation has been stated as
“the use of each acre of agricultural land within its capabilities and the treatment of each
acre of agricultural land in accordance with its needs for protection and improvement.”

1-5 CONSERVATION TECHNIQUES

The practices used for conserving soil and water are many and varied. Some practices are
expensive and some only require new habits; some are permanent and some are temporary;
some are limited to very specific conditions whereas others are widely useful, athough
none have universal application. The amount of soil and water saved varies from one prac-
tice to another and from one set of circumstances to another.

1-5.1 Land Use and Management

One of thefirst items a soil conservationist considersis the use of land within its capabili-
ties. Some land is suited for intensive cropping, especially where the soil isdeep, level, fer-
tile, well drained, and has favorable texture and structure. Other land is so steep, shallow,
stony, or otherwise limited that it is suitable only for wildlife or other nondisruptive uses.
Most land is suitable for some uses but unsuitable for others.

Land use can be broadly classified into cropland, pastureland, woodland, wildlife
and recreational land, and miscellaneous use. Each broad class can be subdivided severa
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Figure1-7 A dense growth of bluegrassin thislawn provides excellent protection against ero-
sion. (Courtesy F. R. Troeh.)

times. For example, cropland may be used for cultivated row crops, small grain crops, or
hay crops. The soil exposure to erosive forces declines from cropland to pasture and wood-
land and then to wildlife land. These latter uses are therefore considered to be progressively
less intense. Nonagricultural classes may parallel agricultural ones. For example, lawn
grasses, as shown in Figure 1—7, might be roughly equivalent to a similar growth of pas-
ture grasses.

Management can alter the erosive effects of land use. Row crops, for example, can be
grown in wide or narrow rows that may or may not follow contour lines. The time of ex-
posure to the elements between the harvesting of one crop and the protective growth of the
next varies considerably. The soil may or may not be protected by crop residues or by spe-
cial cover crops during periods when the main crop isnot on the land. These variables have
considerable effect on the amount of erosion that is likely to occur.

Variations also occur with other types of land use. Pasture, for example, may have
grasses and legumes that were selected to provide good ground cover and forage, or it may
have whatever happens to grow. The number of livestock may be limited to what the pas-
ture can readily support, or overgrazing may kill much of the vegetation. Extreme over- and
under-use may occur in the same pasture if the animals spend too much time in one area.
Also, both soil and vegetation may be damaged by trampling if livestock are allowed to
graze when the soil istoo wet.

1-5.2 Vegetative and Mechanical Practices

Conservation techniques are often divided into vegetative and mechanical practices. There
is no good reason for always favoring one type over the other; both include awide variety
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of methods for protecting soil against erosive forces. Often, the best approach isto use a
combination of vegetative and mechanical practices.

Vegetative practices include techniques that provide denser vegetative cover for a
larger percentage of the time. Changing to less intensive land use usually reduces erosion
considerably. The problem is that less intensive land use is usually less profitable. A crop
rotation provides a compromise by using a series of different crops, some providing more
income and some giving more soil protection. Crops grown for the purpose of protecting
soil between other crops are known as cover crops.

Choices of land use, crop rotations, and cover crops need to be accompanied by good
management practices that help each crop grow well. Good seed planted at theright timeina
proper seedbed hel ps get the crop off to agood start. Adequate fertilizer and lime where needed
promote vigorous growth. Narrow row spacing allows arow crop to provide better soil cover
sooner. These management techniques generally improve both yield and erosion control.

Special vegetationisneeded in critical places. Grassed waterways can prevent thefor-
mation of gullies. Windbreaks can direct air currents away from erodible land. Various
forms of strip cropping reduce water erosion, wind erosion, and pollution. Appropriate
plantings in odd corners, steep slopes, or other problem areas provide food and cover for
wildlife aswell as erosion control. Disturbed areas such as roadbanks and mine spoils need
special plantings.

Vegetation can limit erosion to geologic rates (the rate of erosion under native vege-
tation defines the geologic rate for a particular setting). Grasses, trees, and other plants are
nature’s tools for controlling erosion. Although geologic rates are usually quite slow, they
occasionally are as sudden and rapid as a landslide. Sometimes the rate of erosion should
be reduced below the geologic rate by providing more than the natural amount of protec-
tion. More often, some increase above the geologic rate is permissible.

M echanical methods broaden the choice of vegetation and allow higher-income crops
to be grown even though the crops provide less soil protection. Contour tillage, for exam-
ple, often reduces erosion to half of that resulting from straight-linetillage. Tillage systems
that leave more crop residues on the soil surface reduce erosion markedly. The ultimate in
reduced tillage, a no-till system, is an excellent means of conserving soil. Its use is ex-
panding rapidly, partly because modern herbicides are hel ping to makeit practical to reduce
or eliminatetillage. Additional erosion control can be achieved by building terrace systems,
such as those shown in Figure 1-8, to hold soil in the field. Soil movement may occur be-
tween terraces, but the soil caught in terrace channels will not pollute a stream. Of course,
the channels must be cleaned periodically as a part of terrace maintenance.

Various structures made of concrete, wood, metal, or other sturdy material limit ero-
sion by controlling water flow. Critical points occur where water must drop to alower ele-
vation. The water may be conducted through a pipeline, down a flume or chute, or over a
drop structure. Pilings, riprap, or other bank protection may be used to keep a stream from
meandering to a new location.

Mechanical methods of erosion control tend to be either very inexpensive or very ex-
pensive. Conservation tillage savesfuel, time, and money by reducing the number of tripsand
thetotal amount of work done on the soil. Contour tillage may require more planning and lay-
out, and it generally adds some inconvenience in the form of short rows, but the fuel require-
ment for working acrossthe dopeisusually dlightly lessthan that for up and down the slope.
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Figure 1-8 Terraces such as these hold the soil on the field rather than letting it erode away.

(Courtesy USDA Natural Resources Conservation Service.)

Tillage changes require no new investments unless new equipment is needed.
However, these inexpensive practices are short-lived and must be repeated for each new
crop. Most long-lasting mechanical methods of erosion control involve expensive struc-
tures such as terraces, dams, and drop structures. The earthmoving and concrete work re-
quired are costly. Expensive structures are usual ly justified by many years of usefulnessand
increased flexibility of land use.

1-5.3 Conserving Soil and Water Together

Soil and water conservation are so interrelated that they must be accomplished together.
There are very few techniques that conserve one but not the other.

Both soil and water can be conserved by protecting the soil from raindropsthat would
puddle on the surface and produce acrust. Plant material intercepting raindrops hel ps main-
tain permeability so that water can infiltrate instead of running off. The soil acts as areser-
voir that conserves water. Reducing both splash and runoff conserves soil.

Contouring, contour strip cropping, rough surfaces created by tillage, and terracing
all increase infiltration by holding water on the land. Any runoff that occursis dower and
carriesless soil. Streamsfed by seepage and slow runoff have more uniform flow and lower
flood peaks than would occur from unprotected watersheds.

Reducing erosion reduces the rate at which streams, ponds, and lakes fill with sed-
iment. Reservoir capacities are thus maintained for recreation, flood control, power gen-
eration, and irrigation. Keeping sediment out of the water also lowers the supply of plant
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nutrients in the water and thereby reduces unwanted growth of algae and other vegeta-
tion. Soil particles absorb pollutants that are best kept out of water by keeping the soil on
the land. The control of nonpoint sources of water pollution therefore centers on con-
serving soil.

Wind erosion control is more closely related to water conservation than it might
seem. Water conservation is very important for plant growth in dry climates. Anything that
slows runoff and helps get more water into the soil or keepsit there by reducing evapora-
tion provides morewater for plant growth. Improved plant growth in turn hel psreducewind
erosion aswell as water erosion.

1-6 CHOOSING CONSERVATION PRACTICES

Soil and water conservation istoo complex to be solved by only one approach. Each situa-
tion needs to be analyzed to determine what problems and potentials exist and what alter-
natives are available.

1-6.1 Soil Properties That Influence Conservation

Many soil propertiesinfluence soil and water conservation, but afew deserve special em-
phasis because they strongly influence runoff and erosion control. Soil topography,
depth, permeability, texture, structure, and fertility are worth consideration in relation to
conservation.

Topography includes the gradient, length, shape, and aspect (direction) of slopes.
These features control the concentration or dispersion of erosive forces such as runoff wa-
ter and wind. Topography also influences the practicality of erosion control practices such
as contouring, strip cropping, and terracing. These practices may be very helpful on long,
smooth slopes but impractical on rolling topography with short, variable slopes.

Soil depth, the nature and thickness of soil horizons, and the type of underlying rock
material al affect the rate of soil formation. The tolerable rate of erosion is much lower for
shallow soils over hard bedrock than for deep soils underlain by loess or other unconsoli-
dated material. Subsoilswith high clay contents or other unfavorable properties need acov-
ering of topsoil to support plant growth. Deep soil isfavorable for water storage and plant
growth. Where the soil is shallow, it may be impossible to smooth the land for drainage and
irrigation or to move soil to build terraces and ponds.

Soil permeability helps determine how much water will run off and cause erosion.
Soil permeability is most commonly limited by a soil surface puddied by raindrops or
traffic, plowsoles or other compact layers, heavy subsoils with small water passages,
frozen soil, and bedrock or cemented layers. Restrictive layers near the soil surface re-
quire little water to saturate the overlying soil and cause runoff to begin. Soil permeabil-
ity also influences the functioning of subsurface drainage systems and septic tank drain
fields.

Soil texture and structure influence soil permeability and erodibility. Clay can bind
soil either into asolid massor into structural unitswith pore space between them. Individual
clay particles are difficult to detach from soil but can be moved long distances after they
are detached. Sand particles are easily detached from sandy soils, but fast-moving water is
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Figure1-9 Soil survey reports such as these contain soil maps, descriptions, and interpretations
for various uses such as soil and water conservation. (Courtesy F. R. Troeh.)

required to transport them. Silty soils are often the most erodible by water, because the silt
particles are too large to stick together well and are small enough to be transported readily.
Silt particles are small enough, however, to resist detachment by wind unless they are
knocked loose by something else, such as moving sand particles.

Soil fertility isimportant to soil conservation because plant cover helps protect the soil.
Vigorous growth produced on afertile soil provides more complete cover and better protec-
tion than sparser growth. Fertilizer and lime are therefore important for soil conservation.

1-6.2 Maps for Conservation Planning

Most of the soil properties discussed in the preceding section can be mapped. Topographic
shapes and elevations are shown by contour lines. Soil depth, texture, structure, and many
other properties are considered in naming the soil series shown on soil maps. Slope gradi-
ent and past erosion are aso generaly indicated on soil maps.

Conservation plans are based on soil maps. The soil map units are classified on the
basis of the intensity of land use for which they are suited and the treatment they need. Soil
maps are often colored to make important features stand out for planning. The soil mapsare
published along with descriptions of the soilsand interpretationsfor various usesin soil sur-
vey reports such as those shown in Figure 1-9.

1-6.3 Considering Alternatives

Any piece of land could be used and managed in avariety of ways. Some wayswould cause
disastrous damage or monetary loss, but severa satisfactory ways usually remain after
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unsuitable uses are eliminated. For example, a field might be used for pasture or hay pro-
duction without any special practices, for a crop rotation without excessive erosion if con-
tour strip cropping and conservation tillage were used, or for intensive row cropsif terraces
were built and conservation tillage used. Increased intensity of use normally requires addi-
tional conservation practices to protect the land. Economic factors and personal preference
are usually considered when a choice must be made from alternatives such as these.

Many choices depend on the type of agriculture being practiced. Growing hay or pas-
ture on part or on all of one'sland impliesthat the forage will be fed to livestock. Building
terraces to permit more row crops fits a cash-crop operation. Cover crops can be used to
protect the soil between the treesin an orchard. Irrigation makes it possible to grow awide
variety of crops in arid climates, and soil drainage permits previously wet areas to be
cropped.

1-7 CARING FORTHE LAND

Conservationists see the possession and use of land as a stewardship. The land that one per-
son has now was previously someone else’s and will soon pass to others. Its condition
should be as good when passed on as when it was received. The owner has aresponsibility
to society for the way the land is used and the care it receives. The authority of govern-
mental unitsto tax land, to place restrictions on its use, and to require that access and some
other rights be granted to others indicates that ownership is not absolute.

Soil and water conservation attitudes and practices are needed everywhere. Even the
best land is subject to damageif it isabused. Good land, fair land, and poor land are all use-
ful if they receive proper care. People need constant reminders not to choose short-term ex-
ploitation over long-term productivity.

The use and care of agricultural land are stressed throughout this book, but the con-
servation needs of nonagricultural land must not be overlooked. Erosion on a construc-
tion site is often more rapid than in any nearby field. Excesstraffic, especialy by off-road
use of motorcycles, four-wheel drive, al-terrain, or other vehicles, can start a gully.
Modified versions of agricultural practices may control erosion in these and many other
circumstances. Vegetation and mechanical structures can be adapted to awide variety of
situations.

Large areas of land are devoted to raising grass for livestock or trees for wood prod-
ucts, recreation, and wildlife use. These uses can provide excellent protection for the land,
but they can a so be abused. Overgrazing a pasture degrades the vegetation and exposes the
soil to erosive forces (Herrick et al., 1999). Similarly, road building, logging operations, or
fire can open aforested area to landslides and gullying (Elliot et a., 1999).

Population growth makes good land stewardship more crucial. “How many people
can the Earth support?’ is a pertinent question (Brown and Kane, 1995). Increasing pres-
sure from higher population densities makes the conservation task both more important and
more difficult. The need for population control has become obvious enough to cause many
programs to be developed for that purpose, such as the family planning center shown in
Figure 1-10. These programs and soil conservation practices are both needed, literaly, for
the salvation of the world.
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Figure1-10 Family planning centers such as this one on Mauritius, an island in the Indian
Ocean, are helping reduce birth rates and control population. Thisisland has 850,000 people living
in an area of 720 mi2 (1865 km?). (Courtesy P. Morin, Food and Agriculture Organization of the
United Nations.)

SUMMARY

Erosion of the soil resource often goes unnoticed. The loss in productive capacity is usu-
ally worse than the tonnage indicates because erosion sorts the soil and removes the most
fertile parts. Soil conservation seeks ways to use the soil without losing it.

Production increases formerly came mostly by cultivating more land. Now, increased
production must be obtained by increasing yields and intensity of land use because new
land is hard to find.

Erosion is so intermittent and spotty that averages fail to reveal much of the serious
damage doneto soil and crops. Cultivated fields, overgrazed pastures, and cutover forest [ands
have suffered from erosion since the dawn of civilization, and sediment has been polluting
streams and burying fields and cities. Erosion control efforts such as terrace systems have
been in use for thousands of years but have been inadequate to prevent the loss of millions of
acres of land. The contribution of erosion to air and water pollution has become amajor con-
cern in recent years. Erosion, pollution, and soil conservation are costly to everyone.

The installation of conservation practicesis costly, and people are reluctant to aban-
don traditional methods. Subsistence agriculture, short-term tenancy, ignorance of erosion



18 Conserving Soil and Water Chap. 1

problems, and apathy are additional obstacles, but peoplewho care about the land find ways
to conserve their soil and water.

Many different techniques are available for conserving soil and water. The first re-
quirement isto select an appropriate use within the land capability. Good management and
conservation practices come next. Protective practices may be vegetative, mechanical, or a
combination of thetwo. The effectiveness of vegetative practices depends on the density of
the vegetation and the percentage of time it covers the land. Permanent vegetation, such as
grassed waterways, windbreaks, or other plantings, can provide protection for vulnerable
sites. Mechanical methods such as conservation tillage and water-control structures permit
the growth of higher-income crops.

Soil and water conservation must be accomplished together. Contouring, terracing,
and protecting the soil surface against crusting all increaseinfiltration and conserve both soil
and water. Keeping sediment out of water reduces pollution and lengthens the life of reser-
voirs. Water conservation in dry climates increases plant growth and reduces wind erosion.

Soil properties such as topography, depth, permeability, texture, structure, and fertility
influence the erodibility of soil and the best choice of conservation practices. Topographic
mapsand soil mapsidentify many of these propertiesand areuseful for conservation planning.

Good stewardship of land requires passing it on to othersin good condition for con-
tinued productivity. Both agricultural and nonagricultural lands need soil and water con-
servation. Population growth makes land stewardship increasingly important.

QUESTIONS

. Inwhat ways can average rates of erosion be misinterpreted?

. Why should afactory worker living in an apartment be concerned about erosion?

. Why do people fail to adopt new methods of erosion control ?

. Why would one build expensive terraces to control runoff and erosion that could be controlled
by inexpensive vegetative methods?

. What influence has increased environmental concern had on soil conservation?

. Why are different techniques needed to conserve soils of sandy, silty, and clayey textures?

. What information useful for conservation planning can be shown on maps?

. Why do some people do a much better job of soil and water conservation than others?
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SOIL EROSION AND CIVILIZATION

The earliest cultivated fields were small, with tillage likely restricted to more level, produc-
tive soils, and with short periods of cultivation followed by long periods of fallow (shifting
cultivation). Erosion losses were not serious until populations multiplied, permanent settle-
ments were established, and the cultivated acreage was expanded to meet the increased need
for food. Sharpened sticks and stones were no longer adequate tools for clearing land and
raising crops (Warkentin, 1999), so hoes and wooden plows were invented (see Chapter 9).
Moreintensive and widespread cropping increased erosion, decreased soil productivity, de-
stroyed considerable land, and added sediment to streams, lakes, and reservoirs.

2-1 ORIGIN OF AGRICULTURE

Human beings were hunters and gatherers until relatively recent times. It isimpossible to
determine where crops werefirst cultivated, but relicsfrom old village sitesindicate the lo-
cation and age of early tillage.

Archaeologists in 1946 uncovered an ancient village at Jarmo in northern Irag
(Braidwood and Howe, 1960). Onerelic found in the “dig” was a stone hand sickle. Other
stone implements found at the village site could have been used for tilling the soil and for
weeding growing crops. Thisvillage was occupied about 11,000 B.C.E. and is considered to
bethe earliest known site of cultivated agriculture. Other prehistoric villageswerefoundin
the area dating from 11,000 to 9500 B.C.E.

Thesevillageswerelocated on upland siteswith friable, fertile, easily tilled, silt loam
soils. The progenitors of modern domestic wheats and barleys are believed to have been
among the grasses native to the area. Wild beans, lentils, and vetches were among the in-
digenous legumes. Rainfall probably amounted to 18 to 20 in. (450 to 500 mm) annually.

Villages that were occupied during the period 9500 to 8800 B.C.E. were also exca
vated on lowland sitesin the southern part of Irag, near the Tigris and Euphratesrivers. The
climate of thisareais considerably drier than that farther north. Crop production by dryland
farming methods was nearly impossible, so irrigation had to be invented and used. The

20
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record is clear that water from the rivers was used to produce crops. An abundant food sup-
ply enabled large cities, such as Babylon, to develop.

2—-2 EROSION INTHE CRADLE OF CIVILIZATION

M esopotamia, an ancient country located between the Tigris and Euphrates rivers in what
isnow part of Irag, is sometimes called the “cradle of civilization.” It is supposed to be the
locale of the biblical Garden of Eden and the Tower of Babel. Lowdermilk (1953) re-
counted the early history of this area. The following is acondensed version of his account.

Long ago, this area was covered by a great flood that wiped out the previous civi-
lization and | eft athick deposit of brown alluvium over the whole area. After the flood sub-
sided, the areawas resettled and known as Sumer. Kish wasiits capital city. Kish must have
been a magnificent city in its day, but eventually its buildings were abandoned and buried
by athick layer of sand and silt eroded from the nearby hills. This sediment preserved the
ruins until they were excavated by archaeologists in the early twentieth century.

Babylon, one of the most famous cities of ancient times, succeeded Kish as the cap-
ital of Mesopotamia. King Nebuchadnezzar was proud of having built the city of Babylon.
He also boasted of building a cana and irrigation system and of cutting down huge cedar
trees from Mount L ebanon to erect magnificent palaces and temples. He did not know that
cutting down theforest and allowing sheep and goatsto overgraze the hillsideswould cause
massive erosion. Nor did he realize that erosion would cause the downfall of Babylon by
filling itsirrigation canals with silt faster than slaves could clean it out. Babylon, too, was
abandoned and its buildings were buried under about 4 m (13 ft) of erosional debris (Juo
and Wilding, 2001). It, too, was later excavated by archaeol ogists.

The Sumerians of Mesopotamianumbered about 25 million at the peak of their power
and prestige. By the 1930s, Irag, amajor part of ancient Mesopotamia, had a popul ation of
about four million. What happened to cause the area to lose most of its population?
Lowdermilk suggests that the primary reason was that it was weakened by the failure of its
agriculture as the canals silted full and the soils became saline.

Irrigated fields of the southern, lowland region were not damaged by soil removal,
rather they were ruined by sediment from eroded land above them. Demand for food forced
cultivation higher up the steep slopes in the watershed to the north. Sheep and goats over-
grazed the hill pastures, and trees were felled indiscriminately for lumber and fuel. These
practices denuded the watershed, causing severe erosion and erratic river flow. Large sed-
iment loads, carried by the riversin the sloping areas where flow was rapid, settled out in
themorelevel areas, and saltsfrom theirrigation water accumulated in the soils. Much sed-
iment was deposited in theirrigation canals and ditches. In time, human labor was insuffi-
cient to cope with removal, so sections of irrigated land were abandoned. Drifting, wind-
blown soil from the sparsely covered, abandoned lands filled the remaining irrigation
structures. Eventually, the whole irrigated area had to be abandoned. Large urban popul a-
tions could no longer be supported, and the area became a virtual desert. The areais very
badly gullied now, and much of the origina soil is gone. This was the first of many failed
attempts to devel op a permanent, productive, cropland agriculture.
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2-3 EROSION IN MEDITERRANEAN LANDS

Communities on the trade routes between Mesopotamia and Egypt developed systems of
arable agriculture shortly after tillage was first used. It is probable that the knowledge of
cultivation and irrigation was carried from Mesopotamia to these countries by traders and
other travelers. Unfortunately, much of the detailed history and knowledge was lost when
thelibrary at Alexandriaburned inthethird century c.e. (Warkentin, 1999). It wasthe great-
est library of itstime, with over ahalf million manuscripts.

2-3.1 Soil Productivity in Egypt

Egypt had adry climate. Only the narrow Nile River floodplain could be cultivated. Natural
flooding provided a type of irrigation with no canals. Little soil eroded because the flood-
plain was level.

The Nile River rises in the mountains and tablelands of Ethiopia far to the south of
theirrigated Egyptian floodplain. Extensive forest cutting and cultivation of steep slopesin
the upper reaches of the watershed caused considerable erosion. The coarser sediments
were deposited mostly in the Sudan where the river left the high country and entered the
more level plain. Sediment carried into Egypt was fine textured and fertile. The annual de-
posit helped maintain soil productivity. The system developed in the lower Nile valley was
thefirst successful attempt to devel op apermanently productive, cultivated agriculturewith
irrigation. But the High Aswan Dam, completed on the Nile River 600 mi (1000 km) south
of Cairo in 1970, has upset the precarious balance that kept the floodplain productive
(Thoroux, 1997). The new dam regulates the flow of theriver, reduces major flooding, and
traps most of the revitalizing silt in Lake Nasser, behind the dam. It was the annual flood
with its regular fertile silt deposit that was largely responsible for the maintenance of the
delta’s productivity. What will happen now? Egypt and the world are anxiously watching
to see what the final answer will be.

Bedouins have along history of grazing livestock on the uplands above the valley of
the Nile. The sparse vegetation in this desert area makes it subject to wind erosion, espe-
ciadly if overgrazed, and requires flocks to range over alarge area. Some Bedouins have
small areasof cropland in favorable sites. Briggset al. (1998) discussthe reasonswhy some
Bedouins choose to crop sites in the channel of a small stream (which is dry most of the
time but stores water in the soil when there is runoff), in the floodplain adjacent to amajor
stream, or on the edge of Lake Nasser. The problem is that any of these sites is subject to
flooding during wet periods and to drought at other times.

2-3.2 Erosion in Israel, Lebanon, Jordan, and Syria

Theancient lands of Canaan, Phoenicia, and Syriahave long had sedentary populationsand
established, cultivated agricultures. Cultivation was restricted initially to gently sloping
lowland areas, with flocks and herds utilizing the steeper-sloping lands as range. The grad-
ual encroachment of cultivation on the steeper lands and the reduction of protective native
cover by overgrazing and timber harvesting increased runoff, erosion, and sedimentation.
The Phoenicians were among the first people to experience severe erosion on steep
cultivated slopes. They found that bench terraces made by constructing stone walls on the
contour and leveling the soil above them reduced water erosion and made irrigation on
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steeply dloping land possible. The ancient terracesinthisregion are still being cultivated suc-
cessfully. Large soil losses have occurred from nonterraced sloping land through the years.

Extremely severe erosion has occurred on more than amillion acres of rolling lime-
stone soils between Antskye (Antioch), now in Turkey, and Allepo, in northern Syria. From
3to 6 ft (1 to 2 m) of soil has been removed. Half of the upland soil area east of the Jordan
River and around the Sea of Galilee has been eroded down to bedrock. Much of the eroded
material was deposited in the valleys, where it is still being cultivated. Even these flood-
plain soils are subject to erosion, however, and gullies are cutting ever deeper into them.
Archaeol ogists found the former city of Jerash buried on afloodplain under as much as 13
ft (4 m) of erosional debris.

Some arid regions, such asthe Sinai Peninsula, have been so severely overgrazed that
the land is cut by extremely large gullies, despite low rainfall. Winds severely eroded the
soil between the gullies, but as stones of various sizes were exposed, a closely fitted desert
pavement formed that now prevents further wind damage. (See Figure 5-1.) The produc-
tive capacity of the soil has greatly deteriorated. As a result, population in many sections
has been drastically reduced by starvation and emigration. Some areas that formerly pro-
duced food for export to the Roman and Greek empires now cannot produce enough to feed
the small indigenous population.

Some authorities blame the decline in productivity, particularly in the drier sections,
on a change of climate, but agricultural scientists are convinced that the climate has not
changed sufficiently to account for this decline. They believe that soil loss due to water and
wind erosion is the root of the problem (Le Houerou, 1976).

In spite of the damage done to the soils in this region, there is still hope for culti-
vation agriculture. Burgeoning population hasforced the | sraelisto produce as much food
as possible locally. They are cultivating much more land than was ever tilled in their
country previously, and with good resultsin spite of the dry climate. They are employing
excellent farming practices, including the use of terraces and other soil and water con-
Servation measures.

2-3.3 Erosion in Northern Africa and in Southern Europe

Knowledge of cultivation spread westward from Egypt and the Middle East to northern
Africaand to Greece, Italy, and other parts of Europe.

Erosion in Northern Africa. Tunisia and Algeria, on the Mediterranean sea-
coast, with annual precipitation of about 40 in. (1000 mm), produced an abundance of crops
in the early Roman era. There was substantial production even inland, where precipitation
was much lower.

Carthagineans, residents of present-day Tunisia, were excellent farmers; cultivation
techniques were advanced for the times, and yields were good. They used very careful wa-
ter conservation methods and had extensive irrigation works. Water-spreading techniques
were employed in many of the drier regions. Relics of grain-storage structures and olive-
oil presses attest to the farmers’ expertise and to the region’s productivity. Grain produced
in excess of local needs was exported.

Serious deterioration took place over the centuries despite the high initial productiv-
ity of the soils. Winter rainfall caused erosion on bare soils, and wind erosion often de-
stroyed soils left without cover during drier parts of the year. After the fall of Rome,
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Carthage was attacked by desert dwellers from the south (herders mostly), and theregion’s
agriculture declined. Vegetative deterioration caused by neglect and overgrazing further re-
duced soil productivity. Much formerly productive land lost all of its topsoil as it was
eroded down to a stony desert pavement. Desert encroached onto productive cultivated
fields; the potential for food production was drastically reduced.

Soilsin many areas that once supported large populations now provide food for only
afew hundred people. Lowdermilk (1953) mentioned the ruined city of El Jem on the plains
of Tunisiawhose amphitheater could accommodate 65,000 people. He wrote that in the late
1930sthere were fewer than 5000 inhabitantsin the whole district surrounding the city’sru-
ins. El Jem’scultivation agriculture was destroyed after only ashort period of successful pro-
duction. Loca warsand invasion played apart in the massive decreasein production, but soil
erosion was the main cause of the deterioration and ultimate demise of a productive system.

Erosion in Greece and Italy. The Greeksoriginaly were apastoral people. The
upland areas of their country were covered with forests; the productive lowland soils were
used for grazing. Farming gradually replaced flocks and herds. Productive valley soilswere
cultivated first but, as population increased, food needs demanded production from land
higher up the hillsides.

Old Greek agricultural literature describes afew special soil-management practices,
such as multiple cultivations, fallowing for one to severa years, and deep plowing, which
help to maintain productivity or at least reduce the rate of its decline. Soil erosion and soil
deterioration, however, were rarely mentioned. Apparently they used no special erosion-
control practices. Morethan 3 ft (1 m) of soil waswashed from the surface of extensive areas,
and in places the soil was eroded to bedrock. Severe gullying occurred on the steeper
slopes, and lower-lying fields were buried under unproductive erosion debris.

Increased food needs and declining production from their soils caused the Greeks to
exploit the grain-producing potential of their colonies in Italy, in northern Africa, and on
Crete and smaller islands in the Mediterranean. The cheap grain imported from the colonies
caused Greek farmersto shift to the growth of more profitable olives, grapes, and vegetables.
Some areas that had not been too seriously impoverished continued to produce food grain to
meet the country’s emergency needs resulting from acts of war, piracy, and bad storms.

Italy was a colony of Greece for several centuries before Rome established its own
empire. Initialy, little land was cultivated, but when tillage was introduced both dryland
and irrigation farming methods were used. Italy eventually became a granary for Greece.

When Rome first became independent of Greece, it produced all itsfood needslocally.
Agriculturewasaprominent and respected vocation. Many Roman authors assembled know!-
edge of successful farming methods used at home and abroad. Widespread use was made of
fallow; thelegume crop, alfalfa(lucerne), was highly recommended as aval uableforage and
as a soil-fertility-improving crop. Other legumes were recommended and used &l so.

As Roman population increased, demands for food also increased. The level bottom-
land areas were insufficient to produce what was needed, so cultivation moved farther up
the hillsides. Erosion from the uplands accel erated and became even more serious asforests
were felled to supply timber for shipsand for fuel. Denuded soils and huge gullies resulted.
Dedicated and industrious farmersterraced and contoured much of their land to reduce ero-
sion. Figure 2—1 shows some terraces currently in use in northern Italy.

Sediment still washed into streams and was deposited in irrigation works, making
regular removal necessary. When the empire deteriorated as aresult of wars and invasions,
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Figure2-1 Numerous terraces help to control erosion on this cropland near Miniato in northern
Italy. (Courtesy F. R. Troeh.)

labor for sediment removal became scarce, and irrigated fields were progressively aban-
doned. Sedimentation in the major river channels caused frequent and destructive floods.
As swamps devel oped close to the streams, malaria and other diseases increased in sever-
ity, forcing people to move to higher ground and to intensify farming on the steeper slopes.
This caused till larger soil losses.

With growing populations, deteriorating soils, and smaller yields, Rome had to de-
pend on imported grain, particularly from Carthage, Libya, and Egypt. Cheap imported
grains and declining soil productivity forced farmers to abandon some fields and to switch
to the production of olives, vegetables, and grapes on others, as shown in Figure 2—2.

Italian soils, despite severe damage, were more durable than those of Greece, and re-
cuperated after the fields were abandoned. Reasonable yields can be produced with mod-
ern technology on most soils, but erosion is a continuing threat.

2-4 EROSION IN EUROPE

Western Europe, north of the major mountain ranges (Alps, Jura, and Pyrennes), has afor-
est climax vegetation. Rainfall is abundant in most areas. Local agriculture was generally
improved when Roman methods were introduced.

2-4.1 Erosion in the United Kingdom

The Cdlts, pre-Roman inhabitants of Britain, had awell-developed, arable agriculture. They
cultivated fields across the slope. Gully erosion was not a serious problem because rainfall
was gentle. Washed sediment gradually built up on the downhill side of each field asaresult



26 Soil Erosion and Civilization = Chap. 2

- ¥ - 3 _‘, f:;-:—b,_ <
Figure2—2 Thisvineyard near Florence, Italy, has widely spaced rows that allow room for soil-
conserving grain and hay crops. Hillside ditches provide drainage below each row of grapes.
(Courtesy F. R. Troeh.)

of sheet erosion and of tillage-induced downhill movement (Bennett, 1939). The Celtic agri-
cultural methods were altered but not replaced by Roman techniques.

The Saxons, who later came to Britain from mainland Europe, introduced a system
of long, narrow, cultivated fields, mainly on the morelevel lowlands. Most of the old Celtic
fields were then abandoned, many permanently.

Erosion has been recognized in Great Britain since the middle 1800s, but it has not
been widespread, and annual losses generally are not large. The extent and magnitude of
erosion has been studied on a national scale since the late 1970s. Most measured losses are
in the 1-2 t/ac-yr (24 mt/ha-yr) range, although some fields have lost up to 20 t/ac-yr (45
mt/ha-yr) under unusual conditions. Most erosion is blamed on shifts from ley farming to
straight cereal production, with little or no animal manure or green manure returned to the
soil. Overgrazing by sheep has also been blamed for some instances of erosion.

Soil erosion was more severe in Scotland than in England because more steeply slop-
ing areas were cultivated, soils were sandier, and amounts of rainfall were greater there
(Arden-Clarke and Evans, 1993). The detrimental effects of erosion were recognized early
in Scotland, and conservation practices were developed. Contour ridges were recom-
mended and used, and a predecessor of the graded terrace was devel oped.

2-4.2 Erosion in France, Germany, and Switzerland

Erosion became extremely severein many hilly areas of central Europe as steep slopeswere
cleared of forest cover and cultivated. More than a thousand years ago, the farmersin what
is now France returned some cultivated land to forest and devel oped bench terraces. Some
terraces were constructed on slopes as steep as 100% (45°). The soils on the benched areas
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Figure2-3 Steep areasin the SwissAlps are either left in forest or grazed judiciously. (Courtesy
F. R. Troeh.)

wereturned deeply every 15to 30 years asthe soilsbecame “tired.” Theseterraced areasare
still being used. Lowdermilk (1953) suggested that the Phoenicians were responsible for
these developments. Appropriate land use and careful husbandry reduced erosion | osses over
most of the region. The steep lands at high elevations are now used only for forest and pas-
ture, as shown in Figure 2-3. Moderate slopes at lower elevations produce grain crops, asin
Figure 2—4. Mainly truck crops are grown on level bottomlands, as shown in Figure 2-5.

Wind erosion is a serious menace in Europe also. Sandy soils subject to wind dam-
age are found along seacoasts and inland where water-laid or glaciated coarse deposits oc-
cur. Systems of revegetation have been developed to hold the sands and prevent drifting in
most areas where wind erosion poses athreat. These sandy soils are generally used for pas-
ture or forest and are rarely cultivated.

2—-4.3 Soil Reclamation in the Low Countries

The Low Countriesinclude most of The Netherlands and a part of Belgium. They occur on
ageneraly flat plain with little land more than 150 ft (50 m) above sealevel. Instead of los-
ing land by soil deterioration, arable area has been increased by reclaiming land from the
sea. Thisisavery expensive method of acquiring land, but it isjustified by the extreme pop-
ulation pressure of the area. The new land is obtained by building dikes such as the one
shown in Figure 2-6; pumping the salt water out, originally with windmills such asthe one
in Figure 2—7, now with large el ectric pumps; and using river water for reclamation and ir-
rigation (Note 2—1). Thisnew land isamixture of sandy soils, clayey soils, and peat. Water
erosion was never serious on these lands, and wind erosion has been well controlled by pro-
tective vegetation on sandy sites. The soilsin this area are generally more productive now
than they were when first reclaimed.
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Figure2-4 Upland areas in Switzerland are cropped where the soils are favorable and the slopes
are not too steep. Pasture and woodland are interspersed with the cropland. (Courtesy F. R. Troeh.)
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Figure2-5 Level dluvia soilsin SN|$vaIIeys are used for vegetables such asthe lettucein this
field, and other high-value crops. (Courtesy F. R. Troeh.)
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Figure2—6 Dike protecting lowlands in the southern part of The Netherlands. (Courtesy F. R.
Troeh.)

Figure2—7 Windmill near Kapelle, The Netherlands. Windmills were the original power source
for pumping water to reclaim the polders. (Courtesy F. R. Troeh.)
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NOTE 2-1
RECLAMATION OF THE POLDERS

The people of The Netherlands and Belgium have been reclaiming land
from the sea for hundreds of years to help meet the needs of dense pop-
ulations. Most of the reclaimed land was near sea level and much of it
was reclaimed in relatively small tracts. The polders form a much larger
and better-known reclamation project than any of the others.

The general plans for large-scale reclamation were drafted about
1890 by Cornelis Lely, but initiation was delayed until the 1930s. The
Zuiderzee, an arm of the North Sea that reached deep into the
Netherlands, was cut off and converted into a body of freshwater called
the ljsselmeer. Five polders covering about 545,000 ac (220,000 ha)
have been reclaimed within the ljsselmeer by the following procedures:

1. The Afsluitijk, a barrier dam 20 mi (30 km) long and nearly 325 ft
(100 m) wide, was completed in 1932 to form the ljsselmeer. River
inflow gradually converted it to a freshwater lake. Excess river water
is emptied into the ocean through sluice gates.

2. An area within the ljsselmeer was surrounded by an inner dike, and
the water was pumped out to form a polder.

3. Rushes were planted in the freshly drained polder to control weeds,
use up water, and help aerate the soil.

4. Trenches, ditches, and canals were dug for drainage and irrigation.
The rushes were burned and a crop of rape was planted the first year
and wheat the second year. Both rape and wheat tolerate the initial
saline conditions and are good soil conditioners.

5. After three to five years, the land was dry enough to replace the
trenches with drain tile. Farmsteads were built, and the units leased
to selected farmers.

The inland border around the basin that contains the polders is a hilly area. Much of the
cropland there is covered with highly erodible loess deposits. Erosion has been a problem
ever since they began to clear the forests decades ago, but it became much more serious af-
ter about 1975. The population has increased greatly. This has caused much additional ur-
bani zation with runoff from extensive paved surfaces and an accompanying intensification
of agriculture (De Roo, 2000).

2-4.4 Erosion in Eastern Europe

Some sheet erosion occursin Hungary, the Czech republic, Slovakia, and Poland, but gully
erosion is not severe. Thisis because most of therains are gentle.

Polish information (Ryszkowsk, 1993) indicates that cultivation began in that coun-
try between 5500 and 3000 B.c.E., when the area warmed up after the glaciers receded.
There was very little erosion, however, until large numbers of trees were felled during the
iron age (200-400 c.E.). About 20% of the country’s land was being cultivated at the end
of the tenth century. Cultivated acreage continued to increase as population increased until
about 1500 c.E., when half the land was being farmed. Erosion was till rather insignificant
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at that time, but it became more serious at the end of the eighteenth century when row crops,
especially potatoes, became more common. At present, 39% of the cultivated land is being
damaged by water erosion and about 11% is subject to wind erosion, but erosion rates are
low compared to those in most other areas of the world.

A type of agriculture was developed throughout this region that was uniquely adapted
to forest soils. It improved rather than destroyed soil productivity (Jacks and Whyte, 1939).
Adapted crop rotations are used, animal manure and crop residues are returned to the soils,
and judiciousrates of lime and fertilizers are now being applied. Cultivated cropsin most of
the area are produced only on gentle slopes. Grain and other agricultural products are im-
ported when local production isnot sufficient to meet national needs. The main conservation
needs of these soils are the maintenance of soil fertility and the improvement of drainage.

2-5 EROSION IN RUSSIA AND ASSOCIATED NATIONS

Russia is the world's largest country, spanning eastern Europe and northern Asia. It en-
compasses a wide range of climate, topography, and soils. Much of its land, especially in
Siberia (the Asiatic part) istoo cold for use as cropland. Much of this areais forested, so
erosion has not been a serious problem. It is thinly populated and has few roads, schools,
and cultural institutions (Denisova, 1995).

Russiahasalong, proud history in soil science, but the emphasis has been on soil clas-
sification, epitomizedin the heritage of V. V. Dokuchagev, the 19th century “father of soil sci-
ence.” Soil erosion problemsreceived little emphasis under the centralized planning system
of the former Soviet Union. Erosion is receiving more attention recently along with other
conservation problems such as soil pollution, salinization, and desertification. A new map
hasbeen prepared at ascale of 1t0 2.5 million (Kastanov et al., 1999). It showsthat the most
serious erosion problemsin the northern part (north of 60° N latitude, dipping to 55° N lat-
itude near the Ural Mountains), in the area of reindeer pastures and localized farming, are
caused by runoff from snowmelt. Snowmelt becomes|ess significant farther south and rain-
fall erosion becomesthe moreimportant factor asthe amount of cropland increases. Theim-
portance of water erosion diminishes and wind erosion increasesin the drier southern part.

Severe erosion in Russia has along history. Excessive tree cutting on forested slopes
and overgrazing and cultivation of steep and semiarid lands have caused serious water and
wind erosion in both European and Asian regions. Cultivation of “new lands’ in southern
Siberiaafter World War 11 increased the extent of submarginal, cold, and dry farming areas.
Severe wind erosion occurred. Some of these areas proved so erodible that cultivation was
abandoned.

Most of the Russian people live east of the Ural Mountains in the European part. As
far as agriculture is concerned, the climate ranges from too cold in the north to too dry in
the south. The best soils are south of Russiain Ukraine (part of the former Soviet Union but
now a separate nation), but drought is a hazard in that area.

The Soviet Union was known for its large collective farms and centralized planning.
Each collective farm had a quota it was supposed to produce for each of several different
crops, even if some of them were not well suited to the area. Fields on the collective farms
werelarge, and localized areas of severe erosion werelargely ignored. Crop yieldswere of -
ten low, partly because of unfavorable weather and partly because the top-heavy systemin-
hibited individual initiative. Much higher yields were obtained from small household plots
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where individuals were permitted to manage them personally. These small plots repre-
sented only 1.5% of the Soviet Union’s agricultural land but contributed about 25% of the
value of agricultural output, largely through a heavy emphasis on livestock production
(Lerman, 2002).

The breakup of the Soviet Union inthe 1990s | ed to land reform and much confusion.
The amount of land in household plots has doubled to 3% of the agricultural land, and pri-
vate farms have been formed on another 7%. The remaining 90% is still in large farms, but
ownership has been transferred from the state to collectives that include al the people in-
volved with each farm. Even so, the 10% of the land that isin private hands receives the
best care and produces about 50% of the agricultural output (Lerman, 2002).

The southern part of the former Soviet Union has become several countries that strug-
glewith their own problems, including wind erosion, salinization, desertification, and ashort-
age of irrigation water. For example, Uzbekistan has much land that was devoted to raising
cotton under the Soviet system, but cotton requires large quantities of irrigation water and
contributes to salinization (Craumer, 1995). They need to install drainage systems, shift to
other cropsthat will use the water more efficiently, and probably abandon some of the poor-
est land.

2—6 EROSION IN ASIA

China, countries of south-central Asia (India, Pakistan, Bangladesh, and Sri Lanka), and of
southeastern Asia have suffered catastrophic soil erosion. Cultivation began in China and
India soon after the Sumerians developed it in Mesopotamia. Thislong history of land uti-
lization is responsible for very severe erosion damage, although extreme population pres-
sure has also caused severe exploitation and considerably increased soil losses.

2—-6.1 Erosion in China

China is the third largest country in the world (dightly smaller than Canada and a little
larger than the United States). It has the largest population of any nation, and its numbers
aretill increasing. It has abundant natural resources, but much of itsland istoo dry and too
steep to be farmed safely. In fact, only about 13.5% is now thought to be suitable for culti-
vation. Annual precipitation rangesfrom near zero in the desert areasin the north and north-
west to more than 60 in. (1600 mm) in the subtropical areas in the southeast. Rainfall tends
to be erratic and is often intense.

Long-term historical recordsin China provide abasis for calculating the rate of sed-
imentation in the deltas of its major rivers (Saito et al., 2001). Until about 1000 c.E., the
Huang He (Yellow River) deltais estimated to have received 100 million metric tons (110
million short tons) of sediment per year, mostly silt from the loess plateau, but it now re-
ceives approximately a billion metric tons each year, or ten times as much. Farther south,
the Changjiang (Yangtze River) delta received about 240 million metric tons of sediment
per year prior to O c.E. but now receives approximately 600 million metric tons each year.
Together, these two rivers contribute about 10% of the sediment delivered annually to the
world’s oceans. Add to that the sediment deposited on floodplains and irrigated fields
along the way and that carried by other streams. The annual 1osses from the loess plateau
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in the mid-1980s amounted to about 2.2 billion metric tons (2.4 billion short tons)
(Dazhong, 1993).

These large increases in erosion rates reflect the activities of China's growing popu-
lation. The loess plateau receives about 200 mm (8 in.) of precipitation in its northwestern
part and about 600 mm (24 in.) in its southern part. It was originally covered with much
grassland and considerable forest, especially in the southern part. Most of the land has been
cleared, the level land first, followed by steeper and steeper slopes as the population in-
creased. Large areas have been dissected by gullies as deep as 185 m (600 ft). Some areas
between the gullies have lost entire soil profiles by sheet and rill erosion.

As erosion continued and accelerated, soil productivity decreased due to losses of
topsoil, organic matter, and plant nutrients. Crop yields declined also, making it necessary
to cultivate still more fragile land. And so the vicious circle continued.

The Chinese people, because of their long acquaintance with soil erosion, have de-
veloped considerable expertise in methods of controlling its ravages. Early records of soil
conservation appeared in 956 B.c.E. The mgjor control mechanism that was devel oped was
the contour terrace. Terraces in farm fields were described in writings about the Tang dy-
nasty (760 c.e.). Modern conservation research was initiated in the 1930s. Significant ef-
forts toward soil conservation have been made since then, including installation of large
numbers of terraces (often built by hand), reforestation, and replanting grasslands (Shi and
Shao, 2000). These practices have reduced the erosion rate, but much land needs more pro-
tection. Therivers still run yellow with silt.

Serious erosion has occurred in other areas of China as well. Despite more rugged
terrain and greater rainfall in southern China, water erosion has been less than on the loess
plateau. These southern soils wereless erodible, they were better protected by native forest
vegetation, and crop cover was more adequate on cultivated fields. Bench terraces were
used extensively on the steeper cultivated slopes; contouring was employed on less steeply
sloping land.

Over the last century, however, significant changes have taken place. The Chinese
Civil War from 1910 to 1940 and the village-centered, small-scale iron-smelting program
during the 1950s led to large-scal e deforestation. Much of the land that formerly was ad-
equately protected by forest vegetation is now almost bare. The result has been that these
deeply weathered soils, on steep slopes and under a high rainfall regime, have been se-
verely damaged by water erosion. In addition, the sediment from the hills has buried
many of the valley ricefields and has choked streams and reservoirs (Biot and Xi, 1993).

Wind erosion has also been severe in many sections of northern and western China
where semiarid and arid climates prevail (Zhibao et al., 2000). Soil drifting has been most
severe in desert areas and on cultivated fields during droughts in semiarid areas. An esti-
mated 500 million ha (1.2 billion ac) have been degraded by wind erosion.

Thelost soil that threatensthe ability of the Chinesein the hilly landsto produce food
becomes sediment that threatens millions of people on the plains in eastern China. The
riverslevel out in the east and the resulting sedimentation elevates the streambeds, reduces
channel capacities, and causes periodic flooding. Thisis particularly true of the Hwang He
(Yellow River). About 4000 years ago, the Chinese started constructing levees along the
river. A system of double dikes about 400 mi (600 km) long has been built. The inner dikes
are close to theriver channel and the outer ones are about 7 mi (10 km) on each side of the
inner levee system. River-borne sediment continues to raise the river channel within the
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leveesabout 4in. (10 cm) ayear (Dazhong, 1993). In many places now theriver flowsmore
than 40 to 50 ft (15 m) above the floodplain and delta. Floodwater used to break through
the levees occasionally, laying waste to cultivated fields and homes, drowning more than
three hundred thousand people in the twentieth century alone (Zich, 1997), and causing
hundreds of thousands more to die of starvation. However, conservation efforts in the wa-
tershed have now reduced sedimentation sufficiently so that there has been no serious
flooding in the delta for three decades (Dazhong, 1993).

2—6.2 Erosion in South-Central Asia

South-central Asiais a very old and geologically stable area with very diverse soils. The
topography rangesfrom very steep slopesin the mountainsand hillsto level aluvial plains.
Most soils are Oxisols and Ultisols in the higher rainfall sections, but a large belt of
Vertisols has formed on basalt rock on the Deccan Plateau. Aridisols and Regosols are
found in drier areas. It isatropical and subtropical region with rainfall ranging from less
than 4 in. (100 mm) in the northwestern desert to more than 400 in. (10,000 mm) annually
in the western Ghats and along the border between Bangladesh and Assam. The region has
monsoonal wet summers and dry winters.

Native vegetation controlled erosion over the subcontinent except in the desert and
in some semiarid areas. When these soils were first cultivated, soil erosion and soil deteri-
oration were negligible because shifting cultivation was employed with the recuperative pe-
riods ten or more times as long as the cultivation periods. As the population has increased,
especialy over the last 150 years, fallow periods have been shortened. Now, continuous
cropping isthe norm, giving the soil little chance to recuperate. Large, contiguous areas of
cultivated land increase the potential for erosion also. Not all crops and cropping systems
cause rampant erosion. Well-managed plantation crops, such as tea and coffee, provide
good ground cover and thus help to reduce erosion.

On hilly terrain, the wholesale destruction of forest cover, beginning in the early
1800s and accelerating after 1852 when the Forest Land Settlement Act was promul-
gated, also greatly increased the potential for accelerated erosion. And with the defor-
ested hills used for grazing by cattle and especially by goats, soon little vegetative cover
was left to protect the soil from rain and torrents of runoff water (Khoshoo and Tejwani,
1993).

The most severely eroded area in south-central Asia is in the hills south of the
Himalayasin what isnow Pakistan. Livestock herders, woodcutters, and farmers combined
to denude the slopes. As aresult, torrents of water rush downhill during the rainy season,
causing severe sheet erosion and forming deep gullies. Deteriorationisnot restricted toland
from which soil isremoved. Floodsinundate fields and villages, and transported sediments
are deposited on good soil, causing severe crop and soil damage.

Erosion isnot the only factor causing soil deterioration in thisregion. Fields on more
level plains and alluvial soils have not eroded serioudly, but many have been ruined by ex-
cessive salt buildup.

Major obstacles that must be faced in devel oping plans to control erosion in this re-
gion are the tremendous demand for food, excessive livestock numbers, the general abject
poverty of the people, and the great difficulty of communicating effective conservation in-
formation to millions of small farmers.
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2—7 EROSION IN THE AMERICAS

There are two mgjor areas in the Americas that have long histories of continuous cultiva-
tion: Peru and the Mayan area of Central America. In other areas of the Americas, popula
tion pressure did not force the peopl e to use continuous cultivation until after the European
settlersarrived. With increasing immigration, the number of fieldsand their sizesincreased.
Farm implements and animal power made it possible to cultivate larger fields and to in-
corporate crop residues thoroughly into the soil. Erosion increased and soil deterioration
followed.

2-7.1 Erosion in Ancient America

In Peru, the Incas were expert soil and water conservationists. They developed bench ter-
racesto control water and soil osswhen the popul ation became too large for adequate food
production from the level bottomland soils. Relatively large areas were covered with these
terraces, and many of them are still being cultivated. As shown in Figure 2-8, the face of
each bench was a stonewall generally 3 to 10 ft (1 to 3 m) high, with some as high as 50 ft
(15 m). Rocks, gravel, and other nonsoil material s were placed behind the wall to within a
few feet (about a meter) of the level surface of the bench. This last meter was filled with

Figure2-8 Rock-faced bench terraces constructed by the Incas at Machu Picchu, Peru (the “Lost
City of theIncas’). The dark channel in the foreground carried irrigation water to the terrace.
(Courtesy F. R. Troeh.)
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Figure2-9 Peruvian fields on a steep mountainside south of Cuzco. Hand tillage is used to raise
grain crops on these steep slopes. (Courtesy F. R. Troeh.)

good soil, which was carried from the level bottomland, or more frequently from a consid-
erable distance. They also installed much broader terraces in the stream valleys to prevent
flooding and reduce soil erosion.

Thelncasprobably had theworld’smost effective erosion-control structures. Modern-
day farmers are unwilling to pay the price in money, energy, and labor to emulate them.
Peruvian farmers recently have cut the forests, overgrazed the range, and greatly reduced
the length of the recuperative fallow between periods of cultivation. They are farming on
exceedingly steep slopes, as shown in Figure 2-9. They use manure and even excavated
tree roots for cooking fires because fuel is scarce. These practices have all combined to in-
crease erosion greatly in arelatively short time.

The Maya of Central America specialized in corn production. Initially only the level
lowlands were cultivated; eventually cultivation spread to forested slopes also. Many un-
protected sloping sites were damaged so severely that the soils lost much of their produc-
tive capacity, and the streams—which were necessary to the continued existence of the pop-
ulation—were filled with sediment. Recently, archaeologists (Matheny and Gurr, 1979)
found acomplex system of Mayan bench terraces, dams and other water-diverting devices,
and underground water-storage cisterns and walk-in wells in southeastern Mexico. These
practices and structures apparently reduced soil and water |osses.

Beach and Dunning (1995) also have discovered evidence of sophisticated Mayan
conservation practices in sections of Guatemala. Modern-day Maya and recent immigrants
have no knowledge of these important conservation measures; they have reverted to shift-
ing cultivation, taking two or three crops, then abandoning the field for long periods of re-
cuperation under forest vegetation. This system cannot support a large population such as
that of the Mayan civilization at its peak.
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Beach and Dunning propose that an intensive study of these old conservation meth-
ods should be undertaken so that the Mayan conservation ethic could be reintroduced to the
people of the region and to othersin similar circumstances around the world.

2—7.2 Erosion in the Amazon Rain Forest

Much of the uncultivated arable land of the world is located in tropical areas. One large
block of thisland isfound in the Amazon Valley. Many believe that this land can be culti-
vated without difficulty, but thisis not true. Soil deterioration from fertility loss and ero-
sion isaconstant threat.

Until relatively recently, the populations of most tropical regions have remained in
balance with food supplied by a system of shifting cultivation. Thisis a permanently pro-
ductive system, and it was common in the Amazon Valley.

Over the last few decades, the local population in the Amazon region has increased
and, in addition, entrepreneurs have acquired large blocks of forested land for cultivation
or for mining or other commercia activities. Too often, these efforts are undertaken with
little concernfor their long-term effects on soilsand other environmental factors. Extensive
denuded areas, from whatever cause, generally erode rapidly and spectacularly. In addition,
valuable hardwood logs are burned or otherwise destroyed, climax vegetation is lost, per-
hapsforever, and carbon dioxideisreleased to the atmosphere where it contributesto global
warming.

To date, the Brazilian government appears not to consider the situation serious. Steps
need to be taken, however, to control these losses before it is too late.

2—-7.3 Erosion in the United States

The influx of new settlers from all over Europe and the population buildup in the United
States, particularly after 1800, provided labor and a market for expanded crop production.
Crops were grown as monocultures, not as mixtures. These crops, particularly those grown
in widely spaced rows, |eft the fields open to the beating action of the rain and to the force
of runoff water for long periods each year. Cotton and tobacco production in the southern
states permitted extensive erosion. Check-rowed corn grown in northern states (with plants
placed on a grid so they could be cultivated both lengthwise and crosswise) was nearly as
destructive. Rainfall intensity was much greater in the new land than it wasin Europe, and
far greater damage was done to the soil. With little knowledge of how to reduce the losses
and with an abundance of new land available, a philosophy of unconcern was adopted. A
few individuals developed new techniques to reduce erosion losses and to maintain pro-
ductivity. Several of these innovations are still in use. Most landowners tried to cope with
land deterioration, without much success, or they moved west to start again.

The western frontier vanished at the end of the nineteenth century; since then the na-
tion has had to depend on existing farms. The productive capacity of many eastern farms
has been greatly depleted; severe soil deterioration has occurred on many “new” farmsin
central and western parts also. Water erosion was the major hazard in the humid sections;
wind erosion was a serious menace in drier regions.

The Dust Bowl of the 1930s brought wind erosion to the attention of the nation. It
eroded millions of acresin an area of the southern Great Plains extending about 400 miles
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(650 km) northward from the Texas panhandle and reaching about 300 miles (500 km)
across, with its center near Liberal, Kansas (Hurt, 1981). Thisis a semiarid area that can
grow good crops during favorable years. Much of the land was planted to wheat as part
of the agricultural base needed to win World War |. Farm prices declined after the war was
over and ultimately triggered the Great Depression. Farmers responded to the price de-
clines by cropping more land. A severe drought cycle parched the land beginning in 1932
and lasted for about five years. Dust clouds obscured the skies and were carried eastward
to the Atlantic coast and beyond. Lawmakers in Washington, D.C., could watch them roll
by when they passed the law to establish the Soil Conservation Service in 1935. Crops
were wiped out, land values plummeted, and farmers went broke. An estimated 165,000
people moved out of the area between 1930 and 1936 (Drache, 1996). Their plight be-
came the theme for the novel Grapes of Wrath that was published in 1939. It won a
Pulitzer prize for its author, John Steinbeck (1902—1968) and was made into a powerful
movie. Another moving, personal account of this tragic period was a book called An
Empire of Dust (Svobida, 1940) that was reissued in 1986 as Farming the Dust Bowl and
became the basis for a Public Broadcasting System documentary, Surviving the Dust
Bowl.

Drought occurs periodically in the Great Plains on about a 20-year cycle (Thompson,
1990), and the dry years in the 1930s struck when alarge expanse of land had been tilled
for wheat and other crops. Drought in the 1950s caused | ess severewind erosion in the same
general area, and others since then have been still less serious as tillage has been reduced
and more of the land has been protected by perennial vegetation.

Lossof fertility was serious al so. Limited applications of nutrients were madein hu-
mid areas prior to 1930; essentialy no fertilizer or manure was applied in the drier re-
gions. Summer fallow helped to stabilize crop production in semiarid areas, but it in-
creased soil exposure to erosive rains and winds, and contributed to soil salinity (saline
seeps).

Erosion surveysin the middle 1930s showed the following: 12% of U.S. cropland es-
sentially ruined, 12% severely damaged, 24% with one-half to al of itstopsoil lost, another
24% with measurable erosion loss, and only 28% unaffected by erosion. The survey
showed that 3 billion tons (2.7 billion metric tons) of soil was washed off the fields, pas-
tures, and forests of the United States annually. Thisis eguivalent to the loss of the furrow
dlice 7 in. (17 cm) thick from 3 million ac (1.2 million ha) of land each year. The severe
dust storm of May 12, 1934, that started in southeastern Colorado, southwestern Kansas,
and the panhandles of Texas and Oklahoma, carried an estimated 200 million tons (185 mil-
lion metric tons) of soil about 2000 mi (3000 km) to New York City and Washington, D.C.,
and out to sea.

Progressive farmers and research and extension personnel gradually cameto realize
the importance of reducing soil losses. They pressured Congressin the late 1920s and early
1930sto establish government agenciesto combat erosion. These agencies are discussed in
Chapter 19. National awareness prompted the passage of the Soil Conservation Act in 1935.
Thisact established the Soil Conservation Service asaresearch and promotiona body. Soil
conservation activitiesin the United States have done much to reduce soil degradation, but
erosion is still serious in many aress.
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2-8 EROSION IN AUSTRALIA

Austradiawas thinly populated prior to European immigration. The aborigines were hunters
and gatherers. They did not grow crops and had no grazing livestock (Hallsworth, 1987).

Cultivation and introduction of Western-style livestock began approximately 200
years ago. These introductions caused erosion to increase. Rapid increase in the wild rab-
bit population after their introduction in the mid-1800s further depleted vegetative cover
and permitted increased erosion (Edwards, 1993). Water erosion became especially severe
in southeastern Australia, where precipitation falls mostly in the summer and where in-
tense thunderstorms are common. Forest cutting in Queensland also increased water ero-
sion. Overgrazing dryland vegetation in southern and western Australia increased wind
erosion.

After about 150 years of exploitive agriculture, concern about soil deterioration sur-
faced. Development and promotion of conservation measures were started in the early
1930s. Individual farmers began to devel op and adopt soil improvement practices and state
and Commonwealth governments initiated research, promotion, and financial programsto
control soil losses.

Soil erosion and other forms of soil degradation continue to plague the nation, but
soil productivity losses are being reduced and practices for improvement continue to be
promoted.

2-9 EROSION IN AFRICA

Africahasavery wide range of climates and soils. In more temperate regions, animal agri-
culture was dominant with only afew, scattered fields. In tropical regions, animal agricul-
turewasrestricted in thelowlands by parasites, mainly trypanosomes carried by tsetseflies,
so crop agriculture developed. Arable agriculture in the tropics always involved shifting
cultivation.

Until recently, populations in most African countries have been in balance with the
food supplied by animalsand by shifting cultivation. This system broke down when the pop-
ulation increased dramatically. A much larger cultivated acreage is now needed and the fal-
low period must be gresatly curtailed.

2-9.1 Erosion in Southern Africa

Erosion was not a serious problem in southern Africa until gold discovery accelerated
European immigration in the late nineteenth century. Prior to that, population density was
low, and livestock numbers were moderate. Native forage plants and forests thrived, and
cropping was not intense. Even in the deserts and on the desert fringes, wind erosion was
serious only intermittently. Immigration and a rapidly increasing native population ex-
panded the need for cultivated land. Erosion quickly became severein many areas and was
exacerbated by steadily increasing numbers of livestock owned by native populations.
Rainfall inthe region is generally erratic. This increases erosion potential.
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A recent study in the Kalahari Sandveld area of north-central Botswana (Sele et al.,
1996) has shown that along-term, slow aridification process has accompanied the succes-
sive wet/dry climatic cycles in the region for more than 10,000 years. This trend has
changed little over the last 70 years. However, marked desertification (as indicated by less
adequate water supply, less total biomass production, less palatable forage and browse,
more bare soil, and more wind erosion) has been observed in the arearecently. This change
has accompanied dramatic increases in human and livestock numbers but no appreciable
increasein cultivated land in the area, which remainsanegligible acreage. Seleet al. (1996)
blame the desertification on the synergy of low precipitation, overpopulation, and overex-
ploitation, not on slow, long-term aridification.

Most countries in southern Africa have dual farming sectors—a commercial sector
dominated by Europeans, and a communal sector operated entirely by native peoples.
Erosion was apparent and became serious first on the commercial farms. With increasing
native populations and enlarged flocks and herds confined to relatively small, poor-quality
areas, however, erosion soon became very serious on the communal lands also. In many
communal areas, overgrazing by livestock was responsible for more erosion than was cul-
tivation. Serious consequences of erosion were first recognized in the 1920s and efforts
were made by individual commercia farmers to initiate control programs. By the 1930s,
government assistance was being demanded and provided. Quality of land, density of pop-
ulation, availability of capital, control over resources, and production of food and export
revenue clearly favored the commercial sector in the battle against erosion and in getting
the assistance and direction provided by government. Native sectorswereleft largely unas-
sisted. With independence from European political dominance, some redresses are being
made, but erosion losses from communal lands continue at very high levels. The develop-
ing countries in this region will have great difficulty funding suitable control programs
without external assistance (Whitlow, 1988).

2-9.2 Erosion in Eastern Africa

Many east African countries have extensive areas with high elevations and temperate cli-
mates. Originally these, and more tropical areas, were occupied and farmed by native peo-
ples without serious erosion taking place. European immigrants took over much of the
arable lands in the temperate regions in the late nineteenth and early twentieth centuries,
leaving drier and more tropical areas for the native population.

Erosion incidence increased after this partition, first on the “white” farms, but soon
on communal lands also. Production of corn and cotton on more sloping land, overgrazing,
and unrestricted felling of forest trees caused erosion to increase in Kenya. Increased cot-
ton production was primarily responsible for erosionin Uganda. The desert enlarged in both
countriesinthe early 1930sasaresult of expanded cultivation on marginal land in the semi-
arid desert fringes and from overgrazing as livestock numbers increased.

Ethiopian highlands form the upper watershed of the Nile River. The original forest
cover protected this area from erosion. Excessive forest cutting and overgrazing have de-
nuded the land over the last severa centuries. Whereas 75% of Ethiopia was forest cov-
ered, now only about 4% is protected in this way. Loss of forest cover caused rapid runoff
and soil loss, and the highlands, particularly the Amhara Plateau, are now very severely
eroded.
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2-9.3 Erosion in the Sahara and Sahel Regions

The Sahara Desert is the largest desert in the world (Mann, 1993), extending about 3000
miles (5000 km) across northern Africa, in a band about 1000 miles (1600 km) wide south
of the Mediterranean coastal areas discussed in Section 2-3.3. It isin the band where global
air circulation causes descending air currents and aridity. It is best known for its large sand
dunes, afew widely spaced oases, and a very sparse nomadic population. It also has large
areas of desert pavement and some mountainous areas. There are no rivers or even major
streams between the Nile River in Egypt and the western coastal riversin Morocco because
the annual precipitation of most of the area averages an inch (2.5 cm) or less. Most of the
erosion is geologic wind erosion, and thereis little that people can do to changeit.

The Sahel isatransitional band that crosses Africa south of the Sahara Desert. It typ-
icaly receives between 10 and 20 in. (250 to 500 mm) of precipitation per year. Like other
semiarid lands, its precipitation is erratic and inadequate for many purposes. The drier
northern part is used mostly for raising livestock, and the amount of cropland increases to
the south. Food demand exceeds the capacity of the land to produce, so marginal lands are
cultivated and even small areas of poor pasture are grazed. The drought problem is aggra-
vated by poor communication and transportation systems. The problem caught worldwide
attention in the 1970s, as thousands of people starved to death.

Severe wind and water erosion have occurred, and the northern part of the Sahel
has become drier and drier. This process has been called desertification, as the land be-
comes part of the Sahara Desert. Various causes have been proposed, such as along-term
change in climate. The reduction in vegetative cover resulting from overgrazing and ex-
cessive cropping is amore likely reason (Sircar, 1993). Less vegetation not only leadsto
increased runoff and erosion but also to reduced transpiration. Reduced transpiration may
lower the relative humidity and the probability of precipitation, but this effect is proba-
bly not measurable because the weather is highly variable (droughts of one or two years
and longer-term dry periods lasting a decade or more are both common). It should be
noted that these conditions also occur elsewhere and that desertification has occurred in
other places, including parts of northern India, eastern Europe, and western United
States.

2-9.4 Erosion in Western Africa

Prior to the beginning of the twentieth century, soilsinwestern Africadid not suffer greatly
from accelerated erosion. The population was relatively small, and needed food was pro-
duced from small fields in a system of shifting cultivation with short crop cycles and long
fallow cycles. During the 20th century, however, populationin the region increased rapidly,
cultivated acreage expanded, the length of the cropping cycle increased, and the duration
of the fallow cycle was curtailed.

Accelerated erosion began with these changes and became more severein the northern
savannaareasfirst, but erosionfollowed quickly intheforested areasinthe southaswell (Lal,
1993). With further population increases, and especially with the development of largecities,
asystem of continuous cultivation has developed around urban centers and elsewhere. Lack
of roadsfrom farms to markets and from villagesto urban centers demandsthat vast areasin
the vicinity of the cities must be cultivated every year. Local farmers cannot let land lieidle
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Figure2-10 Ironstone (hardened plinthite) in atropical soil in Ghana exposed by the erosion of
about 6 in. (15 cm) of overlying soil. (Courtesy Henry Obeng.)

long enough to replenish its productive capacity. Asaresult, erosion hasincreased, huge gul-
lieshave developed (Osuji, 1984), and soil productivity and crop production have decreased.

It is not enough to add fertilizers to continuously cultivated land in this region.
Fertilizers are scarce and very high priced. Many nitrogen fertilizers cause soil acidifica-
tion. This can have very serious consequences on thefragile soilsin areaswhereliming ma-
terials are scarce.

Another cause of productivity loss in moister regions of west Africaand other tropi-
cal areas is the irreversible dehydration of hydrous iron oxides. When forest cover is re-
moved for extended periods, the temperature and moisture regimes of the soils change and
plinthite (soft iron concretions) in the soil hardens into ironstone pebbles or an ironstone
layer that reduces or prevents water and root penetration. The resulting poor plant cover al-
lows the friable soil above the ironstone to be washed away (see Figure 2-10).

2-10 EXPANDING INTEREST IN CONSERVATION

For centuries, only farm workers and farmland owners seemed aware of soil erosion. Only
they appeared to have any interest in doing anything to reduce it or to ameliorate the damage
it didtotheir soilsandtotheir individual farms. Nonfarm peopleconsidered erosionafarmer’s
problem, if they considered it at all. Eventually some nonfarm, even urban, people grasped
theideathat erosion is harmful to the land and eventually will hurt everyone. Some of these
werelay people; others were employed in research or administrative positionsin agriculture.
These, together with some interested farmers, began to promote the idea of erosion control,
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and the soil conservation movement wasborn. At first the movement was concerned only with
soil damage and its prevention, but gradually it became apparent that erosion had a much
wider impact. Sections of the general public have recently become aware of their own envi-
ronmentsand they areinterested in all thingsthat affect them. Their current interest in erosion
includesthe damagetheir environment can suffer when soil serode—saoil 10ss, loss of soil pro-
ductivity, sedimentation, water and air pollution, and more. Some organized environmental
groups are becoming very active, some even militant. They believeit istimeto force lagging
farmers and landowners to reduce erosion and thereby reduce environmental degradation.

Soil erosionisaserious problem wherever there arerelatively large popul ations of peo-
ple and animals and where rainfall and wind are conducive to soil detachment and trans-
portation. If appropriate techniques were selected and used worldwide, excessive soil losses
could be reduced to tolerable levels, and soil productivity could be maintained indefinitely
for the benefit of all the world’s people. This is not being done, even though the tools and
methods to do the job are at hand. More than knowledge is necessary. “Human desires, mo-
tives, and emotions, including greed and the drive for self preservation, are as crucial to the
cause of soil erosion asrainfall (and wind) erosivity and soil erodibility” (Miller et al., 1985,
p. 25).

SUMMARY

Accelerated erosion is older than recorded history. It has been a common cause of soil de-
terioration all over the world. Soil erosion has been severe from the earliest civilizationsin
the Middle East to the most recently cultivated areasin the Americas, Australia, and Africa.
Soil deterioration has often been so great that the land was abandoned because it was no
longer productive.

People have frequently failed to develop effective systems to maintain soil produc-
tivity over long periods. Soil deterioration resulting from erosion has caused the decline of
many civilizations. A few civilizations have developed and used conservation measures
that reduced soil deterioration and maintained soil productivity at satisfactory levels for
many centuries. In many “new” lands, colossal productivity losses occurred in very short
periods. This emphasized the extremely urgent need to develop and use effective conser-
vation measures.

QUESTIONS

1. Point out where soil deterioration and sedimentation have played amajor role in the decline of
early civilizations.
2. What positive and negative effects did the Romans have on soil conservation methodsin
Europe?
. How and why have people reclaimed land from the sea?
. Why does China have gullies 600 ft deep and rivers 50 ft above their floodplains?
. What kind of erosion prevails in northern Russia?

. Explain why most European settlers in the United States failed to take adequate precautions to
reduce soil erosion and deterioration as they moved into and across the country.

7. What caused the Dust Bowl? Why hasn't it happened again?

(o2& B SN V)
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8. What causes desertification?

9. Describe the forces that have impinged on the stable farming systems found in many tropical
countries and caused the systems to break down.
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GEOLOGIC EROSION
AND SEDIMENTATION

Geologic erosion processes are natural. They include slow but persistent processes of wa-
ter and wind erosion punctuated by catastrophic events such as glaciation, landslides, and
floods, but they exclude accelerated erosion resulting from tillage, traffic, overgrazing by
livestock, cutting of trees, or other human influence. Understanding geologic erosion im-
proves one’'s comprehension of erosion processes and underscores the importance of con-
trolling accelerated erosion.

3-1 THE GREAT LEVELER

Erosion isknown asthe “great leveler” because it wears down high places and fills up low
places. Valleys are created and the hills between them are eroded. The theoretical end re-
sult of long-continued erosion is arather featureless plain.

Geologic erosion is very old and very persistent. It has worn mighty mountain sys-
tems down to stubs. Entire sea basins have been filled with sediment, then lifted and eroded
into new forms. Earth’s landscapes are shaped and reshaped by the action of geologic
forces, especialy erosion and sedimentation.

The nature of sedimentary deposits depends on the source of the material, the trans-
porting agent, and the environment of deposition. Geologists learn much about the climate,
vegetation, and landscapes of the past by studying sediment and rock layers.

3-2 ROCK TYPES
The Earth is gradually releasing heat from its interior. This heat is presumed to originate
from the decay of radioactive elements. This type of heat source gradually diminisheswith

time, so it must have been stronger in the past than it is now. Projecting this idea backward
over along period of timeindicatesthat the entire Earth was once molten. The original crust

46
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was formed of igneous rocks that solidified as the Earth cooled. Weathering forces caused
the surface of the early rocksto crumbleinto small particles. Theleveling action of erosive
forces has been active ever since. Sedimentary and metamorphic rocks now cover about
85% of the land surface, but the underlying “basement” rocks are igneous (Note 3-1).

NOTE 3-1
ROCKTYPES

Rocks are broadly classified as igneous, sedimentary, or metamorphic
depending on how they were formed. Igneous rocks form by solidifica-
tion when magma (molten rock material) cools. The rate of cooling de-
termines the grain size. Magma forms a fine-grained rock when it erupts
to the surface as a lava flow that cools quickly. Lava rocks are extrusive
in contrast to the slower-cooling, coarser-grained intrusive rocks. A sim-
ple classification of four important igneous rock types is as follows:

Extrusive Intrusive
(fine-grained) (coarse-grained)
Rocks containing quartz crystals Rhyolite Granite
Rocks lacking quartz crystals Basalt Gabbro

Basalt and granite are the most common igneous rocks. Several other
types are defined as intermediates or extremes of the above types or as
having special mineral contents.

Sedimentary rocks form where transported material is deposited.
Soft sedimentary rocks are classified by transporting agent and grain
size. Some important examples are:

Alluvium: material deposited by water
Colluvium: material moved downslope by gravity
Glacial till: material deposited by glaciers

Loess: silty material deposited by wind

Hard sedimentary rocks include a cementing agent or process in
their formation. Some important examples are:

Sandstone: cemented sandy alluvium

Shale: clayey material compressed enough to bond
together

Limestone: primarily precipitated calcium carbonate

Heat and pressure change other rocks into metamorphic rocks by
making them recrystallize and form new, usually larger, crystals. The ma-
terial does not melt—that would result in an igneous rock. Metamorphism
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may be either low grade (relatively small changes produced) or high
grade. Some low-grade metamorphic rocks are easily related to an earlier
rock type, but some are more general. The metamorphosed rock is often
harder than the original.

Marble: metamorphosed limestone

Slate: metamorphosed shale

Quartzite: metamorphosed sandstone with a high quartz
content

Schist: low-grade metamorphic rock high in small flakes
of mica

Gneiss: high-grade metamorphic rock with elongated

grains and a general banded appearance

Many sedimentary deposits have accumulated to thicknesses of several
miles (usually the area gradually sinks under the added weight, so the
surface may remain near the same level). The pressure and heat of
deep burial change the deposits into metamorphic rocks that later may
be re-exposed at the surface by uplift and erosion.

3-3 PROCESSES THAT ELEVATE LAND

Erosion has worked long and persistently. It would have eliminated all dry land long ago,
but fortunately there are equally potent and persistent counteracting forces. The net result
isabalancethat maintains anearly constant amount of land. The processesthat elevate land
masses can be classified into three groups: deposition, lava flows, and uplift.

3-3.1 Deposition

Sediments that gradually fill a pond, lake, or other basin often produce fertile level land.
Gray colors are common in sediments deposited in water. Some of these sedimentsinclude
organic layers where the residues of lush vegetation fall into shallow water and are pre-
served. Bogs are formed where thick layers of organic materialsfill alow area. Low, wet
areas can become part of a smooth valley floor by the combined action of erosion on the
high points and deposition in low areas.

Much of the material removed by young, actively eroding streamsis deposited down-
stream where the stream floods across avalley. Small streams entering alarge valley often
deposit sediment in alluvia fansthat slope down to merge with the valley floor, as doesthe
one shown in Figure 3-1. Sediments deposited in valleys are commonly several feet thick,
but some accumulate to thicknesses of a few miles. A large deposit can cause the area to
sink and continue receiving sediment.
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Figure3-1 Andluvia fanisformed where asmall stream flowing on a steep gradient entersa
large valley and is slowed by the flatter slope. Orchards are grown on aluvial fansin this ldaho
scene because the fan soils are well drained, but the bottomland soils are wet. (Courtesy F. R. Troeh.)

3-3.2 Lava Flows

Molten rock flowing out on the land, as shown in Figure 3-2, is an obvious way to increase
elevation. Lavaflowsseverd feet (afew meters) thick are common. Most lavaareas have mul-
tiple flows resulting in cumulative thicknesses ranging up to thousands of feet (severa hun-
dred meters). Some lavarock is covered by or layered with ash that spewed out of avolcano
and was spread across large areas by wind. Loess layers and dluvia deposits may also occur
on or between lavaflows. The largest area of lavarock on land isthe Columbia River Basdlt,
covering large areas of Washington, Oregon, and Idaho in the northwestern United States.

The ocean basins are lined with basalt (the most common type of lava rock).
Undersea lava flows have built up mountains that reach miles above the seafloor and form
islands where they protrude above sea level. The Hawaiian Islands are an outstanding ex-
ample of thick lava accumulations surrounded by deep ocean.

3-3.3 Uplift
Slow, persistent uplift isthe principal processthat elevatesland masses and offsets erosion.

Both upward and downward movements occur, resulting in the warping and twisting evi-
denced by contorted rock layers, but the upward movement is dominant in the uplands.
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Figure3-2 The edge of abasalt lavaflow in Oregon. This flow is about 50-ft (15-m) thick.
(Courtesy F. R. Troeh.)

Uplift isan expression of isostasy (the tendency to equalize pressure). Even solid rock
isableto flex and move across dimensions of many miles. Pressureinequalities produced by
erosion are balanced by internal shiftsin the Earth’s crust. Eroded areas are lifted up again,
and depositional areas gradually sink. Thus, uplift and erosion continually reactivate each
other and produce stresses in the Earth’s crust. Sometimes the stresses are rel eased suddenly
in an earthquake.

Density differencesin rock types cause unequal elevationsto produce equal pressures.
Basalt dominates in ocean basins and has an average density of about 3.0 g/cm3. Granitic
rock in the cores of large mountain ranges has an average density of about 2.7 g/lcm3. The
10% differencein density permitsthe lighter-weight rocksin the mountainsto “float” above
the denser rocks. Like an iceberg, the mountain exposes only about 10% of its total mass.
The other 90% is submerged and provides buoyancy, as shown in Figure 3-3. The steep
slopes, exposure to severe weather, and a relatively high incidence of earthquakes cause
mountain lands to be high-risk areas for both geologic and human-related hazards (Hewitt,
1997). Earthquakes, avalanches, landslides, volcanic eruptions, glaciation, and floods are
examples of processes that can produce disastersin the mountains. Road building, tunnel-
ing, mining, and logging increase the hazards.

Continental masses are believed to be shifting slowly around the globe in a
process known as plate tectonics that is widening the Atlantic Ocean at the expense of
the Pacific. The subcontinent of India illustrates a dramatic type of uplift deduced
within this framework. India appears to have split from Africa and drifted across the
ocean to its present position. The “collision” of India with Asia pushed the Himalayan
Mountains up as high as 29,023 ft (8846 m), making them the highest mountains in the
world (Frank et al., 1987).
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Figure3-3 Land areas, especially mountains, protrude above sealevel because they are formed
of rock with alower density than that lining the oceans.

3-4 LANDSCAPE DEVELOPMENT

Erosion, deposition, lava flows, and uplift play major roles in shaping landscapes.
Usually the building processes such as uplift and lava flows are dominant during the
early stages, but erosional processes take over and are dominant over longer periods of
time. The results are seen as hills and valleys, mountains, plateaus, and plains. All land-
scapes, whether simple or picturesgue, have been affected by these age-old forces. While
the geologic history of some landscapes is fairly easily interpreted, that of othersisvery
complex.

Some landforms are controlled by single agents of erosion or deposition in ways that
produce close approximations of geometric shapes. River floodplains, for example, come
closeto being plane surfaces. The flow of asmall stream into the side of alarger valley pro-
duces anearly uniform slope profile in every direction it moves. The result is afan-shaped
areawith contour lines approximating segments of concentric circles. The effect continues
even though the slope gradient decreases with distance.

Erosional surfaces resembling alluvia fans are called pediments. A classic example
of apediment islocated inthe area of GilaButte, Arizona. Asshown in Figure 34, the ped-
iment surface comes close to fitting a mathematical equation. The floodplain and other ad-
joining landforms do not fit the equation (Troeh, 1965).

3-4.1 Geomorphology

“The study of the Earth’s surface forms, and of the processes that shape them, consti-
tutes the field of geomorphology” (Butzer, 1976, p. 7). Geomorphology and soil science
are so interrelated that neither can be understood without some consideration of the
other. As Butzer says, “Soils modify the gradational process and, in turn, the external
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Figure3-4 The contour lines of the area around Gila Butte, Arizona, are closely approximated by
aseries of concentric circles drawn to fit the equation Z = 1707 ft — 0.0192R + (0.000,000,176/ft)R2.
Inserting aradial distance (R) in feet gives the corresponding elevation (Z) in feet above mean sea
level. (Courtesy F. R. Troeh.)
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agents of erosion and deposition affect the soil mantle and its development.” Some prin-
ciples of geomorphology are included in this section to help clarify the subject of land-
scape development.

3-4.2 Uniformitarianism

Credit for the early devel opment of modern geomorphic principlesisgiven to JamesHutton
(Bloom, 1998). Hutton presented hisideasin apaper in 1785 and in hisbook, Theory of the
Earth, in 1795. The underlying theory that Hutton developed and used to explain how the
Earth received its form is called the principle of uniformitarianism. Previous theories had
supposed that landscapes were shaped primarily by sudden nonrecurrent events. Hutton ar-
gued that past processes are still at work and that one can study present processesto explain
past events. Uniformitarianism is summed up in the statement, “The present is the key to
the past.” Due allowance must be made for variations in rates and importance of various
processes, but strange and unknown processes need not be invoked.

3-4.3 Structure, Process, Climate, and Stage

The principles of geomorphology were further clarified by W. M. Davisin the 1890s. Davis
theorized that erosion phenomena resulted in a*“geographical cycle” of landform develop-
ment. According to Davis, the nature of any landform is a function of structure, process,
and stage of development in the geographical cycle (Bloom, 1998).

Structure. Structure includes all aspects of the physical nature and arrangement
of the rocks in which the landscape formed. The hardness of each rock material; the pres-
ence or absence of layers; and any tilting, folding, or faulting are part of structure. Grain
size, degree of cementation, and permeability are also included because they influence the
rate and pattern of erosion. The shape of erosional landscapes depends largely on structural
factors that determine which rocks are most erodible.

Process. Processreferstothe combined action of the agents building and eroding
alandscape. Water erosion, wind erosion, and mass movement remove material from some
areas and deposit it elsewhere. Glaciers add their own dramatic touch. Soil movement by
plants and animals should not be overlooked (Gabet, 2000). Human activity, however,
causes accelerated erosion and is excluded from geologic erosion.

Rock weathering and soil formation are vital predecessors of the erosion process be-
cause they help produce fragments small enough to be moved. Erosion rates are limited in
many places by the rate of production of loose material.

Erosive agents sometimes leave identifiable impressions on the landscape. A hillside
scar and debrisin the valley mark alandslide long after the event. Scratches on the bedrock
of central Canada remain today as evidence of glacial scour that occurred more than ten
thousand years ago. Moraines and other glacial featuresin northern United States show how
far the glaciers reached. Old bison trails show conspicuously on agrial photos of certain ar-
easin the Great Plains (Clayton, 1975).
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Climate. Climate exerts a strong influence on geomorphic processes. Arid regions
typically have angular topography (Note 3—-2), and humid regions usually have rounded fea-
turesbecause of the combinati on of weathering, erosion, and depositionworking on their land-
scapes. Cold climates with heavy snowfall produce glaciers and glacia landscapes. A trained
observer can learn much about the climate simply by observing landscapes (see Figure 3-5).

NOTE 3-2
ARID LANDSCAPES

It is often assumed that arid landscapes are shaped by wind. Wind is an
active agent in arid regions, but other factors such as the sparse vege-
tation and the distribution of water in both time and space should not be
overlooked.

Arid regions have bare soil exposed to the direct impact of rainfall
because the bunchgrasses, shrubs, cacti, and other native plants cover
only a fraction of the area. Also, the relatively low organic matter con-
tents produce weaker soil aggregates, slower permeability, and less re-
sistance to erosion than would be likely under more humid conditions.

Rainfall in arid regions can be intense even though it is infrequent.
Runoff can accumulate quickly and cause a local “flash flood” because
there is not enough vegetation to slow the water flow. A literal wall of wa-
ter comes rushing down a streambed that was dry only a moment before.
The stream may empty onto a broad flat area where the water spreads
out and infiltrates into the alluvium deposited by countless flash floods of
ages past. These flats are a marked contrast to the adjacent steep an-
gular hills. Some flat areas completely surround one or more hills.

Local runoff gives the flats more water than adjacent hills, part of
it coming from nearby mountains that receive more precipitation than
the lower areas. Rock material within a few feet of the flats is often moist
enough to weather and erode faster than the drier rock above. Wind and
water erode these softened lower rock layers and produce angular
topography with unique landforms such as natural bridges and balanced
rocks. Wind erosion abrades most at low levels because the wind car-
ries more and heavier particles at low levels than at higher levels.

Stage. Landscapes passthrough stages of youth, maturity, and old age. When wa-
ter erosion first cuts a set of steep, narrow valleysin an upland, the landscapeis said to be
inyouth even though the relatively undisturbed areas between the valleys represent an ol der
stage of a preceding geomorphic process. Maturity is reached when the new cycle has
molded the entire area. Maturity isalong stage that is often divided into early and late sub-
stages. A mature landscape typically has many valleys and isvery hilly. Old ageis reached
when the hills are nearly worn away and erosion has slowed.
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Figure3-5 The shape of alandscape tells much about the climate of the area: (A) an angular arid
landscape in Arizona (Courtesy F. R. Troeh.); (B) a semiarid landscape on the island of Kauali,
Hawaii (Courtesy USDA Natural Resources Conservation Service.); (C) arounded humid-region
landscape in New York. (Courtesy F. R. Troeh.)
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Figure3-6 Glacia ice still covers major areas between 60° and 90° North and South latitudes
and once covered much more extensive areas in Europe, Asia, and the Americas. (Courtesy F. R.
Troeh.)

Multiple Cycles. Landscape development is often interrupted by environmental
changesbefore old ageisreached. Any of severa factors such as climatic change, uplift, or the
cutting of abarrier by erosion may initiate anew cycle of landscape devel opment. A landscape
may show the effects of two or more cycles of development long after such changes occur.

Climatic changes have caused glaciers across vast areas of North America, Europe,
and Asiato come and go several times during the last million years. At their peak, glaciers
covered 30% of the Earth’s land surface as shown in Figure 36, although they presently
cover only about 10% of the land (Bloom, 1998). Each glacial and interglacial stage had
marked effects on landscapes both within and beyond the glacier-covered areas. Glacial de-
posits have been cut by valleys, filled by alater glacier, and then cut by new valleysin dif-
ferent directions. The glacial processes combined with associated water and wind erosion
and deposition have produced very complex landscapes. Kemp and Derbyshire (1998) in-
dicate that the deep loess deposits in China include more than 30 paleosols. They suggest
that each paleosol represents arelatively warm, moist period with intensified summer mon-
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soons affecting the loess area, whereas the loess between the paleosol s represents cool er,
drier periods with dominant winds from the north or northwest adding new layers of silt.

Climatic changes can produce dramatic differences in landscape development even
without glaciation. A small change in precipitation or temperature might influence the rate
and pattern of erosion by altering the vegetation. Major climatic changes may cause angu-
lar topography to shift toward roundness, or vice versa.

Renewed uplift rejuvenates old landscapes. Greater elevation differences result in
faster erosion and deeper valleys with steeper slopes. Uplift in one area may be accompa-
nied by downwarp (sinking) in another area that will then receive deposits. The interven-
ing areaistilted to a new angle that shifts the position of streams and their erosional and
depositional areas. The record of such changes is often preserved in buried surfaces, slop-
ing and dissected terraces, and other landscape variations.

Buried Landscapes. Land surfaces may appear quite stable when viewed over
atime period of afew years or decades, but they are subject to great changes during geo-
logic time. Geologists have determined that mountain chains are pushed up, worn down,
and pushed up again several times during the course of their existence (Opie, 1993). Lower
areas are covered by sediment and/or by lava flows.

Rock layers are studied to learn the geologic history of an area. Fossils are used to
identify the age of the various rock layers present at any particular site. The presence of
rock layers of a particular geologic era indicates deposition at that time, whereas the ab-
sence of such rock layers indicates a period of uplift and erosion. Tilting and warping of
layers reveal periods of violent shifts within the crust of the Earth. After a period of ero-
sion, a new period of deposition smooths the topography and produces an unconformity
where the new material rests on the eroded surface.

Some rock layers are massive and impermeable, whereas others such as sand and
gravel deposits are porous and permeable. A buried permeable layer sandwiched between
two impermeable layers commonly fills with water and may serve as an aquifer. Some
aquifersarelocalized, but others extend acrosslarge areas. One of thelargest isthe Ogallala
aquifer underlying portions of several statesin the Great Plainsfrom South Dakotato Texas
(discussed in more detail in Chapter 15). This aquifer represents a buried piedmont (dis-
cussed in Section 3-5.1) extending eastward from the Rocky Mountains and buried by sub-
sequent glaciation and other events. It was filled with water during glacial times but has
since lost most of that water, first through natural drainage and recently through pumping
for irrigation (Opie, 1993).

3-4.4 Stream Systems

Streams cut valleys in al but the most arid landscapes. Most streams are integrated into
river systemsthat carry runoff water to the oceans. Exceptions occur wherethewater all in-
filtrates and flows underground and where the water accumulatesin alow area such asthe
Dead Seaor Great Salt Lake and escapes by evaporation. Such exceptions are called closed
drainage systems in contrast to open drainage systems that flow into the oceans.

Some streams originated from water flowing down the initial slope of the areawhen
it was first exposed to erosion. Such streams are called consequent streams because they
are a consequence of the original slope.
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Figure3-7 A dendritic stream pattern is one that “branches like atree” and has streams flowing
inal directions. (Courtesy F. R. Troeh.)

Tributaries flowing into consequent streams are called subsequent streams because
they developed later. Subsequent streams flow into the sides of consequent valleys, and
headward erosion cutstheir valleys across the original slope of the area. Tributariesto sub-
sequent streams are called secondary consequent if they flow in the same direction as the
consequent stream and obsequent if they flow in the opposite direction.

The preceding terminology works well on rectangular stream patterns where all
streams tend to meet at right angles. Tilted rock layers of varying erodibility can produce
such a pattern. Most of the streams that flow in valleys cut into the softest rock strata are
subsequent streams and are parallel to each other. The connecting links are consequent
streamsthat flow down the tilt-produced slope. Parallel fault lines are aless common cause
of rectangular patterns. A trellis pattern is arectangular pattern with alarge preponderance
of streamsin one direction.

Dendritic stream patterns are the most common type. Directional terminology is not
very useful in describing dendritic systems because the branching streams may flow in any
direction. Dendritic stream patterns on amap resemble the branching of atree, asillustrated
in Figure 3—7. They develop where there are thick rock masses with uniform degrees of
erodibility.

Other patterns also occur. For example, amass of rock may be pushed up intheform
of a dome and develop aradial drainage pattern from the water running off on all sides.
Complex patterns include elements of several patterns.

Streams may also be classified into orders. First-order streams are the first identifi-
able channels formed where runoff water begins to concentrate into streams. A second-
order streamisformed where two first-order streams meet, athird-order streamisformed
by the union of two second-order streams, and so on. A fifth- or sixth-order stream is prob-
ably amgjor river.
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3-4.5 Development of Valleys

Stream erosion producesvalleys. Valleysarethe growing parts of alandscape, whereashills
are remnants that have not yet been worn away. Observers may see the hills, but they need
to study the valleys to understand how the landscape formed.

A vadley beginswherewater collectsfrom alarge enough areato formastream. Thestream
cutsachannd in the mogt erodible soil and rock in alow part of the landscape. The early devel-
opment is often so rapid that agully forms, eroding its way toward the source of the water.

A stream is a dynamic entity that does three things asit formsitsvalley:

1. It erodes downward toward a base level determined by the elevation of the
stream or areainto which it empties.

2. It erodes headward toward its main source of water, thus lengthening the valley.

3. It picks up tributaries as smaller streams enter the sides of the main valley and
produce their own smaller valleys.

Streams initially develop where water accumulates in the concave parts of landscapes, but
their erosional effects permit them to shift locations with time and move to the areaswhere
therock is easiest to erode. Such shifting can even produce an inversion of the topography
(Pain and Ollier, 1995). For example, alavaflow in avalley may be so resistant that new
valleysform on each side of it, leaving the old valley as aridge between them.

3-4.6 Mass Wasting

Much material that a stream removes from its valley reaches the stream by mass wasting.
This broad term includes all processes by which gravity moves soil downslope. The move-
ment may be rapid and dramatic, asin landslides and mudflows, or it may be measured in
fractions of millimetersper year (Troeh, 1975). Slow movement across agently sloping sur-
faceiscalled solifluction or soil creep. Water promotes movement by seepage pressure and
added weight but is not the actual transporting agent (Bloom, 1998). The slope need not be
very steep because saturated soils on gentle slopes can become almost fluid. Saturated soil
is especially common during the thawing period where wet springs follow winters that
freeze the soil to a significant depth.

Two competing theories, often called downwearing and backwearing, describe how
mass wasting progresses with time.

3-4.7 Downwearing

W. M. Davis devel oped the downwearing theory in the 1890s as part of his geographical cy-
cleidea discussed in Section 3—4.3. Davis suggested that the hills in alandscape are gradu-
ally worn down by erosion and the steep valley dopes of youth gradually become more gen-
tle asthelandscape ages. The end result, if the landscape remained stable long enough, would
be such gentle slopes that erosion would cease. The landscape would then be a nearly fea-
tureless, poorly drained surface called a peneplain. Some argue that present-day landscapes
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Figure 3-8 A backwearing landscape gradually erodes an upland as the backslope recedesin a
manner described by Penck as “parallel retreat of slopes.” A sloping pediment surface forms be-
tween the backslope and the bottomland. (Courtesy F. R. Troeh.)

are not old enough to be called peneplains, but surfaces such as the Pampas of Argentina cer-
tainly are“amost aplain.” The Pampas occupy some 300,000 square miles (777,000 km?) of
land that is so flat it is often described as featureless. Lateral migration (Band, 1987) of the
Parana River appears to have been a mgjor factor in the formation of the northern Pampas.
The Paraguayan landscape east of theriver is hilly and contrasts sharply with the Pampas to
the west of theriver.

3-4.8 Backwearing

Davis delivered a set of lecturesin Germany challenging the leading European geomorphol-
ogist, Albrecht Penck. Penck’s son, Walther, answered Davisin hisbook, Die Mor phologische
Analyse, published in 1927. Walther’s untimely death prevented him from seeing his book
in print and from developing his concepts further.

Penck’s lengthy development of the concept of backwearing (also called parallel re-
treat of slopes) made geomorphologists realize that the subject of slope retreat deserved
more study. Penck argued that a valley develops two kinds of slopes—a relatively steep
backslope (the valley wall) and aflatter footslope between the backslope and the bottom-
land along the stream, as shown in Figure 3-8.

Penck reasoned that after an equilibrium is reached, the slope gradients should remain
constant as the hill gradually wastes away. Flat hilltops would not wear down as Davis had
suggested but would be worn away from the sides. The end result is similar to the peneplain
concept but is called a pediment to distinguish between the two theories. The term “pedi-
ment” can be used to describe an areasmaller than apeneplain and isuseful at an earlier stage.

The pediment surface begins as an enlarging footslope. It is normally mantled with
soil material that is slowly moving across the pediment from the backslope area to the
stream. The soil on the pediment is considered to be moving en masse as a form of mass
wasting in addition to any water transport occurring at the soil surface.
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Many efforts have been made to combine the ideas of Davis and Penck. Some have
suggested that the rounded topography of humid regions may best fit Davis downwearing
concept, whereas backwearing better explains the angular topography of arid regions.

3-4.9 Soils on Eroding Landscapes

The concepts of downwearing and backwearing have important implications for soil de-
velopment. Downwearing implies constant erosion of the entire landscape with the highest
areas eroding fastest so that the landscape becomes smoother. The soils on hilltops should
therefore be younger and less devel oped than those in lower areas.

The backwearing theory predicts stronger development in the hilltop soils than el se-
where, because the hilltops should remain undisturbed until removed by eroding slopes.
The shallowest and |east-developed soils, apart from floodplains, should occur on the
backwearing slopes. Material accumulating on footsl opes should produce deep, moderately
developed soils.

Soil scientists usually favor the backwearing theory because the soil devel opment pat-
tern outlined in the preceding paragraph occurs on many landscapes. A composite theory dom-
inated by backwearing but including some downwesaring lossfrom the hilltops might have the
most support. Most hilltops |ose some soil by water erosion (especialy from the shoulder ar-
eas), and wind erosion can occur anywhere. Furthermore, chemical erosion leaches material
from hilltop soilsin humid regions. Clément (1993) indicates that solution processes remove
more material in forested landscapes in the Canadian Appalachians than is lost by physical
erosion on dopes up to 8to 10° (14 to 18%). It should be realized, of course, that thisisahu-
mid region and that the forest vegetation givesit excellent protection against physical erosion.

3-5 SEDIMENTARY LANDFORMS

Material eroded from one place is deposited el sewhere, so the wearing away of one area
causes another to be built up. Deposition sometimes converts water areas into land by fill-
ing lakes or ponds. Even a shallow seamay become land through deposition and uplift. The
many gray-colored limestone, sandstone, and shale formations composed of materials that
accumulated on seafloors are evidence that vast amounts of erosion, deposition, and uplift
have taken place. The term “sedimentation” as used in this book includes the depositional
process and related factors as they influence the nature of the deposited sediment.

3-5.1 Water Deposits

Water sorts materials by particle size asit transports them. The coarsest materias are either
left in place or occasionally moved for short distances. Progressively finer particles are de-
posited as the water flow reaches lower, flatter areas and moves at slower velocities (see
Chapter 4 for more details).

Alluvium. Deposits left by flowing water are called alluvium. Alluvia deposits
occur in floodplains, terraces, fans, piedmonts, and deltas. Alluvia land is desirable for
many purposes because it tends to have smooth topography, deep, fertile, permeable soils,
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and more readily available water than most other land. Such land isin demand for farming,
road building and other construction activities, and many other uses.

Floodplains are narrow or nonexistent in young valleys but become broader and flatter
as the landscape ages. Heavy runoff flooding across these areas and depositing a fresh layer
of aluvium isanatural process (Baker, 1994). The deposition produces a nearly flat surface
except where stream channels cut the floodplain. Each flood may rearrange material de-
posited earlier and cut new channels while filling old ones. The stream channel itself mean-
ders gradually across its floodplain, occasionally making sudden major shifts. Although
natural, these shifts are distressing and costly to landowners.

Flood hazard should be taken into account whenever construction on floodplains is
considered. Protective works such aslevees and channel dredging may prevent small floods
but are often inadequate to protect against major floods. Actually, thereisno known way to
control amajor river permanently, largely because flood-prevention efforts cause riversto
raise the level of their beds by depositing sediment that should have been deposited on
floodplains. The result is an ever-increasing flood hazard such as that experienced by the
Chinese along the Yellow River and by the Americans along the Mississippi River. Staying
off thefloodplain during the flood season isanuisance, but it isasuccessful long-term strat-
egy, as the Egyptians demonstrated for thousands of years in the Nile Valley before the
Aswan Dam was built (Chapter 2, Section 2-3.1). Now they are trapping sediment in the
reservoir instead of receiving its benefits on the floodplain.

Alluviuminriver valleysis usually only afew feet thick, although some very thick
exceptions exist. Thick alluvium occurs mostly in downwarp areas. The weight of the sed-
iment helps cause the area to sink, and the lowered position increases the likelihood that
the area will trap more sediment. The magnitude such deposits can reach isillustrated in
Note 3-3.

NOTE 3-3
SEDIMENTARY DEPOSITS

Some sedimentary deposits become very large. The Idaho Formation
will serve as an example. This body of sand and silt occupies an area
100 mi (160 km) long and 30 mi (50 km) wide in southern Idaho and
eastern Oregon. Sediments washed from the Rocky Mountains were
deposited in a gradually sinking area that has been called the Snake
River Downwarp. A well drilled to a depth of 5000 ft (1500 m) was still in
the formation; in fact, it penetrated only 30% of the formation’s probable
thickness as estimated from the slope of its layers. Samples taken from
the well indicated that the sediments were all deposited on dry land even
though most of the formation is now below sea level.

Sedimentary deposits are common in most parts of the world,
though most are smaller than the Idaho Formation. Some deposits remain
loose, but many are cemented into sandstone and shale. The nature of
the rock indicates the depositional environment. Red colors characterize
land deposits where oxidizing conditions prevailed; gray colors and fossils
of water creatures indicate that the sedimentation occurred under water.




Sec.3-5  Sedimentary Landforms 63

Terraces are formed when the base level of a stream changes and its channel is cut
too deep for normal flooding to occur. The stream may have cut through abarrier to alower
baselevel, or uplift may haveincreased the slope of the stream channel. Either cause leaves
the former floodplain higher than the stream and its new floodplain. The old floodplain be-
comes aterrace, but its origin is recognizable by its flat surface bordered by a slope down
to the new floodplain on one side and a slope up to another terrace or the upland above on
the other side. Terraces are subject to erosion as the new floodplain enlarges and to dissec-
tion where tributary streams cross them.

Alluvial fans, also caled alluvial cones, are named for their shapes. They line the sides
of many valleys where tributary streams erode the adjoining uplands. Suddenly free to spread
out, astream slows down, loses energy, and deposits much of itsload of sediment. The deposit
forms the shape of afan radiating downward from the point of entry into the main valey. The
depositing stream often disappears by soaking into highly permeable fan deposits. The upper
part of the fan is normally the steepest and coarsest textured. The gradient decreases and the
texture becomes finer with distance, until the fan blends into the terrace or floodplain below.

A piedmont isaplain formed at the base of amountain range. It formsin amanner sim-
ilar tothat of aluvial fansbut on agrander scale. Many streamsblend their sediment and form
asmooth surface dloping away from the mountains. A piedmont surface is shaped like a ped-
iment but has a great thickness of accumulated sediment, in contrast to the thin covering of
soil characteristic of a pediment. Similar depositional surfacesin arid regions where the co-
alescing aluvid fans mergeinto the level areaof an undrained basin are called bajadas.

Deltas form where streams empty into bodies of standing water. Their shape, as seen
on amap, normally resemblesthe Greek capital |etter delta, A. Deltas have nearly level sur-
faces that are partly above and partly below water level. A small delta may be only afew
feet across, but some large ones continue for hundreds of miles. Small deltas that form in
lakes are quite sandy because the finer sediments are carried farther into the lake. Rivers
flowing into the ocean produce finer-textured deltas because salt water floccul ates clay par-
ticles and makes them settle out. Such sediment represents the richest part of the soilsfrom
the source area and produces a fertile soil. The internal drainage is poor because of the
delta’'slow elevation. Much riceis grown on deltas in warm climates.

Peat bogs are another way that nature slowly fills lakes and ponds. Organic residues
from vegetation growing in, on, and around awater body accumulate in the water, because
decomposition is very slow where oxygen is deficient. What decomposition does occur re-
leases nutrients that add to those carried by inflowing water; these nutrients promote more
plant growth. Over time, layers of peat several feet or tens of feet (afew meters) thick may
accumulate. Burial of such layers beneath new layers of rock leadsto pressure and heat that
convert old deposits of peat into coal, oil, and natural gas.

Bottom Deposits. Sand and gravel are seldom carried far into a body of water,
but fine sediments and chemical precipitates may cover the entire area and gradually form
deposits on most lake bottoms and seafloors. Sediment is sometimes dominant, but chem-
ical precipitates dominate at other times and places.

Lacustrine deposits, also called lake-laid clays, are composed mostly of fine sedi-
ment carried past deltas into the main body of water. The texture of the deposit may vary
from silt or sand during seasons of high runoff to fine clay during cold or dry seasons, thus
producing alayered effect such as that shown in Figure 3-9. These layers are called varves
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Figure3-9 Varved clay deposit in Michigan. Each varveis about 1 mm thick and is composed of
athin, sandy layer deposited during the summer thaw and a coating of silt and clay deposited while
the glacial lake was frozen. The scaleisin centimeters. (Courtesy Roy L. Donahue.)

and are sometimes counted to estimate the age of the deposit. The depositional process usu-
ally levelsthe surface, so the varves lie horizontally.

Glaciers crossing hilly topography produced many small lakes whose locations are
marked by deltas and lacustrine deposits. Deltaic deposits high on hillsides show the for-
mer water level and have been used as sources of gravel for road construction. The lacus-
trinedepositsare at lower elevations and produce fine-textured soilsthat are poorly drained.
They are erodible and, when wet, subject to small dlips and even landslides.

Limestone is the most common sedimentary rock. It normally contains some silt and
clay sediments but is composed mostly of consolidated calcium carbonate that isformed as
aresult of chemical precipitation triggered by the growth of algae and other plant and ani-
mal life. Conditions that result in the formation of limestone are common on the floors of
shallow seas, as the water in seas and some lakes is nearly saturated with calcium carbon-
ate. Large formations of limestone have been uplifted and converted into dry land.
Limestone rock is subject to solution erosion in humid regions but is quite resistant to
weathering in arid regions. Subsurface solution erosion forms caverns in limestone
bedrock. Chalk, a saltwater deposit, and marl, a freshwater deposit, are less consolidated
calcium carbonate deposits (and less resistant to weathering) than limestone.

Evaporite deposits form where salts are concentrated by evaporation. An ideal situ-
ation for evaporites occurs where awarm, dry climate evaporates water from a shallow bay
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that receives an input of salty seawater. Another evaporite situation occurs where rainfall
in mountain areas seeps down into dry, closed basins such as Death Valley, the Great Salt
Lake, or the Dead Sea. Large deposits of sodium chloride have been formed as evaporites.
Other salts also precipitate, sometimes in relatively pure form. Potassium chloride from
evaporite deposits in western Canada, southwestern United States, and elsewhere is the
principal source of potassium fertilizer. Borax deposits in Death Valley provide much of
the world’'s commercia boron. Sodium nitrate from the Atacama Valley in Chile was an
early source of nitrogen fertilizer. All of these saltsaretoo soluble for their depositsto form
in humid environments.

3-5.2 Wind Deposits

Wind sorts materials by particle size even more effectively than water does. Wind deposits
are relatively free of layering and of textural variationsin any particular vicinity. Wind de-
posits are widespread, but much of their areais not very thick. A few deposits attain thick-
nesses of 600 ft (200 m) or more, but even these thin to less than 100 ft (30 m) within a
short distance and continue to thin with increasing distance from the source until they be-
come too mixed with other materials to be identified. Thick wind deposits bury the under-
lying landforms and have a steep topography of their own resulting from a combination of
depositional and erosiona effects. Most of the areais mantled with a silty deposit averag-
ing only afew feet thick and conforming approximately to the shape of the buried surface.

Aeolian Sands. Wind normally doesnot movelarge particles, so stone fragments
are left in place. Desert areas often accumulate a surface layer of gravel, one pebble thick,
as the wind carries away the finer soil particles. This gravel layer, called desert pavement
or lag gravel, prevents further wind erosion. The sand component of the soil is deposited
nearby, often in the form of dunes.

The difference between a stable surface and one that can be blown into sand dunesis
largely amatter of vegetative cover. Drought and blowing sand make it difficult to maintain
and moredifficult to establish vegetation on sand dunes. Climateisalso afactor—additional
precipitation increases the likelihood of stabilizing vegetation being established. Thinner,
smoother deposits of aeolian sands are easier to stabilize than sand dunes, especially if they
have a water table within reach of plant roots so they can support athick stand of vegeta-
tion.

Loess. Loessiswind-deposited material dominated by silt-size particles. Loess
deposits are the most extensive form of wind deposits because silt particles are more de-
tachable than clay and easier to transport than sand. Most wind deposits change from aeo-
lian sands to loess within one or afew miles of the source.

Guy Smith (1942), in his classic study on Illinois loess, found three distinct trends:

1. Loess deposits are thickest near the source and become thinner with increasing
distance.

2. Theaverage particle diameter decreases from coarse silt to fine silt, and the clay
percentage increases with increasing distance from the source.

3. The calcium carbonate percentage decreases with increasing distance from the
source.
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Thedecreasesin deposit thicknessand in particle size are direct results of the additiona energy
required to transport particles longer distances. The decreased calcium carbonate content is
attributed to the thin portions being deposited more slowly and leached more thoroughly than
the thicker portions during the period of deposition.

Soils formed in loess resist wind erosion because they lack the sand particles that
would move first and knock silt particles loose. But l0ess deposits and the soils formed in
them are susceptible to both water erosion and mass movement. Falling raindrops and flow-
ing water can readily detach silt particles, which are easily transported in runoff water.
Gully erosion is relatively common in loess materials, and the gullies often cut straight
down to the bottom of the deposit. The nearly vertical sides and flat bottoms of such gul-
lies are described as U-shaped. U-shaped gullies help to identify loess deposits because
most other gullies are V-shaped.

When an exposed |oess surface becomes saturated with water, it is subject to mass
movement ranging from small slumpsto large landslides. Landslides were acommon prob-
lem in loess roadbanks until road builders learned to make vertical banks in loess. Loess
has a natural tendency to cleave aong nearly vertical planesthat are more stable than slop-
ing surfaces, as shown in Figure 3-10. Friction between the flat silt particles and cementa-
tion by calcium carbonate have been suggested as reasons for vertical stability. Also, while
vertical surfaces stay relatively dry in astorm, sloping surfaces may become saturated with
water—an unstable condition for loess.
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Figure3-10 A nearly vertical loess bank in western lowa. (Courtesy F. R. Troeh.)
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Windblown Clay. Wind deposits contain less clay than silt and sand. Clay parti-
clesstick together and are hard to erode, but bouncing sand particles knock |oose some clay,
much of which is mixed with silt in the downwind portions of loess deposits. Clay also may
be picked up and carried with drifting snow.

Wind formed extensive clay deposits in southern Australia during the Pleistocene.
More recent clay deposits occur near the Gulf coast of Texas and Mexico, and in Senegal
and Algeria(Bowler, 1973). In an arid environment, material containing 20 to 77% clay can
become strongly aggregated and so |oose between aggregates that the wind can cause it to
drift like sand. Bowler (1973) indicates that clay dunesform only on the downwind side of
seasonally exposed mud flats around shallow bodies of saline water.

Volcanic Ash. Volcanoes occasionally spew out large quantities of ash that blan-
ket the landscape. The ash is much like a thin loess deposit but has more angular particles
and more clay. When saturated with water, the thicker ash, cinders, and other deposits on
the flank of avolcano are subject to aform of debris flow called a lahar. Some ash layers
can be traced to a specific event and thus become a geologic time marker. The explosion
that formed Crater Lake in Oregon by blowing the top off Mount Mazama is a prime ex-
ample. Theresulting layer of volcanic ash can beidentified across much of Oregon. The ash
from the 1980 eruption of Mount St. Helensin the state of Washington is amore recent ex-
ampl e of the same phenomena (Karowe and Jefferson, 1987). Vol canic ash soils have high
clay contents and are very sticky when wet and hard when dry. Some of them have wide
cracks during dry seasons along with the self-swallowing action characteristic of Vertisols.

3—6 MASS MOVEMENT DEPOSITS

Landslides, soil dlips, solifluction, and other forms of mass movement produce accumula-
tions of soil and rock materials in footslope positions below valley walls, cliffs, and other
steep slopes. This unsorted material is called colluvium. Its characteristics vary according
to the nature of the source material. Usually a certain amount of churning has occurred that
makes a colluvial deposit relatively uniform with depth, though it may be interlayered with
sorted aluvial deposits. Being a depositional site makes the soils that form in such materi-
als relatively deep and commonly quite moist and fertile. Some of them are not tillable,
however, if the material in the source slopes provides enough rock fragments to make the
deposit excessively stony.

Catastrophic mass movements such as landslides are inherently intermittent events
separated by long intervals of stability. Less obviously, slower movements such as so-
lifluction may also beintermittent in their effects as they respond to changesin climate and
vegetation. For example, Eriksson et al. (2000) were able to distinguish two major collu-
vial deposits on slopes in the Irangi Hillsin central Tanzania. They related the first set of
deposits to a climatic change from dry to wet conditions, which took place during the Late
Pleistocene. They used a recently developed technique called optically stimulated lumi-
nescence to date these deposits between 15,000 and 11,000 years before present. A long pe-
riod of stability allowed mature soilsto develop in this colluvium until the second colluvial
deposit occurred. Its dates, beginning about 900 years ago and continuing to the present, in-
dicate that it is likely associated with human influence such as the development of settle-
ments and the introduction and intensification of agriculture in the area.
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3—7 GLACIAL LANDSCAPES

Glaciers produce dramatic effects on landscapes. Moving ice picks up soil and stones, then
deposits them far from their source. Stonesheld in the ice at the bottom of aglacier scratch
and gouge the bedrock. Areas such as central Canada were scoured by the ice. Glacial
movement that followed the length of valleysin New York deepened the Finger Lakes so
their bottoms are below sea level. The fjords of Norway, Greenland, Canada, and Alaska
had a similar glacial origin in coastal areas and are now flooded with seawater. The mov-
ing ice also steepened valley walls near the lakes and fjords. Other landscapes where the
ice crossed pre-existing valleys often had the hilltops scraped off and the valleysfilled, thus
smoothing the topography.

Much material picked up by glaciers crossing Canada was dumped in hilly areas
where the ice melted in the United States. |ce margins were marked by terminal moraines,
forming irregular ridges that protrude a few feet or tens of feet (several meters) above the
adjacent landscape. A thinner ground moraine (also called atill plain) extends back over
the glaciated area and is commonly marked by lines of low arcing hills. These hills repre-
sent end moraines formed by brief advances of the ice during its waning phase. Many for-
mer valleys were filled with glacial deposits, so present landscapes may be quite different
from the preglacial ones.

Glacia influence extended beyond the area actually covered by ice. Valleys leading
away from glaciers were enlarged by torrents of meltwater laden with debris that was de-
posited as sediment on broad, flat floodplains. Some of these floodplains remain today as
oversized floodplains for present streams; others are terraces or outwash plains on upland
areas completely separated from major streams. The broad floodplains of major rivers such
as the Missouri and Mississippi became source areas for wind erosion that produced some
of the world's major loess deposits.

3-8 RATE OF GEOLOGIC EROSION

Measured or estimated geologic erosion rates can serve as an important reference for eval-
uating rates of accelerated erosion. Ruhe (1969) gives examples of erosion ratesin selected
lowa landscapes. Carbon-14 dating was used to determine how long it took to build sedi-
ment depositsin closed basins. The amount of sediment divided by the number of yearsand
the area of land draining into the basin provided an average erosion rate ranging from 0.07
to 8.76 in. (2 to 222 mm) per 1000 years before agriculture entered the area. One area
changed from a presettlement rate of 6 in. (150 mm) per 1000 years to 60 in. (1500 mm)
per 1000 years after settlement. Each inch of soil depth represents 150 tons/ac (336 mt/ha)
of soil if the bulk density is 1.3 g/cm3. Thus Ruhe’s sample data are equivalent to 0.01 to
1.3 tons/ac (0.02 to 2.9 mt/ha) of geologic erosion per year and 9 tons/ac (20 mt/ha) of ac-
celerated erosion per year.

Most landscapes do not provide closed basins suitable for using the above method to
compute long-term average erosion rates. A relatively new method described by Bierman
et al. (2001), however, has more widespread application. Cosmic rays constantly produce
certain nuclides (3He, 19Be, 2!Ne, 26Al, and 36Cl) in soils and rocks to a depth of about
2 m (6 or 7 ft). Each of these nuclides gradually decays at its own rate. For example, the
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shortest half-life of the group is that of 2Al, about 700,000 years. Measuring the concen-
trations of one or more of these nuclides at various depths provides data that can be used to
calculate the length of time that the material has been close enough to the surface to be ex-
posed to cosmic radiation and thereby to calculate average long-term erosion rates. A com-
parison of the concentrations of two or more of these nuclides in buried sediments can be
used to estimate how long the materials have been buried. Bierman et al. (2001) provide
datafor asite in the mountains near the Oregon coast with erosion rates from 36 to 139 m
per million years. An area in central Texas averaged 29 m/million years, and a site in
Australia yielded results of 14 and 18 m/million years. For comparison to the data in the
preceding paragraph, 1 m/million years = 1 mm/1000 years = 0.04 in./1000 years. On the
basis of abulk density of 1.3 g/cm3, these data convert to average annual geologic erosion
rates ranging from 0.08 to 0.81 tons/ac (0.18 to 1.8 mt/ha).

A rate of 0.5 ton/ac-yr (1 mt/ha-yr) may be considered typical for geologic erosion
from gently sloping soils. Actual rates vary widely from essentially zero for thousands of
yearsin the most stable areas to thousands of tons of soil and rock moved by alanddlidein
a moment’s time. Water and wind have caused remarkable geologic erosion that is more
puzzling and only dightly less sudden than a landslide. For example, the origin of the
“channeled scablands’ in the state of Washington (Figure 3—11) was unknown for along
time. Finally, it was explained on the basis of a sudden release of water from glacial Lake
Missoula in northern Idaho and eastern Montana (Baker, 1978). Torrents of water criss-
crossed hundreds of square miles of land, eroding channelsto bedrock but leaving scattered
islands of soil. Thisevent wasbrief, but its effects, including gravel bars 100 ft (30 m) high
and soil islands surrounded by channels of bare rock, are still conspicuous.

Except for occasional catastrophic events such as those mentioned, geologic erosion
rates are determined by such factors as climate, vegetation, slope, and soil material. The ef-
fect of precipitationisof interest becausethe lowest rates of geologic erosion are from mod-
erate precipitation. The rate is higher in very wet climates because high precipitation has
great erosive force. Arid climates also have relatively high rates because there is too little
vegetation to protect the soil against wind erosion and the occasional heavy rains that oc-
cur in such areas.

SUMMARY

Erosion, “the great leveler,” persistently removes material from uplands and fillslow areas
with sediment. The processis usually interrupted before it can reach the end result—a fea-
tureless peneplain. All land would have been worn down to sealevel if not for the oppos-
ing forces—deposition, lava flows, and uplift. The most important of these forcesis uplift
caused by isostatic adjustments.

Geomorphology is the study of landforms and the processes that shape them.
Geomorphologists apply the principle of uniformitarianism to landscapes and consider the
effects of structure, process, and stage. Much landscape devel opment occurs as streams cut
downward, lengthen headward, and pick up tributaries. Streams cut valleys that gradually
enlarge as the hills erode. Two theories have been developed to explain erosion by mass
wasting. The downwearing theory supposes that higher areas wear down and slopes be-
come less steep until apeneplain isformed. According to backwearing, aparallel retreat of
slopes erodes the hillsides but not the hilltops. The surface formed as a slope retreats is
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called apediment. Most soil scientistsfavor the backwearing theory because older soilsare
usually found on hilltops and younger soils on hillsides.

Water deposits alluvium in fans and on floodplains; remnants of former floodplains
becometerraceswhen anew floodplain formsat alower level. Water sorts sediment by par-
ticle size—coarse material settles near the source and finer material is carried into quieter
waters. Deltas form where a stream enters a lake or sea. Lacustrine deposits high in clay
accumulate on lake bottoms. Calcium carbonate precipitates aslimestone, chalk, or marl on
the bottom of many bodies of water, especially on shallow seafloors. More soluble salts pre-
cipitate from briny lakesin arid regions.

Wind also sorts the material it erodes. Stones are left in place and sand is deposited
in nearby dunes, but silty loess deposits blanket larger areas. Volcanic ash also blankets
large areas but in amuch shorter time.

Unsorted material deposited by mass movement at the base of a dope is caled
colluvium. It may be interlayered with alluvium.

Glaciers scour soil and rock in their source areas and deposit the material where they
melt. Glacial margins are marked by hilly moraines and the area between is covered by
ground moraine. Much of the area covered by glaciers is smoothed as the hills are eroded
and the low places filled.

A rate of 0.5 ton/ac (1 mt/ha) per year is considered typical for geologic erosion from
gently sloping sails.

QUESTIONS

. Discuss the relative importance of erosion and deposition in forming steep and level landscapes.
. Why isthe principle of uniformitarianism important to geomorphologists and soil scientists?

. What combinations of structure, process, and stage produce hilly landscapes?

Why are some hills angular, whereas others are rounded?

. What difference does it make whether the dominant process of landscape development is
downwearing or backwearing?

. Why isan alluvial fan steepest near the top and flatter in its lower parts?
. What evidence is there that wind is able to sort particles by size?
8. Why did glacia action deepen some valleys and fill others?
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WATER EROSION AND
SEDIMENTATION

Movement of soil by water occurs in three stages; individual grains are detached from the
soil mass, detached grains are transported over the land surface, and soil grains are de-
posited on new sites. Soil removal and deposition occur to some degree in nearly al loca
tions, but detachment and transportation are of major concern on uplands, and deposition
is most important on lowland sites and in streams and lakes. Only about a quarter of the
eroded soil materia actually leaves the nearby area (den Biggelaar et a., 2001). Even the
sediment that rivers carry to the oceans is deposited mostly in deltas near the coast.

Abundant vegetative cover limits erosion to a slow rate typical of geologic erosion.
Cultivation, overgrazing, logging, mining, construction activity, and fire, which reduce or
destroy vegetation, cause accelerated erosion. Even arid regions may suffer severe water
erosion from infrequent, intense rainstorms on areas where their normal sparse cover has
been damaged by overgrazing or other misuse.

4-1 TYPES OF WATER EROSION

Most water erosion is classified as sheet erosion, rill erosion, gully erosion, or streambank
erosion. The classification is based on the nature and extent of soil removal. A related
process, solution erosion, is usually handled separately or ignored.

4-1.1 Sheet Erosion

Sheet erosion is the removal of athin layer of soil over an entire soil surface. Raindrop
splash and surface flow cause sheet erosion, with splash providing most of the detaching
energy and flow providing most of the transporting capacity. Sheet erosion isinsidious be-
causeit isdifficult to see. Thefirst sign iswhen subsoil color beginsto show, as cultivation
mixes surface soil and subsoil. It is most apparent on upper portions of convex slopes (see
Figure 4-1).
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Figure4-1 The hilltopsin thislowafield are light-colored because the dark-colored topsoil has
been lost by sheet erosion. (Courtesy F. R. Troeh.)

4-1.2 Rill and Ephemeral Gully Erosion

Runoff water tends to concentrate in streamlets as it passes downhill. This water is more
turbulent and has greater scouring action than sheet flow, and it cuts small channels by re-
moving soil from the edges and beds of the streamlets. These small channelsfrequently oc-
cur between crop rows and along tillage marks, but some channels follow the slope across
plant rows and break through tillage ridges as they pass downhill. The crop-row channels
are called rills (see Figure 4-2). The channels that follow the slope are called ephemeral
gullies, because they tend to form repeatedly in the same placesin fields, and, if not man-
aged carefully, they can grow into full-fledged gullies. Normal cultivation smooths the sur-
face where these small channels form. Accordingly, long-term soil loss effects are similar
to those resulting from sheet erosion.

4-1.3 Gully Erosion

Erosion channels too large to be erased by ordinary tillage are called gullies (Figure 4-3).
Deep, relatively straight-sided channel sdevel op where the soil material isuniformly friable
throughout the profile. The channelsin deep loess soils are U-shaped with amost vertical
walls. Broad V-shaped channels often devel op where friable surface soils overlie cohesive,
tight, nonerodible subsails.

Gullies are described as active when their walls are free of vegetation and inactive
when they are stabilized by vegetation. Gullies are also classified as small, medium, and
large according to depth, with medium-sized gullies measuring 3 to 15 ft (1 to 5 m) deep.

Gully erosion sometimes expands by a process that has been called internal erosion.
Water enters the soil in cracks or other large passageways and flows for a considerable
distance beneath the surface. The underground flow erodes soil along the way and often
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Figure4-3 A gully erodlng uphill from acultlvated fleld into agrassed area near Bruxell&&
Manitoba, Canada. The equipment in the background is smoothing the gully to makeit into a
grassed waterway. (Courtesy Manitoba Department of Agriculture.)
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produces a deposit where it exits on aslope or in agully. Enlargement of the underground
channel eventually causes the surface to cave in and convertsit into a visible gully.

4-1.4 Streambank Erosion

Removal of soil material from the sides of running streams, streambank erosion, is usualy
greatest along the outside of bends, but inside meanders may be scoured intensively during
severe floods. Streambank erosion affects relatively small areas, but it often removes the
entire soil profile of very productive sails.

Streams that are “unloaded” pick up sediment from their beds and banks. Thus,
streambank and bed erosion are increased when the sediment load brought into the streams
isreduced asaresult of conservation measures on uplands or when upstream sediments are
caught in reservoirs or other traps.

4-1.5 Solution Erosion

Solution erosion is more likely to be a component of geologic erosion than of accelerated
erosion. Water that percolates through a soil into the water table carries soluble materials
with it. The amount is generally small, but the process is persistent, and it gradually re-
moves weathering products. Even relatively stable soil minerals are subject to this process
over very long periods of time. Solution erosion can be the principal means of soil loss on
level areas with good cover in ahumid region.

4-2 EROSION DAMAGE

Water erosion damages soil in many ways. Soil islost, plant nutrients are removed, texture
changes, structure deteriorates, productive capacity is reduced, and fields are dissected.
Sediments pollute streams and lakes and pile up on bottomlands, in stream channels, and
in lakes and reservoirs. Estimates of the annual damage caused by water erosion in the
United States are $500 million to $1.2 billion in on-site damages (Colacicco et al., 1989)
and $3.4 billion to $13 billion in off-site damages (Clark et al., 1985).

4-2.1 Soil Loss

The most apparent damage caused by water erosion isthe removal of soil from eroding sur-
faces. Surface soil is generally more friable, more permeable to water, air, and roots, and
higher in organic matter and fertility than subsoil, so loss of surface soil is critical. While
geologic erosion from land covered with perennial vegetation, either grass or trees,
amounts to only afraction of aton per acre annually, erosion from bare, cultivated fields
may exceed 200 tons/ac (450 mt/ha).

Several means have been devised to measure soil lossrates. Much of the data used as
abasisfor the soil loss prediction equations discussed in Chapter 6 was obtained by weigh-
ing the sediment in runoff intercepted at the base of aslope and relating it to the rainfall and
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other conditions that produced the runoff. Often the process was facilitated by using arain-
fall simulator to create the desired amount of runoff rather than waiting for whatever rain-
fall nature might provide. The data were expanded to an annual basis, usually by means of
asoil loss prediction eguation.

Longer-term soil loss rates have sometimes been estimated where a measurable
depth of soil has been lost in a known period of time. For example, a farmer may remem-
ber that alarge stone or other marker that now protrudes 6 in. (15 cm) above the soil was
level with the surface when the field was first farmed 50 years ago. Since 6 in. of an aver-
age soil are equal to about 900 tons of soil per acre (2000 mt/ha), this example would
indicate an average annual soil lossrate of 18 t/ac (40 mt/ha). A similar approach has some-
times been used to estimate rates of sedimentation from the depth of cover over a buried
marker.

Another approach that has somewhat wider application has been developed in recent
years based on the concentration of a contaminant in the soil. Cesium 137 (13Cs) originat-
ing mostly from nuclear testing during the 1950s and 1960sisthe marker that has been most
used for this purpose. The depth distribution of 13’Csin the soil profile(s) is determined and
compared to the amounts measured in uneroded soil nearby or calculated from other fallout
measurements in the same general area. An appropriate computer model is needed to satis-
factorily interpret such data into erosion rates (Yang et a., 1998). A related approach is
based on lead 210 (?1%Pb) (Walling and He, 1999). Soils naturally contain a small amount
of 219pPh produced by the decay of radon (226Ra) that comes from uranium (238U) in the soil,
but they also receive deposits of 219Pb by deposition of decay products from atmospheric
222Ra. The concentration of 219Pb at various depths can therefore indicate rates of erosion
or sedimentation.

Fly ash from the lllinois Central railroad provided abasisfor Hussain et a. (1998) to
measure erosion patterns between Chicago and Cairo, Illinois. They compared cropped
sites to uncultivated sites and found that the cultivated areas averaged 47% less fly ash in
the upper 22.5cm (9in.) of the sail profile, thusindicating that an average of 10.6 cm (0.47
22.5 cm) of soil had been lost in the 142 years from 1855 to 1997. Thiswould be about 10
mt/ha (4.5 t/ac) annually.

4-2.2 Plant Nutrient Losses

Bennett and Chapline (1928), in one of the earliest reports on erosion, stated that more than
43 million tons (40 million mt) of N, P, and K were lost in the soil that was washed each
year from the fields, grasslands, and forests of the United States. Only a small proportion
of this quantity was immediately available to plants, but this amount of available and po-
tential nutrients was nearly 65 times the amount of fertilizer N, P, and K applied in the
United States in 1934 (Bennett, 1939, p. 10). U.S. fertilizer use increased rapidly after
World War 11. It peaked at nearly 24 million tons (nearly 22 million mt) in 1981. Since that
time, consumption has ranged mostly from 19 to 22 million tons (17 to 20 million mt) of
N, P, and K per year (Taylor, 1994). These applications have not counteracted erosion losses
because they have not been large enough to replace nutrients sold off the farm in crops plus
those lost by erosion. Fertilizer applications have increased crop yields; they have even
raised soil test values. But the losses of plant nutrientsin solution and in eroded sediments
still are very important.
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4-2.3 Textural Change

Water erosion makes sandy soils even sandier by moving the finest particles considerable
distances and leaving the coarser particles close by. Medium- and fine-textured soils are
usually well aggregated. Their textures are not altered seriously by erosion because the wa-
ter sortsaggregates, not individual soil particles. Generally, small and large aggregates have
similar textural compositions.

Erosion may remove the entire surface horizon. The new surface soil, whichisreally
the exposed subsail, generally isfiner textured, containsless organic matter, and has poorer
structure than the original surface soil. This makes seedbed preparation more difficult, in-
creases the amount of runoff, and poses problems at other stages of crop production.

4-2.4 Structural Damage

Water erosion affects soil structure in three ways. Loss of surface soil generally exposes a
less granular and less permeable subsoil; raindrops disintegrate aggregates on the surface
and produce a compact surface crust; and percolating rainwater carries suspended soil
grains through the soil surface, plugging pores, and reducing infiltration and permeability
rates. These changes cause increased runoff, which increases erosion and reduces the
amount of water stored. Vandervaereet a. (1998) found that crusted soilsin Niger produced
runoff sooner and had five times as much runoff as similar soils without a crust.

4-2.5 Productivity Loss

Losses of soil material and nutrients, and deteriorating structure reduce productive potential .
The magnitude of this reduction depends on properties of surface soil and of subsoil.
Reductions arelargest when subsoil isshallow and infertile, or fine textured, compact, and in-
tractable. Often the reduction in productive potential is masked by increased inputs and bet-
ter management. Early studies showed that grain and cotton yield losses on artificialy trun-
cated profilesaveraged 77% on several soil conservation stationswhen no fertilizer or manure
was used. Where adequate fertilizer was applied, corn yields were reduced by about 80% in
years with poor rainfall distribution, but comparable yields were obtained on truncated and
normal soilswhen rainswere adequate. In another study, cropswere grown on farmers fields
on soilsthat had experienced differing erosion severity. Yieldswere superior wherelittleor no
erosion had occurred and were reduced progressively as erosion was more severe (Table 4-1).

TABLE 4-1 EFFECT OF EROSION SEVERITY ON CROP YIELD

Crop yield (bu/ac)
Crop State No. of farms Slight erosion Moderate erosion Severe erosion
Corn Wisconsin 8 80 67 60
Grain Wisconsin 11 65 50 43
Grain Minnesota 5 36 30 23

Source: Hayset al., 1949.
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More recent field trials on soils with differential natural erosion severity, but receiv-
ing uniform tillage practices and fertilizer applications, showed that erosion was associated
with smaller, but still significant, yield reductions. Mokma and Sietz (1992) studied the ef-
fect of erosion severity on corn yields in Michigan during a five-year period. The plots
were moldboard plowed and were seeded to corn each year. Fertility differencesin the plots
were masked by high fertilizer-application rates. The slightly eroded plots produced the
most grain, though not significantly more grain than the moderately eroded plots. The se-
verely eroded plots, on average, produced 21% less grain than the slightly eroded plots. The
authors attributed the lower production to less available moisture in the severely eroded
soil.

Weesieset d. (1994) studied the effect of eroson on corn and soybean grainyieldsonthree
IndianaCorn Belt soilsover aten-year period. Severeerosion reduced yieldssignificantly—corn
yield showed a 9-18% reduction and soybean yield a 17-24% reduction—compared to
yields on areas of similar soil with only slight erosion. Yields on moderately eroded phases
were lower than on slightly eroded phases of the same soil, but differences were not statis-
tically significant.

Larson et al. (1985) developed a mathematical model to calculate indirectly the ef-
fect of erosion on soil productivity index by including soil properties that influence pro-
ductivity and that are known to be affected by erosion. Seventy-five important north-
central U.S. soilswere examined. The study predicted that the loss of 10in. (25 cm) of soil
will reduce the index for one-third of the soils by more than 10%, and one-eighth by more
than 20%. A 20-in. (50-cm) loss will reduce theindex for one-half of the soils by more than
10%, one-third by more than 20%, and one-sixth by more than 30%. Theindex of four soils
(5% of the total) will be reduced more than 40%. Current rates of erosion for these soils
range from O to 50 tong/ac-yr (0 to 105 mt/ha-yr), or from 0 to 1/3in. (0 to 8.5 mm) per year
on adepth basis.

4-2.6 Field Dissection

An eroding field can be farmed as a unit as long as erosion channels are small enough
for ordinary machinery to cross them. Reduced cultivatable-land area, lower yields, and
higher production costs combine to reduce net farm income when afield is cut by larger
gullies.

4-2.7 Engineering Structure Damage

Erosion damages buildings, roads, bridges, and other engineering structures. Foundations
are undermined by washing, landslides, and soil creep. Road ditches and culverts can cause
gullies that affect road safety (Figure 4—4). Bridge approaches, footings, pilings, and sup-
ports are structurally weakened or destroyed.

4-2.8 Water Pollution

Soil sediment is the greatest single pollutant of surface water, on avolume basis. The mud-
dying of streams and lakes reduces their value for home and industrial use, for recreation,
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Figure4-4 Erosion damage to the ditch along a roadway in Kansas. (Courtesy USDA Natural
Resources Conservation Service.)

and for fish and wildlife. Erosion also contaminates streams when fertilizers and pesticides
are dissolved in runoff water or adsorbed on eroded soil.

4-2.9 Sedimentation

Rich bottomland soils owe their productivity to sediments eroded from the surface of up-
land soils, but they can be harmed if subsequent erosion deposits subsoil or other less pro-
ductive material on them. Lower-lying areaswithin afield can also be damaged in thisway
(see Figure 4-5). Such deposition may be apparent from the topography, from the color and
structure of the sediment, or from chemical measurements. Wallbrink et al. (1999) propose
amethod of relating sediment to its original soil depth position based on its content of three
radionuclides: 'Be, 210Pb, and 137C. These three radionuclides normally have different dis-
tributions with depth in a soil profile, so their concentrations relative to each other can be
used as a depth indicator.

Sediment isalso deposited in stream channels, lakes, and reservoirs. This changesthe
aquatic environment and affects plant and animal life. For example, sediment in fish
spawning areas may ruin these sitesfor fish propagati on. Sedimentation raises streambeds,
reducing the depth and capacity of the channels. This causes navigational problems and
more severe flooding. Sedimentation of lakes and reservoirs reduces their capacity, value,
and life expectancy. In extreme cases, sedimentation changes an agquatic habitat into a ter-
restrial one.
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Figure4-5 Sediment deposited at the foot of aslopein a cultivated field near Alexand_er,
Manitoba, Canada. Several rillsand asmall gully were subsequently eroded through the sediment.
(Courtesy J. A. Hobbs.)

4-3 AGENTS ACTIVE IN WATER EROSION

Two major agents are active in water erosion: falling raindrops and running water. Both de-
rive the energy needed to detach and transport soil grains from the force of gravity. Water
also addsto the soil weight and reduces soil strength when gravity causes soil toroll or slide
downhill en masse. While spectacular and significant where it occurs, rapid mass move-
ment of soil ismuch lessimportant overall than the more widespread effects caused by wa-
ter transport and by the very slow mass movement described in Chapter 3 (Section 3-4.8).

4-3.1 Falling Raindrops

In the early years of erosion-control activity, it was assumed that overland flow caused wa-
ter erosion. Now, a substantial part of soil detachment, and even transportation, is credited
directly to raindrops.

Energy of Falling Raindrops. Thekinetic energy of afalling body can be cal-
culated from the equation

E = 1/2mv2

where E = kinetic energy, ergs (ft-1b)
m = mass of falling body, g (Ib)
v = velocity of fal, cm/s (ft/s)
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Figure4—6 Relationship between drop diameter and terminal velocity of falling raindrops.
(Modified from Wischmeier and Smith, 1958.)

Air friction limits drop fall to a maximum known as terminal velocity that is related
to drop mass. Laws (1941) and Gunn and Kinzer (1949) studied the relationship between
drop diameter, from 0.2 to 6.0 mm, and terminal velocity. Figure 4—6 presents a graphic
form of their data as developed by Wischmeier and Smith (1958). These data show that
larger drops have higher terminal velocities. Thus, larger drop size affectskinetic energy in
two ways—by larger mass and faster fall. Laws (1941) found that smaller drops reached
terminal velocity in ashorter distance, but that all dropsare at terminal velocity after falling
30ft (9 m) or less.

Rainstorm Intensity and Energy. Lawsand Parsons (1943) found that average
drop sizeincreased as stormintensity increased up to 6 in./h (150 mm/h), but arange of sizes
from 0.25 to 7 mm was present in each storm. Datafrom several sources show that drop size
decreases dightly at high intensity. Hudson (1971, p. 52-53) concluded that its maximum is
at about 80 to 100 mm/hr (3 to 4 in./hr); McGregor and Mutchler (1977, p. 138) showed a
3-mm maximum mean drop size between 2 and 3 in./hr (50 to 75 mm/hr).
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Wischmeier and Smith (1958) used Laws and Parsons’ datato develop the relationship
e = 916 + 331 log,|

where e = total energy, ft-ton/ac-in. for each inch of rainfall
| = rainfall intensity, in./h (up to 3in./h)
Table 6-1, developed from this equation, is presented in Chapter 6.

Wind and Raindrop Energy. Strong winds add a horizontal-vel ocity compo-
nent to raindrop fall. Wind partially reduces air resistance by moving air horizontally away
from one side of the drop. This reduced resistance and the actual force of the wind combine
to accelerate the drop. Smith and Wischmeier (1962) suggested that the velocity of wind-
driven rain can be estimated by multiplying the drop’s terminal velocity in till air by the
secant of the angle between vertical and the direction of fall in the wind. They calculated
that 3-mm median-drop-size rain falling in awind at a30° angle of inclination has aveloc-
ity 17% greater and kinetic energy 36% greater than the same rain falling vertically. Lyles
(1977) calculated that the kinetic energy of a 2-mm drop in a 20-mi/h (32-km/h) wind was
2.75 times that of a similar drop falling in still air. Wind tends to break large drops into
smaller ones, but the increased energy makes windblown drops much more erosive than
dropsfalling in still air.

Vegetation and Raindrop Energy. Wollny, in 1890, first reported that vegetative
cover affected rainfall and that growing crops intercepted up to 45% of the raindrops (Baver,
1939). Shaw (1959) showed that a growing corn crop intercepts and holds 0.13 to 0.19 in.
(3 to 5 mm) of moisture from a storm that exceeds 0.3 in. (7.5 mm) of rainfall. This water
never reachesthe ground. Dropsthat are temporarily intercepted by plants have much of their
energy dissipated at the plant surface. Some break into smaller drops that also have reduced
energy. It should be noted, however, that when raindrops are intercepted by tree leaves, the
water tendsto accumulate and fall in large drops. These can gain high energy if they fall from
sufficient height. Remember that all drops reach maximum vel ocity within 30 feet.

Work of Raindrops. Raindrops release energy when they strike a surface. This
energy does three kinds of work: it breaks peds and clodsinto smaller aggregates and indi-
vidual particles, it moves soil grains to new locations as water splashes back into the air,
and it compacts and puddles the surface layer of soil. Thefirst is the basis for the detach-
ing capacity of the raindrops; the second is the source of the transporting potential; and the
third reduces the soil’ s infiltration rate, causing more water to run off and erode the soil.

Raindrops and the Erosion Process. Ellison (1944, 1947a, 1947b) showed
that falling raindrops are the main detaching agent in sheet erosion. He also showed that
raindrops break many aggregates into smaller aggregates and into individual particles and
detach them from the soil mass. Roose (1977) demonstrated that raindrops are more re-
sponsible for sheet erosion than is sheet flow.

A wide range of grain sizes is loosened by raindrop splash. Certainly, all material
2 mm in diameter and smaller can be detached directly. Ellison (1944) found that 10-mm
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pebbles, when partly submerged in surface flow, were moved by raindrops. He also found
splashed particles 2 ft (60 cm) or more above the land surface. They moved horizontally as
much as 5 ft (1.5 m). Heavy rains can splash more than 100 tons/ac (225 mt/ha) on bare,
highly detachable soil (Ellison, 1947a).

Raindropsfalling on level, bare soil, in the absence of wind, splatter equally in al di-
rections; soil carried out of any areais matched by movement into the area. Although there
isalot of soil movement, thereisno net soil lossand no measurable erosion. When raindrops
fall on dloping land, more of the rebounding splash goes downhill than uphill. The distances
individual splashes travel is greater downhill also. Thus, slope can cause soil movement
downhill even if no runoff takes place. Ellison (1944) found 75% of the splash was downhill
on a 10% dlope. Wind causes a similar directional splash even on level surfaces. Wind-
driven raindrops hit the soil at an angle, and water and soil are carried downwind by splash.

Duley and Kelly (1939) noted the development of athin compacted layer at the sur-
face of the soil, where unimpeded raindrops beat on bare soil. When compact layers devel-
oped, the soil’s infiltration rate declined rapidly during the storm, and runoff increased.
They proved that it was the thin compacted layer that produced the reduction in infiltration
rate. Crop residues on the soil surface eliminated or greatly reduced the compacted layer.

4-3.2 Running Water

Runoff is recognized as an important cause of erosion. The most common cause of runoff
israin falling faster than soil can absorb it. Other causes are snowmelt and irrigation.

Runoff is classified as prechannel, or sheet, flow and channelized flow. The depth of
sheet flow seldom exceeds 0.1t0 0.2 in. (3 to 5 mm) unless surface vegetative mulch causes
it to be dightly deeper. Channelized flow depth varies from about 0.2 in. (5 mm) in small
rillsto 10 ft (3 m) or morein large streams. The erosiveness of runoff water depends on its
depth, velocity, turbulence, and abrasive material content.

Energy of Running Water. Kinetic energy and erosive force of running water
arerelated to the quantity and vel ocity of flow, just asraindrop energy is controlled by mass
and velocity of fall. Water passing across the land in very thin filmsmoves at relatively low
velocity in a smooth, non-mixing manner called laminar flow. It isincapable of initiating
soil movement. Thin sheets of water are nonerosive unlessthey are churned by falling rain-
drops. Water velocity generally increases with the depth of the water layer but seldom ex-
ceeds 5 ft/s (1.5 m/s) even in a gully. Runoff water moving at this speed, if it had laminar
flow, would have only 1/28 of the energy of an equal mass of 3-mm raindrops falling at a
terminal velocity of 26 ft/s (8 m/s).

Turbulence and Energy. Fast-flowing fluids move in an irregular manner with
random oscillations in direction and sudden changes in both horizontal and vertical veloc-
ity. Thisirregular motion is called turbulence. Turbulence develops as depth of flow and
velocity increase until the whole flow becomes turbulent. Kinetic energy of a stream and
its erosive capacity are both increased dramatically by full-flow turbulence.



Sec.4-3  Agents Active in Water Erosion 85

Energy of Transported Material. Clear water has limited erosive energy. Soil
grains saltating (jumping along the bed) in the stream are about 2.65 times as dense aswa-
ter and carry about 2.65 times as much energy as an equal volume of water traveling at the
same velocity. Similarly, soil aggregates that are about 1.3 times as dense as water carry
about 1.3 times as much energy as the same volume of water traveling at the same veloc-
ity. Energy differential is greater when grains move faster than water that isin contact with
the streambed (the common case). Thus, a stream carrying abrasive material has greater
power than clear water to break up aggregates and clods on the bed and put them into mo-
tion. Such a stream can even abrade bedrock.

Being denser than water, transported material tends to fall and would soon settle out
if the water were not turbulent. Turbulence lifts falling soil particles where its eddies hap-
pen to be moving upward and causes them to bounce off the bottom where eddies are di-
rected downward. Either way, energy istransferred from the water to the particles, and any
given water flow has a limited sediment transport capacity (Zheng et a., 2000). A fully
loaded stream of water may still pick up new particles, but it will deposit asimilar amount
of sediment at the same time.

A stream of water has more abrasive power when it is lightly loaded with sediment
than when it is heavily loaded. Merten et a. (2001) found evidence of two causes for this
phenomenon. One cause is the use of energy to keep the particles in suspension, thus re-
ducing the turbulent energy of the water. The other cause is the blanket of sediment mov-
ing slowly along the bottom of the stream. Thisblanket protectsthe underlying surface from
fast-moving particles in the main stream.

Stream Depth and Energy. Depth of water moving across afield is controlled
by rainfall intensity, soil infiltration rate, and type of flow. Most soils can absorb al the wa
ter froma 0.1 in./h (2 or 3 mm/h) rain, so no runoff will occur. Runoff commences when
rainfall intensity exceeds soil infiltration rate. Greater rainfall intensity increases thickness
of runoff films, runoff velocity, and erosive energy.

Water films at the top of a slope are thin even in intense rainstorms because there is
little water movement from above. Water films are thicker farther down the slope because
of water accumulating from above. However, with increasing thickness, the water moves
at afaster rate and this limits flow thickness.

Water is more likely to flow in channels farther down the slope. Runoff from rela-
tively broad areas is funneled into rills and gullies, causing appreciably thicker layers,
higher velocities, turbulence, and more energy to erode soil than sheet flow has.

Slope, Runoff, and Erosion. Four features of slope affect velocity and amount of
runoff and, hence, erosiveness. dope gradient, sope length, slope shape, and slope aspect.

Sope gradient (steepness) is measured in units of vertical fall either per single hori-
zontal unit (decimal fraction) or per 100 horizontal units (percent). Increasing slope gradi-
ent increases the speed of water moving downhill and the erosive force of the flowing wa
ter, as explained in Note 4-1.
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NOTE 4-1
SLOPE STEEPNESS AND FORCE OF RUNOFF

Force of a body moving on a frictionless inclined plane is defined by the
equation

F=mgsin6

where F = force, dynes

m = mass, grams
g = force of gravity, cm/s?
6 = gradient angle, degrees

Increasing the gradient angle increases sin and therefore increases the
value of F. If land slope is measured in units of vertical fall per unit of dis-
tance along the land surface, rather than along the true horizontal, the slope
so determined is numerically equal to the sine of the gradient angle, or

F = mg X gradient

where “gradient” is a decimal fraction. Thus, a unit volume of runoff wa-
ter exerts twice the force on a 10% (0.1) frictionless slope as on a simi-
lar 5% (0.05) slope. When friction is considered in calculating the force,
the equation becomes

F = mg sin 6 — fmg cos 6

where f is the coefficient of friction (dimensionless). Sin 6 increases but
cos 6 decreases as the gradient, 6, increases. Consequently, the force
of the water, taking friction into account, increases proportionately faster
than sin 6 increases, or faster than the gradient, expressed as a decimal
fraction, increases.

Runoff from medium- and fine-textured soils usually increases with increasing slope;
runoff from sandy soils does not always increase on steeper slopes. Erosion, however, al-
way's increases with slope steepness.

Sope length is the distance from the crest of aknoall or hill to the point where depo-
sition of transported material starts, or where runoff enters anatural or prepared waterway.
Slope length in aterraced field is the distance from the ridge top of one terrace to the bot-
tom of the channel of the terrace immediately below. Slope length has a variable effect on
runoff and erosion. Runoff losses per unit area are usually (though not always) greatest on
short slopes. Thereisgenerally more erosion on longer slopesin spite of lessrunoff per unit
area. Longer slopes increase the amount of erosion when rainfall intensity is high, or the
permeability of the soil islow, or both.

Sope shape across the slope (along the contour lines) can be straight, concave, or
convex, and the downhill direction also can be straight, convex (increasingly steeper gra-
dient downhill), or concave (gradients progressively less steep downhill). Many slopes are
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Figure4—7 Diagram of ahypothetical hillside showing convex, concave, and complex slopes.
(Courtesy F. R. Troeh.)

convex at the top and concave at the bottom (complex), asillustrated in Figure 4—7. Convex
slopes (in either the contour or the slope direction) cause water to flow away from an area,
making the site drier than it otherwise would be, whereas concave slopes cause water to ac-
cumulate and make the soils wetter and deeper (Troeh, 1964). Slope-shape effect on runoff
and erosion is complex. Runoff velocity is slow and soil movement is minimal near the top
of convex slopes because runoff volume is small and slope is gentle. Water movement is
faster lower on the slope because the gradient is steeper and more runoff water accumu-
lates. Soils tend to be shallow on convex slopes; soil replacement from the flatter slope
aboveis slower than isthe lossto steeper slopes below.

Nearly all natural slopesin humid regions are complex, having convex slopes at the
top and concave slopes at the bottom. Runoff generally slows as it moves down the con-
cave part of the slope because the slope gradient is decreasing. This causes the water depth
toincrease, givesmoretimefor water to infiltrate, and causes sedimentation to occur. Thus,
the convex upper part of the slopeisarelatively dry, erosive environment, and the concave
lower part is arelatively moist environment with a deep soil.

Sope aspect isthe direction the slope faces. A limited study on the effect of slope as-
pect on runoff and erosion was conducted by Wollny and his associates in Germany about
acentury ago. They found smaller runoff but greater erosion losses on south-facing slopes
(Baver, 1939). The major effects of slope aspect apparently result from itsinfluence on the
angle at which the sun’srays strike the land. Slope aspect has minimal effect at the equator,
but the influence increases toward the poles. Slopes that face the afternoon sun (south- or
west-facing slopesin the northern hemisphere and north- or west-facing slopesin the south-
ern hemisphere) are warmer and have higher evaporation during the growing season. Water
storageis reduced on these sites. Asaresult, thereisless plant growth and less soil organic
matter, especially in dry climates. Reduced vegetation usually results in increased erosion.
North- and east-facing slopes in the northern hemisphere are usually noticeably cooler,
more moist, better vegetated, and less eroded.
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Surface Condition. Small depressionsin the soil surface and plant material, liv-
ing or dead, reduce runoff volume and vel ocity. Thisreducesthe energy of runoff water and
the amount of erosion. A smooth, bare surface offersthe least possiblefrictional resistance;
a pitted soil covered with dense vegetation presents the ultimate in resistance to water
movement. Manning's formula (see Note 4-2) predicts quantitatively the effect of surface
roughness on flow velocity.

NOTE 4-2
MANNING'S FORMULA

The most common method for estimating flow velocity in an open chan-
nel employs Manning’s formula:
R 2/3g1/2

n

V=15

where V = average velocity of flow, ft/sec
R = hydraulic radius, ft
S = land slope, ft/ft
7 = coefficient of surface roughness

Hydraulic radius (R) is related to depth of flow, but it is not depth, not
even average depth. It is defined as

where A = cross-sectional area of flow, ft2
P = wetted perimeter, ft

The method for calculating the hydraulic radius is shown below.

w

7T

ol )r

The value of R is equal to average depth in sheet flow but is less than
average depth in channel flow.

The surface roughness coefficient (v) ranges from 0.017 for a smooth, straight, bare,
earthen ditch to 0.300 for a dense, uniform stand of grasssuch asa10in. (25 cm) tall stand
of bermudagrass. Selected values of m are shown in Table 4-2.
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TABLE 4-2 SELECTED VALUES FOR COEFFICIENT OF ROUGHNESS (1) FOR USE IN
MANNING’S FORMULA

Valuesof n
Surface condition Minimum Design Maximum
Ditches
Earth, straight and uniform .017 .022 .025
Winding, sluggish ditches and gullies .022 .025 .030
Ditches with rough, stony beds, and vegetated
(weedy) banks .025 .035 .040
Earth bottom, rubble on sides .028 .032 .035
Natural stream channels
Clean, straight banks, no rifts, pools .025 .033
Clean, straight banks, some weeds and stones .030 .040
Winding, some pools, but clean .033 .045
Winding, some pools, some weeds and stones .035 .050
Sluggish river channels, either weedy
or with deep pools .050 .080
Very weedy channels .075 .150
Vegetated waterways (prepared)
Dense, uniform bermudagrass, 10-in. tall? .040 .040 .300
Dense, uniform bermudagrass, 2.5-in. tall .034 110

80ther sod grasses slightly less rough.

Source: NRCS Engineers’ Handbook.

Runoff and the Erosion Process. Both detaching and transporting capacity of
runoff are small when the flow isin thin films and the velocity is low, but they increase as
the runoff becomes channelized because flow depth and vel ocity increase. Prechannel flow
by itself haslittle or no capacity to detach and transport soil particles. Raindropsthat fall into
prechannel flow detach large numbers of soil grains. Falling drops aso cause sheet flow to
be turbulent, thus increasing its carrying capacity. Soil grains detached by raindrops can be
transported long distances when turbulent prechannel flow carries them to a channel.

Raindrops cannot easily detach grains deep below the surface of running water, but
velocities of such streams give them detaching and transporting powers. Erosive energy of
soil particles carried in runoff must be added to the energy of clear water. Erosiveness of
the particles generally exceeds that of the clear stream. A stream’s carrying capacity is re-
lated to the third power of its velocity and to its turbulence. Even when a stream carriesits
maximum burden, the composition of the sediment |oad constantly changes. Gravity causes
some soil particlesto drop out of suspension as other particles are picked up. Thelarger and
heavier grains drop out quickly; the smallest remain in suspension for very long periods.

Sand can be deposited on land from fast-moving waters; silt will settle out in quan-
tity only asthe stream’svelocity ismarkedly reduced, such aswhen the stream gradient lev-
els off; and clay settles out in quantity only when the water is still or when the clay floccu-
lates as the stream enters a body of salt water.
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4-3.3 Gravity

Gravity moves soil directly. Soil movements caused by gravity are known as landslides,
mudflows, slips, slumps, soil creep, and surface creep. An avalanche (strictly speaking) is
amass of moving snow, but it may strip al vegetation and soil down to bedrock and de-
posit them in a heap at the bottom of the slope.

In most cases of gravity-induced movement, the topography must be steeply sloping.
Soil creep, which occurs on slopes of only afew percent, especialy in footslope positions,
is a notable exception.

Land in native vegetation, even on steep slopes, is ordinarily in equilibrium with
its environment. Soil movement is usually extremely slow. If soil cover is destroyed or
greatly reduced by fire, overgrazing, logging, cultivation, surface mining, or construc-
tion, the soil loses both the water extracting potential and the structural binding power of
plant roots. If an excess of moisture then devel ops, due to heavy rains or rapid snowmelt
(especialy while the subsoil is still frozen), soil weight increases, normal friction be-
tween the semiviscous soil mass and the underlying material is reduced, and the mass
slowly or rapidly slides downhill. Sometimes the soil slumps down and out, leaving ade-
pression at the top and forming a hump above the former surface at the bottom. This sort
of movement occurs on the north sides of hills on the steep cultivated fields in the
Palouse region of eastern Washington and northern Idaho. It is also common on steep
roadbanks.

Along the Pacific slopes of the Cascades and the Coastal Range, in the Intermountain
Region, and in other hilly and mountainous areas of the United States and other countries,
a watery soil mass called a mudflow may pass down a valley like a very slowly moving
river. Mudflows also occur in permafrost regions when upper soil layers thaw and become
saturated by rain or snowmelt. There the mudflows move either downslope or vertically
into solution caverns where ice has melted.

4—-4 SOIL PROPERTIES AND SOIL ERODIBILITY

Differencesin soil erodibility are obvious and were noted in the early years of the conser-
vation movement. It has been difficult, though, to determine what soil properties actually
make soils erodible.

Erosion detachesindividual soil grainsfrom the soil massand carriesthemaway inrain-
drop splash or running water. Soil erodibility, therefore, must be related to the soil’s detacha-
bility and transportability. Any property that makes soil detachment or soil transportation dif-
ficult reduces soil erodibility. Soil texture and structure certainly affect the size of soil grains
exposed to erosive el ements. Runoff must occur for rapid erosion to take place, so soil prop-
erties that affect infiltration rate and permeability must also affect the rate of erosion.
Infiltration rate and permeability are also influenced in amajor way by texture and structure.

Early studies by Middleton and his associates (1930, 1932, 1934) related the results
of many chemical and physical analyses on soils from the early soil erosion stations and
from other sites to assessments of soil erodibility made by scientistsin the field. Properties
and combinations of properties related to aggregate size, structural stability, and soil per-
meability appeared to be most closely correlated with soil erodibility. Wischmeier et al.
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(1971) showed that soil texture, organic matter content, soil structure, and soil permeabil-
ity were the soil properties most closely correlated with soil erodibility. They developed a
nomograph based on these propertiesto predict erodibility (see Figure 6-1 in Chapter 6).

4-4.1 Soil Texture

Sand particles are easy to detach because they lack cohesiveness, but they are difficult to
transport because they are relatively large and heavy. Clay particles tend to stick together
and are difficult to detach, but are easily carried great distances once separated from the soil
mass. Silty soils are frequently well aggregated, but the aggregates break down readily
when wetted, and the individual particles are easily transported.

Infiltration rate and permeability to water arerelated, in part, to texture. Water moves
rapidly through macropores but slowly through micropores. Large pores between sand par-
ticles permit rapid water movement. Fine to very fine pores common in medium- and fine-
textured soils such as the loams, clay loams, and clays restrict water movement. While to-
tal porosity of the fine-textured soils is nearly always greater than that of coarse-textured
soils, the individua pores in the fine soils are usually much smaller, and both infiltration
and permeability are slower. Therefore, a moderate rainstorm generally produces more
runoff and erosion from the finer-textured soils than from sandy ones. Silty soils such as
those formed in loess are very susceptible to water erosion.

4-4.2 Soil Structure

Large, stable aggregates make a soil difficult to detach and transport and make it more
permeable to water. While soils high in clay usually have low permeabilities and low in-
filtration rates, a well-aggregated clay soil permits faster water movement than a poorly-
aggregated clay.

Factors that influence the size and stability of aggregates include texture, cations on
the exchange complex, type of clay mineral, organic-matter content, cementing materials
other than clay and organic matter, and cropping history.

Texture. Sand has a weakening and loosening effect on structure. Clay is a ce-
menting and aggregating agent. The higher the clay content, up to about 40%, the larger and
more stable the aggregates. Clay contents above 40% promote development of very small
aggregates that erode easily, especially where surface soils freeze and thaw frequently dur-
ing winter. Some soil aggregates, particularly those high in silt and very fine sand, are rel-
atively unstable. Raindrops destroy these aggregates, and the fine grains flow into and plug
surface poresto produce adense compact layer at the soil surface. Slow infiltrationintothis
compacted layer causes increased runoff and erosion.

Type of Cation on the Exchange Complex. If the cation-exchange complex
is occupied mainly by H* or di- or trivalent cations, the colloid will be flocculated, and in-
dividual soil particles will aggregate. Large, stable aggregates resist both detachment and
transportation. On the other hand, soil colloids with large amounts of Na*™ and K* or with
very large amounts of Mg?* on the exchange siteswill deflocculate. Deflocculated colloids
prevent aggregate formation and cause low permeability and high erodibility.
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Type of Clay Mineral. Aggregation of soilsisinfluenced by the type of clay min-
eral. Tropical and subtropical soils, which are high in hydrous oxides of iron and aluminum
and in the 1:1-type lattice clay, kaolinite, tend to be better aggregated than soils high in the
2:1-type lattice clays, smectite and illite.

Organic-Matter Content. Soil structure improves and theindividual aggregates
become more stable as organic-matter content increases. Thisis accompanied by increased
permeability and decreased runoff and erosion. These effects are mostly related to decom-
posable organic matter such as dying roots and fresh plant residues incorporated into the
soil (Gale et al., 2000). The direct cause is probably the high degree of microbia activity
producing sticky exudates and hyphae that bind the soil particlesinto aggregates. Too much
old, stable organic matter may cause soilsto be very erodible because of the small size and
low density of granules formed. This loose condition makes exposed organic soils subject
to severe wind erosion even though their topographic position usually protects them from
water erosion.

Water Repellency. Recent studies have shown that most soil aggregates have
some degree of water repellency produced largely by coatings of extracellular polysaccha
rides and other exudates from roots and microbes (Hallett et al., 2001). These coatings in-
crease aggregate stability, but they reduce the water infiltration rate.

Cementing Agents. Secondary limeisacementing agent and helpsto hold par-
ticlesin aggregates. Some iron compounds bond clays and other soil grainstogether in sta-
ble formsin many strongly leached, temperate-region soils and in numerous tropical soils.
These soils may be quite resistant to erosion.

Cropping History. Soils plowed from native vegetation, cultivated pasture, or
meadow resist erosion. They tend to have excellent structure and relatively large, stable
aggregates. Roots permeating the aggregates and large amounts of incorporated crop
residue add to stability. Actively decomposing plant materials help to develop resistant
structure; humus, which resists further decomposition, is less effective. Aggregates be-
come less stable and more subject to breakdown, and erodibility increases unless decom-
posable organic material is added to the soil regularly and in abundance. Intense cultiva-
tion decreases organic matter content and aggregate stability by promoting decomposition
and erosion.

4-4.3 Freezing and Thawing

Freezing and thawing influences soil erodibility through its effectson soil structure and per-
meability. The shifting of soil particles resulting from ice formation hel ps produce soil ag-
gregates, and organic bonding agents probably diffuse to the contact points. Aggregate sta-
bility is maximized after two or three freeze-thaw cycles (Lehrsch, 1998). This type of
action loosens compacted layers such as crusts and plowpans, making them easier for plant
roots to penetrate and increasing their permeability to air and water. Soil compaction is
therefore a much more serious problem in warm climates than it is where the soils freeze
and thaw one or more times each year.
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The thawing of frozen soil coupled with rainfall and snowmelt commonly produces
alayer of saturated soil above an impermeable frozen layer. Saturated soil is very weak
and erodible, so soil erosion can easily occur under these conditions. More than half of
the annual soil loss from many temperate-region soils occurs while the soil is thawing
(Froese et a., 1999). Also, both vehicle and animal traffic need to be kept away from
such areas while the soil is saturated with water. The hazardous period is easily identi-
fied by watching ponded areas in the fields. The water disappears quickly when the frost
is gone.

4-5 VEGETATION AND WATER EROSION

Vegetation limits the erosive action of raindrops on soil. Plant material intercepts raindrops
and slows down runoff. An historic early erosion study at Columbia, Missouri, showed
clearly that crops differ significantly in their effect on water erosion (Table 4-3). Thesere-
sults show that runoff and erosion are most severe on bare soil (fallow). Continuous corn,
planted in intertilled rows, was the next most erosive cropping system, followed by con-
tinuous wheat, and then by the rotation of corn, wheat, and clover. Continuous bluegrass
gave the most protection of any system tested.

The density of vegetative cover is as important as the kind of cover. Zdbisch (1993)
found in Kenya that the critical ground cover for protection against erosion was 40%.
Erosion was largely controlled by cover densities of 40%. Erosion occurred at an increas-
ing rate as cover density was reduced bel ow 40%.

Kramer and Weaver (1936) demonstrated conclusively that plant top growth was sig-
nificantly moreeffectivethan rootsin reducing water erosion. Duley and Kelly (1939) showed
that dead plant material on the soil surfaceisaseffectiveasthick perennial vegetationin main-
taining infiltration rate and in reducing runoff and erosion. The concept of stubble mulch
tillage, an early conservation tillage practice, devel oped from this early research finding.

Even relatively narrow belts of dense vegetation reduce the amount of erosion.
Owens et a. (1996) studied the effect of fencing cattle out of pastures immediately adja-
cent to streams. They found that preventing cattle from grazing right to the streambank

TABLE 4-3 EFFECT OF CROPPING SYSTEM ON RUNOFF AND EROSION AT
COLUMBIA, MISSOURI, 1918-1931

Average Timeto
Average runoff annual erodea
erosion 7-in. layer
Cropping system inches percent (tons/ac) (yrs)
Continuous fallow 12.3 30.5 414 24
Continuous bluegrass 4.8 12.0 0.3 3043
Continuous wheat 9.4 233 10.1 100
Continuous corn 119 29.4 19.7 50
Corn, wheat, clover rotation 5.6 13.8 2.8 368

Source: Modified from Miller and Krusekopf, 1932.
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reduced annual sediment concentration by 50% and reduced soil |ossfrom the area by 40%.
Similarly, Robinson et al. (1996) showed that grassfilter strips along streamsin cultivated
lowa fields promoted infiltration, reduced runoff volume, and decreased runoff sediment
concentration. Seventy percent of the sediment was removed in the first 10 ft (3 m) of the
strip, 85% in 30 ft (9 m).

4-6 TRAFFIC AND WATER EROSION

Bare, smooth, compacted soil surfacesfacilitate runoff and erosion. Foot traffic by wild and
domestic animalsand humans, and vehicular traffic such asthat involving bicyclesand mo-
torized equipment, kills vegetation and smoothes and packs the soil surface on the trail,
path, or road. As aresult, water erosion is common where trails, paths, and roads traverse
sloping ground, unless major steps are taken to control runoff water.

In the past, erosion has been common on nearly al roads and rights-of-way, but bet-
ter design and more careful construction now reduces erosion losses on all major and most
minor highways in developed countries. In the developing world, steps are also being
taken to reduce erosion losses on their major roads. However, erosion is still amenace on
many municipal roads and on or beside many roads and trails on private lands, on trailsin
government-controlled areas such as national and state parks and recrestional aress, even
on the shoulders of access and cross-over roads in the interstate highway system in the
United States. It takes only afew passes up a sloping site in the semiarid southwest of the
United States or on the fragile tundra soils in the north to leave marks that will last indefi-
nitely and permit water to run along them and deepen into ruts and gullies as time goes on.
In areas more favorable for plant growth, it will usually take more traffic to initiate erosion
and gully formation, but be assured, erosion will accompany traffic on all trailsor roadsun-
less preventative treatments are provided.

A study in the Petroglyph National Monument in New Mexico (Gellis, 1996) showed
that 50 gullies had formed along a 20-mile-long (32-km) basalt escarpment. Thirty of these
gullieswere connected by surface drainage to primitive dirt roads and foot and bicycletrails
at the top and up the sides of the escarpment. In the area closest to a population center,
wheretrails and roads were most abundant, gullies were more frequently encountered. Ten
of the gullies must have devel oped recently because they could not be found on four-year-
old aerial photos. Rainfal during that four-year period was not unusualy intense. All
storms recorded in the area of the new gullies had arecurrence interval of two yearsor less
for the rainfall intensity measured. These results show the sensitivity of these fragile soils
to even relatively mild traffic development.

4—7 WATER EROSION AND POLLUTION

In the past, major concern about erosion was centered on damage to the soil and its pro-
ductivity. Increasing emphasis now is being placed on the pollution that erosion sediments
cause on land and particularly in water. Concern about agricultural chemicalsin runoff and
eroding sediments is growing. Pollutants that enter streams in diffuse patterns from agri-
cultural activities over wide areas constitute nonpoint source pollution.
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While soil conservationists rate various soils as having “tolerable limits’ of soil loss
ranging from 1 to 5 tons/ac-yr (2 to 11 mt/ha-yr), many people view even “tolerable level”
erosion as excessive. They are deeply concerned about fertilizers, pesticides, and animal
wastes that enter streams and groundwater. Water pollution and its control are discussed in
Chapter 17.

4-8 WATER EROSION AND SEDIMENTATION

Sedimentationisapart of the erosion process. Repeated detachment, transportation, and de-
position move soil from the highest uplands to ocean beds. Not all sediment comes from
cultivated lands or upland sites. Bottomlands, even stream banks and beds, |ose material to
erosion. Using every practical means to control erosion on cultivated land, range, and for-
est will reduce but not prevent sedimentation. For example, the Missouri River in the cen-
tral United Stateswas given the name“Big Muddy” by the western pioneersat atimewhen
there was little or no cultivation along its banks.

Sedimentation is both beneficial and harmful. Alluvia soils are among the world’s
most productive soils; they develop in sediments eroded from rich surface soils on the up-
lands. Accelerated erosion removes surface soil initially, but soon carries less productive
subsoil. Subsoil deposited on fertile bottomland soils reduces their productivity. Serious
floodsin the midwestern United States in 1950 and again in 1993 deposited 2 ft (60 cm) or
more of coarse, unproductive sand on thousands of acres of highly productive alluvia soil.
Erosion from denuded mountain slopes often deposits several feet of soil, stones, and other
coarse material on the land at the foot of the slopes.

Sedimentation damages all types of vegetation. Even large trees may be killed.
Highways, railroads, commercia buildings, and residences may be covered by layers of
flood-borne sediment.

Sedimentation is a continuing process. Sediment from upland areas and streambeds
is deposited on the bed when flow velocity decreases. Thisraisesthe level of theriver bed
and reduces channel capacity so that subsequent floodwater overtops the banks and causes
increased damage.

Levees have been built to control river flow. Their effectiveness is seldom perma-
nent because sedimentation raises channel beds in the levee systems so much that many
river beds are actually above much of the surrounding land. Severe storms eventually
cause overflow that resultsin extreme losses on the alluvial plains the levees were built to
protect.

Siltation of stream channels forms shallow areas and sandbars that must be cleared
from navigable streams. Dredging operations are expensive and may be needed at frequent
intervals.

Most aluvial soilshavewater tablesat shallow depthsthat feed seepage water into the
nearby stream or river. As sedimentsraiseriver beds, water tablesa so rise. Higher water ta-
bles reduce crop growth by reducing depth of well-aerated soil. Some of these areas become
swamps with no commercia value, though they may have value as wetlands for wildlife.

Sedimentation of reservairsis costly also. Silt and coarse clay carried by streams are
deposited when velocity slows as they enter lakes and reservoirs. The finest clay passes
through the lakes and out the spillways. Excessive sedimentation and a short useful life are
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Figure4-8 Thisreservoir in Kansas originally had a surface area of 20 ac (8 ha) but has been
filled with sediment that has changed most of the areainto mud flats. The remaining water is only
about 3 ft (1 m) deep. (Courtesy USDA Natural Resources Conservation Service.)

— o

likely where stream gradient is steep, catchment area soils are erodible, watershed areais
small (less than 100 mi2 or 250 km?), and the ratio of watershed area to volume of storage
islessthan 80 mi2: 1 ac-in. (200 km? : 1 ha-cm). When areservoir is filled with sediment,
itsvalue for recreation, flood control, and/or irrigation is gone forever. Figure 4-8 shows a
reservoir destroyed by sediment.

4-9 PRINCIPLES OF WATER-EROSION CONTROL

Water erosion occurs when conditions are favorable for the detachment and transportation of
soil material. Climate, soil erodibility, slope gradient and length, and surface and vegetative
conditionsinfluence how much erosion will take place. Methodsfor predicting the effectsthat
variations of each of these factors have on erosion loss are presented in Chapter 6.

Many different practices have been devel oped to reduce water erosion. Not all prac-
tices are applicable in all regions. However, the principles of water-erosion control are the
same wherever serious water erosion occurs. These principles are;

1. Reduce raindrop impact on the soil.
2. Reduce runoff volume and velocity.
3. Increase the soil’s resistance to erosion.

Management practices that put one or more of these principlesinto effect will help to con-
trol water erosion. These practices are discussed in later chapters.
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SUMMARY

Water erosion occurs wherever rainfall strikes bare soil or runoff water flows over erodi-
ble and insufficiently protected soil. The principal forms of water erosion are sheet erosion,
rill erosion, gully erosion, solution erosion, and streambank erosion. Erosion damages the
upland areas from which soil and plant nutrients are removed and a so the bottomlands on
which sediments are deposited. It washes out crops on uplands, buries them on depositional
sites, pollutes water, fillsin river channels and reservoirs, and contributes to flooding.

The erosiveness of rainfall is influenced by the total amount of rain, the size of the
drops, and their velocity of fall. The erosiveness of runoff is influenced by both the volume
and the velocity of flow and by the abrasiveness of particles carried by the water. Flow vol-
ume is directly related to rainfall intensity and duration and inversely related to soil infiltra
tion rate and permeability. Flow velocity is related to flow thickness, slope gradient, and sur-
face condition.

Water also acts as a lubricant, aiding gravity in mass soil movement. Landslides and
mudflows occur in some areas with steeper topography. Mudflows are most common in win-
ter rainfall areaswhere cultivated soilsare nearly saturated and lack adequate anchoring roots.

Soil properties, especially texture and structure, influence the ease or difficulty with
which soil grains are detached and transported, and also influence infiltration and percola-
tion rates. Vegetation, both living and dead, intercepts raindrops and reduces the energy
they release at the soil surface. It also slows the passage of runoff water over the soil sur-
face, thus reducing its energy.

Erosion removes valuable soil from the uplands and reduces the productive potential
of the soils. Eroded materials are deposited on lower-lying lands. Sedimentation is both ben-
eficial and harmful, and part of it is natural. Sedimentation is most damaging when it raises
the level of a stream channel or fills areservoir with soil material. Eroded soil is an impor-
tant nonpoint-source water pollutant because of itslarge bulk and the chemicalsit carries.

Water erosion and sedimentation can be controlled by reducing the energy of the
erosive agents, usually rainfall and runoff water, or by increasing the soil’s resistance to
erosion.

QUESTIONS

1. Inwhat waysiswater erosion important to the nonfarming segment of the world’s population?

2. Compare the appearance and effects of rill erosion to sheet erosion and to ephemeral gully
erosion.

3. How do raindrops cause soil l0ss?
4. Compare the kinetic energy of a1-mm raindrop to that of a 5-mm raindrop.

5. Describe briefly how runoff depth, land slope, and surface condition affect the erosiveness of
running water.

6. How does soil material carried by a stream influence the ability of the stream to erode its
channel?

7. How does soil structure influence the amount of soil lost by raindrop splash and runoff water?

8. Describe circumstances where freezing and thawing make a soil less subject to erosion and
other circumstances when they make soil more subject to erosion.

9. How does vegetation reduce soil loss that is caused by water erosion?
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WIND EROSION AND DEPOSITION

Wind erosion is the process of detachment, transportation, and deposition of soil material
by wind. Like water erosion, it isacause of serious soil deterioration that has both geologic
and human-caused components. L oess deposits provide evidence that much of the geologic
component came from outwash plains associated with continental glaciation, from large
desert areas, and from beaches. The human-caused component can also be very important.
USDA dataindicate that more soil islost by wind erosion than by water erosion in the Great
Plains region of the United States. Furthermore, this soil may carry agricultural chemicals
with it and they can be deposited on sensitive crops in downwind areas (Clay et a., 2001).

The basic causes of wind erosion are few and simple. Wherever (1) the soil isloose,
finely divided, and dry, (2) the soil surface is smooth and bare, and (3) the wind is
strong, erosion may be expected.

By the same token, whenever (a) the soil is compacted, kept moist, or made up
of stable aggregates or clods large enough to resist the force of the wind, (b) the soil
surface is roughened or covered by vegetation or vegetative residue, or (c) the wind
near the ground is somewhat reduced, erosion may be curtailed or eliminated.
(Chepil, 1957)

Wind erosion is usually considered to be a problem of dryland regions, but even in
humid areas, wind can cause severe damage to sandy soils, particularly along seacoasts, to
muck soils, and to medium- and fine-textured soils that are stripped of their vegetative
cover. Wind erosion can occur even on irrigated land when the soil becomes dry between
irrigations or during seasons when the land is not being irrigated. It is a worldwide prob-
lem that is particularly serious in the United States and Canada, in the drier parts of
Argentina, Bolivia, and Peru, in parts of the former USSR, in Middle East countries, in
China, India, and Pakistan, in Africa both north and south of the equator, and in Australia.

In North America, wind erosion has been most damaging in the Great Plains states
and in the Canadian prairie provinces, but it is also important around the Great Lakes, in
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eastern Washington and Oregon, in southeastern coastal areas, and along the Atlantic
seaboard. It was most widespread and most damaging in the 1930s. Since then, research has
provided a better understanding of this phenomenon, and better techniques for its control
have been developed. The U.S. Natural Resources Conservation Service (formerly the Soil
Conservation Service), the Canadian Prairie Farm Rehabilitation Agency, local conservation
digtricts, and agricultural universities have promoted conservation measures. Governments
have subsidized some conservation practices to promote their adoption.

Increased use of conservation measures has reduced the effects of severe droughts
and strong winds so that soil losses, although often serious, have not again reached the lev-
elsencountered in the 1930s. In spite of this, the U.S. Department of Agriculture estimated
that wind erosion in 1992 caused excessive soil |osses on more than 116 million ac (47 mil-
lion ha) in the United States. More than 45% of this areawas cropland, more than 52% was
rangeland, and less than 1% was in pasture (NRCS, 1994).

5-1 TYPES OF SOIL MOVEMENT
Wind carries soil in three ways:

1. Suspension. Soil particles and aggregateslessthan 0.05 mmin diameter (silt size
and smaller) are kept suspended by the turbulence of air currents. Suspended
dust does not drop out of the air in quantity unless rain washes it out or the ve-
locity of the wind is drastically reduced.

2. Saltation. Intermediate-sized grains, approximately 0.05 to 0.5 mm in diameter
(very fine, fine, and medium sand sizes), move in a series of short leaps. The
jumping grains gain a great deal of energy and may knock other grains into the
air or bounce back themselves. These saltating grains are the key to wind ero-
sion. They drastically increase the number of both smaller and larger grains that
move in suspension and in surface creep.

3. Surface creep. Soil grains larger than 0.5 mm in diameter cannot be lifted into
the wind stream, but those smaller than about 1 mm may be bumped along the
soil surface by saltating grains.

Aggregates, clods, and particles larger than 1 mm in diameter remain in place on the erod-
ing surface and form a protective covering, often called desert pavement or lag gravel, as
shown in Figure 5-1.

5-2 EROSION DAMAGE

Wind-erosion damage includes loss of soil depth, textural change, nutrient and productiv-
ity losses, abrasion, air pollution, and sedimentation. Precise measurements are scarce and
difficult to make, but qualitative observations are abundant and werefirst documented more
than 2000 years ago. For example, dust storms were noted in China as early as 205 B.C.E.
(Zhibao et a., 2000). Wind erosion equations (Chapter 6, Sections 6-5 through 6-8) have
been devised to estimate the rate of soil 10ss when actual measurements are not available.
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Figure5-1 Desert pavement in New MeX|co Theflner soil partlcles have been blown away,
leaving a heavy, continuous gravel cover. (Scaleisininches and centimeters.) (Courtesy F. R.
Troeh.)

5-2.1 Loss of Soil

Annual losses higher than 300 tons/ac (700 mt/ha) have been estimated for highly erodible,
bare, sandy soils. An entire furrow slice (about 1000 tons/ac) could be blown away in three
or four yearsat thisrateif soil wasremoved uniformly from the entire surface. Actual losses
are usually less than this because land is seldom left bare and unprotected for awhole year,
but greater losses have occurred. Plow layers from many recently tilled farm fields in the
Great Plains were blown away in single dust storms in the 1930s. Some fields in western
Canada, such asthe areain Figure 5-2, lost 1 ft (30 cm) of soil in asingle year.

A relatively new method of measuring soil loss since the 1950s is based on measure-
ments of cesium 137 (137Cs). Atmospheric fallout of this radioactive element, associated
with nuclear-weapons testing, provided a tracer for studies of soil erosion and sedimenta-
tion. Ping et al. (2001) used this approach to estimate wind erosion rates. They calculated
40-year average erosion rates of 84 mt/ha-yr (38 tons/ac-yr) for shrub coppice dunes, 70
mt/ha-yr (31 tons/ac-yr) for semi-fixed dunefields, 30.5 mt/ha-yr (14 tons/ac-yr) for farm-
land, and 22 mt/ha-yr (10 tons/ac-yr) for grasslands in the Qinghai-Tibet Plateau in China.

5-2.2 Textural Change

Wind winnows soil much as it sifts chaff from threshed grain. Fine soil grains are carried
great distances in suspension, saltating grains move to the fence rows or other barriers at
the edges of fields, and coarser grains stay wherethey are or moverelatively short distances
within the eroding field.
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Figure5-2 Morethan afoot (30 cm) of fine sandy loam soil was removed by wind erosion from
thisfield in southwestern Manitoba. The concrete structure on the left is a geodetic survey marker.
(Courtesy Canada-Manitoba Soil Survey.)

The winnowing action of wind can coarsen textures in soils developed from glacial
till, mixed residuum, and other materials having a wide range of particle sizes. Texture
changes were reported during the erosion period of the 1930s in North America (Chepil
1946; Daniel, 1936; Moss, 1935). Lyles and Tatarko (1986) confirmed texture coarsening
of western Kansas soils between 1948 and 1984.

Thelargest changes occur inthe more erodible sandy soils. Medium- and fine-textured
soils suffer less from texture change. In these soils, the coarser grains left in eroding fields
and the finer grains in dunes are generally aggregates rather than particles. These have the
same texture as the whole soil had before erosion. Many silt loam “dunes’ were deposited
around buildingsin the Great Plains during the 1910-1914 erosion period. The textures of
these old dunes and of associated cultivated fields are the same.

5-2.3 Nutrient Losses

Colloidal clay and organic matter are the seat of most of the soil’sfertility. Colloidal mate-
rial lost in dust storms contains alot of fertility. Lyles and Tatarko (1986) showed that ten
soils in the western half of Kansas had lost an average of one-fifth of their 1948 organic-
matter content by 1984. Fertility lossis particularly severe in coarse-textured soils that be-
come coarser as erosion progresses, but it is a'so important in medium-textured soils that
lose surface soil but do not change texture. Fertility loss also occurs by crop removal and
by oxidation of organic matter, so it is difficult to determine how much of it should be at-
tributed to wind and water erosion.

5-2.4 Productivity Losses
Soils become less productive as winds erode them. Soils developed from glacial till and

other mixed-textured material lose productivity mostly because of lowered nutrient content
and reduced water-holding capacity. Soils developed from loess or other relatively uniform
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material lose productivity because of loss of friable, productive surface soil and the expo-
sure of more clayey, less permeable, less fertile subsoil material.

Loss of soil depth reduces crop production by making the root zone shallower and/or
less favorable for root growth. Larney et al. (2000) found that grain yields from their plots
on three soil typesin the northern Great Plains were reduced by an average of 53% by the
removal of 20 cm of topsoil. They also found that heavy applications of manure were more
effective than mineral nitrogen and phosphorus fertilizers for restoring short-term soil pro-
ductivity. Lyles(1977) suggested amethod for estimating productivity decline based onthe
prediction of surface soil loss and a known relationship between depth of surface soil and
crop yield, but this relationship undoubtedly depends on the type of soil. Also, it may be
partly incremental instead of gradational. Abrupt changes may occur when certain critical
values are passed. For example, a small change in soil depth causes a comparable change
in water storage capacity that influences plant survival during dry periods.

5-2.5 Abrasion

Soil grains carried by wind have etched automobile windows and sandblasted paint on
houses, cars, and machinery. Soil particles sift into bearing surfaces in machinery and ac-
celerate wear. Thistype of damageis costly, but it isinsignificant compared to the damage
done to young, growing plants.

Plants seldom suffer permanent damage solely from the flogging action of high
winds, but severe damage is done, especially to young plants, when the erosive wind car-
ries abrasive soil material. Damage ranging from delayed growth and reduced yield to ac-
tual death has been inflicted on cotton, sorghum, wheat, soybeans, sunflower, alfalfa, a
number of native grasses, and several vegetables. A relatively short exposure to soil blast
will reduce final yields; plants are killed when the exposure is long enough. Figure 5-3
shows afield of wheat in southwestern Kansas destroyed by severe wind erosion.

5-2.6 Air Pollution

The presence of soil particlesin the air haslong been noted. Early Greek writers mentioned
dust stormsthat probably originated in the Sahara Desert. Most dust originatesin deserts or
in dryland areas temporarily bared of vegetative cover by overgrazing, cultivation, or fires.

Atmospheric dust causes discomfort some distance from its source. Near the source,
discomfort is much greater, and a dust storm can be fatal to travelers caught in it.

In addition to the physical hazards produced by dust in the air, chemical hazards also
may be encountered. Wind-blown dust can carry toxic substances (Holmes et al., 1993).
Mine-spoil banks and waste-disposal sites often contain unusual chemicals. Some areas are
accidentally, some purposely, contaminated with chemicals. Some of these chemicals are
benign, while others, such as polychlorinated biphenyls (PCBs), are extremely toxic.
Cultivated fields and some permanently vegetated areas are regularly or intermittently
treated with agrochemicals. Many of these contaminants are adsorbed on the surface of the
fine soil particles and are carried into the air by erosive forces. These chemicals add to the
inconvenience and the hazard of living in, and breathing, dust-laden air.

Dust that results from farming activities seldom causes death directly, but it can and
does cause accidents and respiratory ailmentsthat sometimes provefatal. Dust intheair can
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Figure5-3 Thewheat crop in thisfield in southwestern Kansas was destroyed by a windstorm on
February 10, 1976. (Courtesy USDA Natural Resources Conservation Service.)

reduce visibility dangerously on highways and at airfields. Dust may also carry pathogens
that cause skin disorders.

5-2.7 Deposition (Sedimentation)

Suspended dust is carried long distances and deposited as athin film over exposed surfaces.
It constitutes a nuisance that can be demoralizing to those who try to keep surfaces dust-
free, but it generally does no great physical damage. Some soils may even gain from added
nutrients and organic matter.

Reynolds et al. (2001) suggest that aeolian dust contributes to soil formation, fur-
nishes essential nutrients for plants to invade hostile environments, and has considerable
influence on arid-land ecosystems. They used particle-size and mineralogical analyses to
estimate that soils on the Colorado Plateau are composed of as much as 20 to 30% aeolian
dust and that much of it came from areas more than 60 miles (100 km) away. Variationsin
the orientation of magnetite particles allowed them to infer atime line for the deposits and
this, coupled with changesin mineralogy, made it possible to estimate how much of the de-
position had occurred since farming began in the upwind areas.

Measurements of airborn dust in the Southern High Plains plateau in Texas and New
Mexico indicate arelatively stable level of background dust with sudden peaks represent-
ing specific dust events (Stout, 2001). The background dust was unrelated to wind, but the
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Figure5-4 Wind erosion sediments have buried three snow fences erected to protect the road at
the right of this picture. The surface of the dunes over the snow fencesis 3 to 10 ft (1 to 3 m) above
the former ground level. (Courtesy USDA Natural Resources Conservation Service.)

peaks were well correlated with wind velocities higher than 4 m/s (9 mph) when measure-
ments were taken downwind from areas of dry soil with little surface cover.

Efforts have been made to devel op prediction equations for the amount of dust in the
air. These equations consider not only the rate of soil loss from source areas but also the
wind direction, distance from the source area, and elevation profiles (Saxton et al., 2000).

Saltating soil material doesnot travel far, but it causes considerabl e physical damage.
Many farm fences were buried during the 1930s by soil that settled behind tumbleweeds
that were trapped by the fences. Sometimes two fences had to be built successively on top
of the original oneto keep livestock confined and cropland protected, or to control soil and
snow drifts (see Figure 54). Drainage and irrigation ditches have also been plugged with
blowing soil. Land leveled for irrigation as well as ordinary farm fields have been made
hummocky by drifting soil. An uncultivated area can be a source of sediment that can fill
corrugations or even furrows, thus making it difficult or impossible to maintain these forms
of surface irrigation (Chapter 15, Section 15-5.1).

Crops can be buried by drifting soil, particularly when they are planted in furrows.
Young plants are most likely to be damaged, but even mature plants on the windward edges
of fields next to eroding areas can be completely covered. Sand dunes can moveinto wind-
breaks and tree shelterbelts, eventually killing them if the drifts get too deep. Highways and
other engineering works can be covered with blown soil. Huszar and Piper (1986) surveyed
off-site costs of wind erosion in New Mexico and reported annual costs of over $465 mil-
lion. This dwarfs the $10 million on-site costs claimed annually for the state.

Sand deposits are expensive to remove. The Santa Fe Railway found this out when
the John Martin Dam was built in eastern Colorado. The mainline track had to be relocated
from theriver valley to the uplands south of theriver, passing through avery sandy region.
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Blowouts were common during the 1930s and sand frequently covered the right-of-way.
Soil drifting was controlled only after livestock numbers were reduced and the area was
revegetated with the help of large government input.

5-3 EROSIVENESS OF SURFACE WIND

Moving air possesses energy. The higher the velocity of the wind, the higher the energy
level and the more erosive the wind.

5-3.1 Velocity of Wind Near the Ground

Standard wind vel ocity ismeasured at afixed height, usually 30 ft (9 m), above the ground.
Height is important because velocity of even a steady wind increases dramatically above
the ground surface. The height of measurement (z) therefore must be specified along with
wind velocity (u).

Wind velocity over a bare surface is zero at a height (Z,,) slightly above the average
height of a bare soil surface but below the tops of soil irregularities (see Figure 5-5A).
Velocity approaches zero considerably above the soil surface in avegetated area, as shown
in Figure 5-5B. Here D represents the zero plane displacement caused by the vegetative
cover and Z,, is the roughness parameter. The velocity gradient behaves asif velocity were
zeroat (D + Z,), (top dashed linein Figure 5-5C), but air still moves slowly and erratically
through the crop below this point, as indicated by the lower dotted line. The velocity gra-
dientswithin 15 ft (5 m) of soil surfaces plot as straight lines on a semilog graph as shown
in Figure 5-5D, if (z — D) isused for height plotted on the log scale.

Measurement of wind velocity profiles shows that the height Z,, where velocity be-
comes zero, isthe same on a specific bare surface for all wind speeds. Similarly, the height
(D + Z,) is constant for a specific vegetated surface as long as the crop is not bent over by
stronger winds.

Friction Velocity and Erosive Power of Wind. Friction velocity (u*) controls
the erosive power of wind (Note 5-1). Itisrelated to the vel ocity profile and to the drag ex-
erted by wind on the soil surface. Over a bare soil, it increases in direct proportion to the
wind velocity, measured at aspecific height, until the drag on the soil surface (surface shear
stress) beginsto cause erosion. As soil starts to erode, some of the wind's energy is used to
transport soil grains so velocity decreases.

NOTE 5-1
FRICTION VELOCITY OF WIND

Friction velocity, u”, is not an actual velocity, but it has the same units as
velocity, I/t. It is defined by the following equation:
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where 7, = surface shear stress, dynes/cm?
p = air density, g/lcm3

Wind velocity is related to friction velocity as indicated in the following
equation:

_uy(2-D
u, = kIn< 2 >+q’>o

where uz = mean wind velocity, cm/s, at height z, cm

k = von Karman’s constant < 0.4
D = zero plane displacement, cm (Figure 5-5B)
Zo = effective roughness height (roughness parameter), cm (Figure 5-5A)

fo = integral adiabatic influence function (usually zero for highly turbulent
flow)

Friction velocity, u*, is proportional to the mean wind velocity, u,, over
any noneroding surface because k, D, and Z, are constant for each sur-
face (unless vegetative cover height is reduced by bending with in-
creasing wind), and z can be made constant by always measuring wind
velocity at the same height. Friction velocity will be different for bare and
vegetated surfaces because vegetation changes values of Z; and D.
Movement of soil grains changes u” by absorbing wind energy.

For agiven friction velocity, shear force is greater over rough surfaces, which there-
fore should be more erodible than smooth ones. Actually, rough surfaces usualy reduce
erosion because elements of surface roughness absorb much of the drag and leave only a
small residual forceto strike erodible soil grains.

5-3.2 Wind Turbulence

Wind strong enough to cause erosion is always turbulent, with eddies moving in all direc-
tionsat avariety of velocities. Turbulence increases with increasesin friction velocity, with
increasing surface roughness, and with pronounced changes in surface temperature. It is
also more pronounced close to the soil surface than higher in the wind stream (Chepil and
Milne, 1941).

Air turbulence was once considered to be the major factor initiating movement of
grainsin satation, but other factors are now known to play amore significant role (Section
5-4.1). Turbulenceisimportant in keeping soil grains suspended in air.

5-3.3 Wind Gustiness

Wind velocity fluctuates widely and frequently. Wind tunnel studies show that soil com-
posed of a mixture of erodible and nonerodible components will stabilize if wind velocity



110 Wind Erosion and Deposition  Chap. 5

is constant. Nonerodible components eventual ly blanket the surface and protect it from fur-
ther loss. Variable wind velocity prevents the soil surface from stabilizing completely.
Higher-vel ocity gusts cause a stabilized surface to start eroding again, with erosion contin-
uing until gust velocity drops below that required to cause erosion.

5-3.4 Prevailing Wind Direction

Winds from any direction can cause erosion. Changes in wind direction affect the erosion
process in two major ways. First, soil surfaces become stabilized against the erosive force
of the wind by developing surface patterns with protected areas behind nonerodible grains
and clods that resist the wind. If the direction of the wind changes sufficiently, this pattern
loses its ability to protect the surface and erosion may start again. A shift in direction of as
little as 30° will allow thisto happen. Second, if erosive winds are predominantly from one
direction or from both of two oppositedirections, it is possible to reduce soil losses by plac-
ing barriers, such as furrows, crop strips, and windbreaks, perpendicular to the prevailing
wind direction. If, on the other hand, erosive winds show no seasonal or annual prevailing
direction, wind barriers are of little practical value. For example, the prevailing direction of
wind at Dodge City and Wichita, Kansas, is from the north for six months and from the
south for six months. Each month, more than twice as much erosive wind force occurs par-
allel to the prevailing direction as occurs perpendicular to it. East-west directional barriers
are therefore quite effective. In contrast, Douglas, Arizona, has prevailing winds from the
east for three months, the northwest or north-northwest for two months, the southwest and
south-southwest for six months, and the south for one month, and in no month is much more
than half the erosive wind force from the prevailing direction. Barriers are of little value
against such variable winds.

5-4 INITIATION OF SOIL MOVEMENT BY WIND

Slow-velocity winds do not have enough energy to pick up soil particles. The threshold ve-
locity required to cause wind erosion varies, depending on soil and surface properties, from
about 8 to 30 mi/hr (3.6 to 13.5 m/s), measured 6 in. (15 cm) above the soil surface. Soil
movement begins with saltating sand grains unless there is an external agent such as vehi-
cleor animal traffic.

5-4.1 Saltation

Saltation was recognized as afactor in wind erosion by King (1894) long before the mech-
anism that causes it was understood. Free (1911) suggested that turbulence was responsi-
blefor starting soil grains moving in saltation. However, calculations showed that a veloc-
ity in excess of 10.4 mi/hr (4.65 m/s) would be necessary for turbulence to lift a soil cube
0.5 mm on a side (Chepil and Milne, 1939). Measurements showed, however, that sand
grains larger than 0.8 mm in diameter were saltating in a wind with a velocity of only 5
mi/hr (2.25 m/s) at /4 in. (5 mm) height. Therefore, some factor(s) other than turbulence
must be involved in initiating saltation.

Bagnold (1937) suggested that sand particlesriseinto the air in saltation because sta-
tionary particles lying on the soil surface are knocked into the air by the impact of de-
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Figure5-6 A spinning sand grain in amoving airstream islifted by increased air pressure below
and reduced pressure above.

scending particles, or that saltating particles returning to the soil surface carom back into
flight. Neither of these suggestions explains how particles first get into movement. Chepil
(19454) studied the possibility that soil grains might be bounced into the airstream by ir-
regularities on their surfaces or on the ground. He decided, however, that the nearly verti-
cal takeoffs he observed could not be explained by this mechanism. He then examined the
possibility that particle spin and the steep velocity gradient close to the soil surface might
initiate saltation. Differencesin the velocity of fluid flow over the top and bottom surfaces
of an object set up pressure differences on these surfaces. A zone of lower pressure devel-
ops where flow is more rapid; higher pressure devel ops where flow is slower. The lift on
airplane wingsis aresult of this principle.

Sand particlesrolling along the bed of awind tunnel increase the flow velocity of air
on top of the grain and decrease it on the bottom. The rapid increase in wind velocity with
height close to the surface contributes to a large velocity differential between the top and
bottom of the spinning grains, as shown in Figure 5-6. Chepil felt that the pressure differ-
ential was sufficient to force the particles steeply upward into the wind stream.

Chepil watched sand grains on the smooth, wooden floor of his wind tunnel and ob-
served that they started to roll along the bed. After arelatively short distance, without con-
tacting other grains or striking any visibleirregularity, the particles suddenly jumped almost
vertically intotheair. The angle of ascent generally ranged between 75 and 90°. By thistime
they had avery significant spin, later measured at 200 to 1000 revol utions per second (Chepil,
19453a). Ascending grains were carried downwind by the increasingly rapid velocity of the
wind currents through which the grains rose. They continued downwind with increasing ve-
locity even as they fell back toward the tunnel surface. Acceleration brought about by the
wind seemed to match the accel eration of gravity, because the path back to the bed, as shown
in Figure 5-7, was nearly a straight line with an impact angle generally between 6 and 12°.

Chepil’s explanation of saltation based on spinning particles and pressure differences
isnow generally accepted with the understanding that it is probably augmented by surface
irregularities, turbulence, and perhaps venturi effects.
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Figure5-7 Path of asand grainin saltation.

5-4.2 Avalanching

Theincreasing rate of erosion asthewind blowsfarther acrossafieldiscalled avalanching.
Chepil (1946) suggested the following three major reasons for avalanching:

1. Accumulation of eroded material from previous storms. Erosion often results from suc-
cessive high winds coming from the same prevailing direction. Soil farther downwindin such
fieldsislikely to be moreerodible simply becauseit hasbeen eroded previously and deposited
there. The farther leeward the wind moves, the more abrasive materid it islikely to carry.

2. Increasing quantity of saltating particles. Saltating particles constantly drop back to the
soil surface and, in the process, detach new soil grains and abrade clods, peds, and aggre-
gates. Abrasion, and consequently erosion, accelerates as these new materials are added to
the wind stream.

3. Smoother surfaces. Wind moving across afield smoothsthe surface by cutting humpsand
filling hollows. Wind flowsfaster across smoother surfaces, and faster windsare more erosive,

5-5 WIND AND THE EROSION PROCESS

Wind has power to detach and transport soil grains. After transportation, particles and ag-
gregates come to rest short or long distances from their origin. Coarse sand particles roll
only ashort distance and saltating sand particles move in short jumps, but silt particles may
travel many miles and tiny clay particles may be carried around the world.

5-5.1 Detaching Capacity of Wind
The detaching capacity of wind is related to its friction velocity, or shear stress, and to the

size of the erodible grains.
D = f(u *)?

where D = detaching capacity, g/lcm?2-s
u™ = friction velocity over an eroding surface, cm/s

A sharp velocity gradient near the soil causes grainsthat protrude higher into thewind
stream to be struck by stronger wind force. Larger particles stick up higher, but their larger
mass requires more force to detach them. Any particle from 0.05 to 0.5 mm in diameter can
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Figure5-8 Abrasion of soil cylinders 3in. (7.5 cm) in diameter and 2.5 in. (6.2 cm) tall by dune
sand carried in awind blowing from left to right with afriction velocity of 2 ft/sec (61 cm/s). Soils
from left to right are fine sandy loam, loam, light silt loam, heavy silt loam, and silty clay.
(Courtesy USDA-ARS Northern Plains Wind Erosion Research Unit.)

be detached if the wind is strong enough, but those from 0.1 to 0.15 mm are the easiest to
detach of any grainsthat movein saltation. Silt- and clay-sized grains (< 0.05 mm) and very
coarse sand and gravel sizes (> 1.0 mm) cannot be separated from the soil mass even by
strong windsif they are free of saltating particles. Fine particles can only movein saltation
if they are bound together into aggregates of the right size.

Winds containing abrasive material can detach both smaller and larger grains. These
abrasive materials not only detach erodible grainsfrom the soil, they also abrade nonerodi-
ble clods, detaching small erodible grains from them. If the wind continues long enough,
whole clods may be disintegrated (see Figure 5-8).

5-5.2 Transporting Capacity of Wind

Transport capacity of wind is related to wind velocity, but not to soil-grain size. Greater
numbers of smaller-sized grains can be picked up, but the total weight of material that a
specific wind can carry remains relatively constant.

Early work by Chepil (1945a) showed that the proportion of material in suspension,
sdltation, and creep depended on the aggregate- and particle-size composition of the soil.
Minor quantities of suspended material were found over very coarse-textured soilsand over
strongly aggregated, fine-textured soils. Quantities of creeping particles were relatively
large. Suspension was greater and creep noticeably smaller over dusty, silty, and fine sandy
soils. In every soil Chepil studied, the amount of material in saltation was always greater
than that in suspension and creep combined. Amountsin suspension ranged from 3 to 38%,
in saltation from 55 to 72%, and in creep from 7 to 25% of the moving soil.

Bagnold (1941) and Chepil (1945b) noted that the rate of dune sand and soil move-
ment by wind (weight of material moving past a unit width, normal to the direction of
movement, per unit time) was related to the third power of the friction velocity:

— P %3
g=f g u

where g = rate of soil movement, g/(cm width)-s
p = air density, g/em3
g = gravitational constant, 980 crm/s?

u' ™ = friction velocity over an eroding surface, cm/s?
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The relationship between amount of soil removed from a unit area and erosive wind
force probably has greater significance than that between rate of lossand wind force. Chepil
and Woodruff (1963) suggest that

X = f(u")?

where X = the transportation capacity, g/cm?

Thisrelationship isinfluenced by a number of factors, but the total soil removal appearsto
be proportional to the fifth power of the friction velocity.

5-5.3 Soil Deposition

The distance that soil is transported from its original site depends on wind velocity and on
size and weight of particles and aggregates. Dust, which is kicked up by saltating particles
and carried in suspension by the wind, is moved far away from the original location. This
cloud of dust, however spectacular it may be, contains only asmall part of the full soil load
carried by the wind. Nevertheless, it is a very important loss because it contains the finer,
more fertile elements from the soil—the clay and the humus.

Silt and very fine sand particles are the main components of loess deposits. As dis-
cussed in Chapter 3 (Section 3-5.2), loess mantles areas downwind from source areas. The
deposit isthickest and contains more very fine sand near the source and becomes gradually
thinner and finer textured as the transport distance increases. Mgjor loess deposits can be
traced for tens or hundreds of miles (or kilometers) before they become too thin to detect.

Saltating grains usually remain in the vicinity of the eroding field. They cometo rest
intheleaof cultivation ridges, are piled up in thefield as small dunesbehind clumps of veg-
etation, or are trapped by vegetation in downwind fencerows. Coarser saltating grains are
deposited on the windward side of the dunes, finer ones to the leeward (“leesands’). Dune
formation isacomplex process with the shape of the dunes depending on wind speed, con-
stancy of direction, topographic features, and vegetation. Certain types of shrubs (especially
varieties of mesqguite) can survive even if they are mostly covered by sand. Such shrubs
form the core for semi-stabilized dunes called nabkas or coppiced dunes. Langford (2000)
describes nabkas as large as 130 ft (40 m) across and 14 ft (4.3 m) deep. Branches protrud-
ing from the upwind side and broken branches littering the adjacent area indicate that the
nabka is migrating slowly downwind. Nabkas typically occur in groups with the areas be-
tween them covered by desert pavement or by low-growing shrubs and grasses. Langford
calls other areas sand sheets where the vegetation and sand deposits are more uniform.

Individual grainsmoving in surface creegptravel only avery short distancefromtheir orig-
inal location. Lag materials are not moved by wind, but they may lose some bulk by abrasion.

5-6 FACTORS AFFECTING WIND EROSION

High-velocity winds do not always cause soil drifting, and erosive winds do not cause the
same amount of erosion in al situations. Factors that influence the amount of erosion that
wind will cause are the soil’s resistance to erosion, surface roughness, rainfall, land slope
(hummocks), length of exposed area, and vegetative cover.
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5-6.1 Soil Resistance

The mgjor factor that makes soil resist wind erosion is size (mass) of individual soil grains.
If the mass is sufficient, particles, aggregates, or clods are nonerodible. Large grains also
protect and stabilize erodible grains in their wind shadow. Chepil (1950) called this “the
governing principle of surface roughness.” Thisisroughness caused by soil cloddiness, not
by mechanical ridging.

Dry Aggregate Size Distribution. Grains larger than 1 mm in diameter resist
wind erosion; those between 1 and 0.5 mm (coarse sand size) are erodible only in very high-
vel ocity winds; those less than 0.5 mm in effective diameter are highly erodible. The more
nonerodible grains the surface contains, the less erodible the soil is.

The proportion of nonerodible grains present on or near the soil surface affects the
ease and speed with which soil starts to move, how long erosion will continue before a
nonerodible blanket forms to halt it, and the total amount of soil that will be lost. A rela-
tively smooth soil containing nonerodible clods may becomerough asit erodes and thusre-
duce erosion losses. Thelikelihood of afield forming a protective surface condition can be
assessed by determining the size distribution of stable clodsin the top inch (2.5 cm) of sail.
The relationship between proportion of nonerodible clods and soil erodibility is shown in
Figure 5-9.
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Figure5-9 Relationship between percentage of nonerodible clodsin a soil and its relative erodi-
bility (1). (Modified from Soil Science Society of America Proceedings, Volume 29, p. 602—608,
1965 [Woodruff and Siddoway], by permission of the Soil Science Society of America.)
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A smooth, bare, infinitely wide field with only 2% nonerodible clods could lose 250
tong/ac (560 mt/ha) in ayear under the high winds common in the central Great Plains. A
similar field with 40% nonerodible clods would lose 56 tons/ac-yr (125 mt/ha-yr) under the
same conditions.

Mechanical Stability of Structural Units. The presence of honeradible struc-
tural units does not, by itself, prevent soil erosion. Aggregates and clods that are easily
abraded do not resist erosion for long. Accordingly, aggregate stability is an important at-
tribute also.

Factors Affecting Aggregate Size and Stability. Soil properties such astex-
ture, organic matter, exchangeable cations, and free calcium carbonate influence aggregate
size and stability.

Coarse-textured soils do not contain enough clay to bind the sandy particles into
structural units. Clayey soils develop aggregates and clods, but weathering, especially
freezing and drying while frozen, breaks them down. Chepil (1953) claimed that a clay
content of about 27% is best for clod development. Clay content less than 15% almost
precluded a stable cloddy condition. The presence of large amounts of fine and medium
sand influences soil erodibility directly because these sizes can saltate. Very coarse sand
and gravel help reduce soil erodibility because they are too large to be moved by most
winds.

Soil organic matter is often associated with high levels of aggregation and with struc-
tural stability, but soils with very high organic-matter levels are often more erodible than
those with moderate contents. Wind erosion is a mgjor hazard on organic soils that are
drained and cropped.

Chepil (1955) found that additions of cereal straw and legume hay increased
nonerodible dry clods and reduced erodibility while the materials were undergoing
active decomposition (about six months). As decomposition slowed down, initial cement-
ing materials lost their aggregating ability, and microbial fibers disintegrated. Nonerod-
ible-clod size decreased and soil erodibility increased, especialy on high-residue treat-
ments. Often a high proportion of highly erodible small- to medium-sized aggregates
developed.

Applications of lime to acid soils in humid areas often improve soil structure. This
is not true for soilsin arid and semiarid regions. These are rarely calcium deficient. Their
surface soils have an abundance of calcium, and their subsoils invariably contain free
calcium carbonate. In fact, shallow calcium carbonate horizons in drier areas may be
mixed with surface soil by cultivation. Chepil (1954) showed that the presence of as
little as 1% free calcium carbonate in a soil generally caused clod disintegration and
increased erodibility. Despite this relationship, when calcareous B or C horizons are ex-
posed by erosion, surface crusts often develop that effectively protect soils from further
erosion.

5-6.2 Surface Ridges and Roughness

Surface ridges produced by tillage reduce erosion. Effectiveness of ridges depends on
height, lateral frequency, shape, and orientation relative to the direction of thewind. Ridges
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reduce wind velocity near the ground and trap eroding soil grains in the furrows between
ridge crests. Bielders et al. (2000) used hoes to make ridges 8-in. (20-cm) high and 5ft (1.5
m) apart in Niger. Soil ridges reduced wind erosion by 57%, and the reduction was 87%
when millet stover residues were included to stabilize the soil. However, the ridges had to
be oriented across the wind direction; little or no reduction in erosion occurred when the
wind blew parallel to theridges. They noted that ridge orientation may be a problem where
both wind and water erosion are likely to occur.

Wind tunnel measurements by Batt and Peabody (1999) showed that ridges acrossthe
wind direction were the most effective form of surface roughness for reducing wind ero-
sion, but that any erosion-resistant surface roughness was helpful. Ridges, clods, stubble,
and gravel all reduced wind erosion caused by both low-velocity and high-velocity winds.
They evaluated a normalized roughness factor by dividing the height difference between
high and low points by the average spacing between high points (H/S) and found that the
amount of soil loss decreased linearly as the H/S factor increased from 0 to 0.12. The soil
loss rate remained nearly constant at about 10% of the flat surface value for H/S factors
greater than 0.12.

5-6.3 Rainfall

Rain moistens surface soil, and moist soil is not eroded by wind. Studies show soil erodi-
bility decreases—slowly at first, then more rapidly—as a soil is moistened from the air-dry
condition to the wilting point. Chepil (1956) worked with four Great Plains soils and found
they became nonerodible at moisture contents ranging from 0.82 to 1.16 times the water
content at 15-atm tension. Bisal and Hsieh (1966) studied three Canadian soils and found
moisture contents from 0.32 to 1.46 times that at 15-atm tension prevented soil drifting.
Unfortunately, the direct effect of moisture on soil erodibility is transitory; it takes only a
very thin layer of dry surface soil to permit erosion to start, even if moisture is abundant
immediately bel ow. Wind soon reduces the moisture content of surface layers. Some sandy
soils can begin to drift 15 or 20 minutes after an intense shower.

Rainfall also reduces erosion indirectly by increasing plant growth. Crop response
to rainfal is extremely important because plant cover controls wind erosion best (see
Section 5-6.6).

Rain can aso increase wind erosion. This happens when raindrops break exposed
wind-resistant grains, detach erodible grains from the soil mass, and smooth soil surfaces
so they are more susceptible to erosion.

5-6.4 Knoll Slopes

Over long slopes, short slopes not exceeding 1.5%, and level land, the vel ocity gradient and
friction velocity are reasonably constant for a given wind. Over hummocky topography,
where slopes are relatively short, layers of higher wind velocity move closer to the soil sur-
face asthey passover knoll crests (see Figure 5-10). Z, isarelatively constant height above
the surface, so the shorter vertical distance to the higher-velocity flow makes the friction
velocity greater over the knolls. This makes the wind's erosive force much greater on the
crests than on level land or on long slopes. Chepil et a. (1964) calculated probable in-
creases in erosion on the crests and upper slopes of relatively short 3, 6, and 10% slopes.
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Figure5-10 Linesof equa wind velocity over different land slopes. If thetop linein each dia-
gram represents 14 mi/hr (625 cm/s), this velocity isreached 1.0, 0.6, 0.32, and 0.18 ft (30.5, 18.3,
9.8, and 5.5 cm) above the knoll crest on the 1.5%, 3%, 6%, and 10% slopes, respectively.
(Modified from the Journal of Soil and Water Conservation, Volume 19, p. 179-181, 1964 [Chepil
eta.]).

They assumed that the zone of 14-mi/hr (625-cm/s) wind was found approximately 1.0, 0.6,
0.32, and 0.18 ft (30.5, 18.3, 9.8, and 5.5 cm) above the crests of knolls with side slopes of
1.5, 3, 6, and 10%, respectively. Their calculated values are presented in Table 5-1.

5-6.5 Length of Exposed Area

Soail drifting increases substantially with increasing length of the eroding strip. Wind starts
to pick up soil grains close to the windward side of an erodible field. It continues to add to
itsload asit passes over the field until it can carry no more. The wind may continue to pick
up other soil grains asit travels farther, but it also drops some of its |oad because its carry-
ing capacity isfinite.

The transport capacity of wind at a specific friction velocity is similar for all soils,
but the distance the wind must travel across afield to pick up its full load depends on soil
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TABLE 5-1 RELATIVE AMOUNTS OF EROSION FROM LEVEL (1.5% SLOPE) AND FROM
SHORT-SLOPING (HUMMOCKY) LAND

Relative amounts of erosion

Slope (%) Crests Upper slopes
1.5 (level) 100 100
3.0 150 130
6.0 320 230

10.0 660 370

Source: From the Journal of Soil and Water Conservation, Volume 19, p. 179-181 (Chepil et ., 1964).

erodibility. The more erodible the soil, the shorter the distance required to reach itsload ca-
pacity. Distance needed to acquire maximum load varies from less than 180 ft (55 m) for a
structurel ess fine sand to more than 5000 ft (1500 m) for a cloddy, medium-textured soil
(Chepil and Woodruff, 1963). Many fields are not wide enough for the wind to pick up its
maximum load.

5-6.6 Vegetative Cover

The most effective way to reduce wind erosion isto cover the soil with a protective mantle
of growing plants or with athick mulch of crop residue. Barriers of plant material increase
the thickness of the blanket of till air (D + Z,) next to the soil.

The protection that plant cover provides is influenced by plant species (amount of
vegetative cover and time of year when cover is provided), plant geometry and population,
and row orientation. Crop residues |eft on the surface, especidly if tall and dense, offer al-
most as much protection as acomparable amount of growing plants. Standing residues pro-
vide more protection than the same amount of flattened residues. One anomaly is that a
sparse cover over lessthan 10% of the surface can increase the turbulence of windgustsand
actually increase wind erosion to more than that from bare soil (Sterk, 2000).

A complete cover of growing plants offers maximum protection, but individual plants
and rows of plants across the direction of the wind also reduce ground-level wind velocity
and erosion. Thisis apparent where isolated weedsin fallow fieldstrap saltating grainsand
where soil piles up around wind barriers such as field shelterbelts.

Barriersare effective because air isafluid. Asair movestoward aporous barrier, part
of it is pushed over or around the barrier. Air that is not deflected builds up pressure that
forces it through the barrier at a fast rate (funneling effect). This air immediately slows
down asit spreads out to occupy all the space behind the barrier. Wind speed returnsto nor-
mal only when the deflected air returnsto itsinitial position in the windstream.

5-7 WINDBREAKS AND SHELTERBELTS

Windbreaks and shelterbelts are groups of trees and shrubs planted across the prevailing
winds for the purpose of moderating the winds, reducing wind erosion, trapping dust and
snow, reducing evaporation, increasing rel ative humidity, ameliorating the environment for
livestock and wildlife, reducing fuel costs in heating and cooling a home, and enhancing



120 Wind Erosion and Deposition  Chap. 5

the environment for people. Windbreaks are small groups of trees and shrubs planted to pro-
tect livestock and people. Shelterbelts are extensive groups of trees and shrubs planted pri-
marily to protect fields from erosive winds. Windbreaks and shelterbelts can be seen in
Figure 5-11.

5-7.1 Windbreak and Shelterbelt Effectiveness

Windbreaksreduce winter fuel bills, protect cattle and other livestock, and reduce wind ero-
sion. They can aso provide food and habitat for wildlife. During the early days of the pro-
motion of windbreaks, the Lake States Forest Experiment Station conducted an experiment
at Holdrege, Nebraska, on the home fuel saved by the proper establishment of awindbreak.
Two identical homes were compared, one with a windbreak and one without. The home
with awindbreak used about 23% less fuel.

Windbreaks and shelterbelts are desirable and almost essential for economical pro-
duction of range livestock in northern states. The University of Montanaresearched thisre-
lationship and reported that during a mild winter, tree-protected cattle gained 35 Ib (16 kg)
more or, during a severe winter, lost 10 Ib (4.5 kg) less than cattle that were not protected
by awindbreak or shelterbelt (Stoeckeler and Williams, 1949).

A windbreak or shelterbelt that is well designed and properly oriented will create a
protected area with wind speed less than half of that in the open, as shown in Figure 5-12.
Windbreak effectiveness is significant as far leeward as 15 or 20 times the height of the
windbreak and windward for about twice its height. Dense windbreaks give the most re-
ductionin wind velocity near the windbreak, but more open ones are effective for agreater
distance downwind. The most effective windbreaks have porosities of about 50%. Any re-
duction in wind speed is important in decreasing wind erosion because the amount of soil
eroded is proportional to the fifth power of the wind speed (Section 5-5.2). Thus, the
amount of wind erosion is approximately halved when the wind velocity is reduced to 87%
of what it would have been without the windbreak.

5-7.2 Trees and Shrubs for Windbreaks

Suitable trees and shrubs for windbreak and shelterbelt plantings that are adapted to condi-
tions in the northern Great Plains are listed in Table 5-2, and those adapted for the south-
ern Great Plains arein Table 5-3. Selection of the most appropriate species depends partly
on the number of rows to be included in the windbreak. Traditional windbreaks have had
seven rows, with the tallest trees flanked by shorter trees and shrubs. One row of trees
should be evergreens for greater winter protection.

Seven-row windbreaks effectively divert the wind upward but they occupy alot of
land area. This may be justified if the trees chosen can be marketed for wood products
when they mature. Otherwise, asmaller windbreak with fewer rows may be preferred. The
most effective wind diversion with three-, five-, and seven-row windbreaks occurs with the
tallest trees in the second, fourth, or fifth row downwind, respectively. The most efficient
use of land for windbreaks is achieved with single-row windbreaks. These are usually
composed of evergreens (often spruce trees) so they will provide both summer and winter
protection, and they must have branches near the ground so the wind cannot blow under
them.
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Figure5-11 Windbreaks around homes and farmsteads ameliorate the weather for people and
livestock, and shelterbelts along field borders protect crops against wind erosion in North Dakota
(above) and on the High Plains of Texas (below). (Courtesy USDA Natural Resources Conservation
Service.)
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Figure5-12 Wind velocities about 16 in. (40 cm) above ground level in the vicinity of awind-
break, as percentages of what they would be without the windbreak. The curve represents average
results of data from several sources. Many data vary *+10% from the curve depending on width,
height, and porosity of the windbreak, wind velocity, and topographic features. (Courtesy USDA
Natural Resources Conservation Service.)

Percentage of wind velocity in open field

TABLE 5-2 TREE AND SHRUB SPECIES ADAPTED FOR PLANTING WINDBREAKS AND
SHELTERBELTS IN THE NORTHERN GREAT PLAINS

Trees Shrubs

Austrian pine American plum

Black Hills spruce Amur maple

Bur oak Arnold hawthorn

Colorado blue spruce Buffaloberry

Cottonwood Caragana (Siberian peashrub)

Eastern red cedar Common chokecherry

Green ash Cotoneaster

Hackberry Hanson hedgerose

Robusta poplar Latelilac

Rocky Mountain juniper Nanking cherry

Scotch pine Saskatoon serviceberry

Siberian crabapple Redosier dogwood

White spruce Silverberry

White willow Skunkbush sumac
Tartarian honeysuckle
Western sandcherry

Source: Soil Conservation Service, 1984a and 1984b.

Tree spacing is also important and should be proportioned to the ultimate size of the
trees. A mature windbreak should still be open enough to permit some air movement through
the windbreak, but there must be no major gaps. Missing trees should be replaced promptly
because wind speeds through a gap are likely to be about 120% of what they would be with-
out thewindbreak. Also, windbreaks should end in sheltered or vegetated areas because wind
vel ocitiesreach about 120% of normal around the ends. Windbreaks should befenced to keep
livestock from eating the vegetation that is needed to form agood barrier near the ground.
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TABLE 5-3 TREE AND SHRUB SPECIES ADAPTED FOR PLANTING WINDBREAKS AND
SHELTERBELTS IN THE SOUTHERN GREAT PLAINS

Trees Shrubs

Crack willow American plum
Desert willow Buckthorn
Eastern red cedar Caragana (Siberian peashrub)
Hackberry Chickasaw plum
Honeylocust (thornless) Cotoneaster
Kentucky coffeetree Lilac

Mulberry Redbud
One-seed juniper

Osage-orange

Pecan

Russian olive

Shortleaf pine

Sycamore

Source: Selected from Trees, 1949 Yearbook of Agriculture, p. 848-849, 1949, Stoeckeler and Williams.

5-7.3 Prairie States Forestry Project

The U.S. Congress authorized the establishment of the Prairie States Forestry Project in
1934 following the drought and dust-storm years of the early 1930s. During the years from
1935 to 1942, 218 million trees and shrubs were planted on 31,000 farms and ranchesto es-
tablish 20,000 mi (32,000 km) of windbreaks and shelterbeltsin the ten Great Plains states
from Texas to the Canadian border.

Farmers and ranchers in the Great Plains were pleased to have the new plantings of
trees and shrubs because it seemed a sign of government concern during the crisis years of
drought and economic depression.

5-7.4 Recent Trends

During recent decades, farms and ranches have become larger, tractors and equipment
larger and more powerful, and large center-pivot irrigation systems are being used in many
areas. Many farmers, most economists, and some technical agriculturists claim that man-
agement systems such as strip cropping, stubble mulching, minimum tillage, and clod
tillage eliminate the need for windbreaks and shelterbelts. Many existing tree belts are be-
ing destroyed, mostly by newcomers to the Great Plains. They refuse to believe that wind
erosion and dust storms are hard facts of lifein the area

Many conservationists, however, believe that the new management practices are nec-
essary and, furthermore, that plantings of trees and shrubs as windbreaks should be in-
creased tenfold. So, while some windbreaks and shelterbelts in the Great Plains are being
destroyed, new ones are being planted. The Forest Service and the Natural Resources
Conservation Service offer assistance in establishing trees and shrubs. Recent soil survey
reports list the tree and shrub species recommended for planting as windbreaks and shel-
terbelts on each soil map unit. Cost-sharing for planting trees in the Great Plains is avail-
able through the Farm Service Agency. Twenty-four plant materials centers, operated
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Figure5-13 A section of land in the United States (1 square mile, 640 ac, or 259 ha) has room
for four standard center-pivot irrigation systems. Each circleirrigates about 133 ac (54 ha) of land.
Shelterbelts can be planted around the outside and across the middle of the section and, if neces-
sary, along the diagonals. Such shelterbelts reduce wind velocities near the tree lines and improve
the distribution of theirrigation water. (Courtesy USDA Natural Resources Conservation Service.)

throughout the United States by the USDA Natural Resources Conservation Service, are
constantly searching for, testing, and releasing new plants for use as windbreaks and shel-
terbeltsin arid and semiarid regions and for water erosion control in humid regions.

5-7.5 Irrigation and Shelterbelts

Thousands of windbreaks and shelterbelts have been removed because they interfered with
the establishment of large center-pivot irrigation systems. These systems are carried by
wheelstraveling in concentric circles as described in Chapter 15. The tracks for the wheels
must be smooth and nothing should obstruct the moving irrigation pipe; hence, no shelter-
belts. Shelterbelts are needed, however, to calm the winds so irrigation water can be ap-
plied evenly.

An example of a compromise solution to the irrigation-shelterbelt dilemma is pre-
sented in Figure 5-13. Four of the usual 133-ac (54-ha) irrigation circles can be arranged
in one section (a square mile containing 640 ac or 259 ha) of land and still have a shelter-
belt located every half mile (0.8 km). The nine odd-shaped areas outside the circles can al'so
be planted to trees, or they may be seeded to grass or nonirrigated crops. Such an arrange-
ment will adequately protect the land within about 500 to 1000 ft (150 to 300 m) downwind
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and 100 ft (30 m) upwind from the shelterbelts if the trees are 50-ft (15-m) tall. However,
this may still leave as much as 2000 ft (600 m) of land unprotected in atypical center-pivot
system on a quarter section of land (2640 X 2640 ft).

5-8 PRINCIPLES OF WIND-EROSION CONTROL

Wind erosion occurs whenever conditions are favorable for detachment and transportation
of soil material by wind. Soil erodibility, surface roughness (ridging), climatic conditions
(wind velocity and humidity), length of exposed surface, and vegetative cover influence
how much erosion will take place. Little can be done to change the climate in an area, but
itisusually possible to alter one or more of the other factors.

Many successful practices for reducing wind erosion have been developed by farm-
ers based on their observations, and by research scientists as aresult of their studies. These
practices are not universally successful; some work well in one region, others are better in
another. Regardless of the relative success of individual techniques, the aims or principles
of soil-drifting control are the samein all areas wherewind erosion occurs. Theaimsareto
reduce wind velocity near ground level below the threshold velocity, to remove abrasive
material from thewindstream, and to reduce soil erodibility. Any practice that accomplishes
one or more of these goals will reduce the severity of wind erosion.

SUMMARY

Wind erosion has both geologic- and human-induced components, and both are erratic over
time and place. Wind erosion is a common phenomenon on most soils in dryland regions
and on coarse-textured and high organic-matter soils in humid areas. It damages the land
that loses soil by reducing soil depth and removing fine particles. Slow deposition may con-
tribute to soil fertility, but rapid deposition damages the land where sediment is deposited.
Flying soil grains bury or abrade crops and damage buildings and equipment. Dust in the
air isa health and safety hazard.

Soil moves in the wind in three general forms: the finest grains move in suspension,
intermediate sizes in saltation, and the coarsest erodible grains in surface creep. Finer and
coarser sizes are difficult for even strong winds to dislodge, but intermediate-sized grains
are relatively easy to move. Wind erosion begins with saltation, and the saltating particles
start the smaller grains moving in suspension and cause larger grains to move in surface
creep.
Wind velacity, turbulence, gustiness, and direction all affect the severity of wind ero-
sion. Forces that start particles saltating include pressure differences caused by spinning
soil grains and steep wind-vel ocity gradient near the soil augmented by air turbulence and
irregularities on soil grains and land surfaces. These lift or bounce susceptible particles a
short distance vertically, where they are accelerated by the wind. When they drop back to
the soil surface, they rebound higher and faster, or they knock other particlesinto motion.

Friction velocity represents the velocity gradient over the soil surface and is respon-
sible for wind's erosive power. Erosive force and detaching capacity of awind are propor-
tional to the square of the friction vel ocity, the carrying capacity is proportional to the cube
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of the friction velocity, and the amount of material eroded by wind from a unit areais pro-
portional to the fifth power of the friction velocity.

Factors other than wind also affect wind erosion. Soil cloddiness and stone content,
amount and nature of field ridging, amount of rainfall, topography (smooth or hummaocky),
length of erodible areain the direction of the wind, and amount, nature, and distribution of
vegetative cover influence the amount of soil movement by wind.

Windbreaks are used to reduce the wind velocity around farmsteads, livestock, and
people. Shelterbelts are used similarly to protect fieldsfrom wind erosion for adistance up-
wind about twicethe height of the trees and downwind 15 to 20 timesthe height of thetrees.
Appropriate tree species may produce useful wood products and wildlife habitat aswell as
erosion protection.

There are three principal ways of reducing wind erosion. They are to reduce the ve-
locity of the wind close to the soil, remove abrasive material (saltating grains) from the
windstream, and increase the soil’s resistance to wind erosion.

QUESTIONS

1. Name and describe the three types of movement of soil particlesin the wind.

2. Briefly describe the types of damage to soils, crops, and structures that can be caused by wind
erosion.

3. List the characteristics of wind that influence the amount of soil that is eroded and describe
how each characteristic affects the erosion process.

4. What physical forces appear to be responsible for starting soil movement by wind?

5. Describe how each of the following soil properties affects the erodibility of soils: texture,
structure, organic-matter content, lime content, and moisture content.

6. Describe each of the mechanisms by which vegetation reduces the amount of wind erosion.
7. Why are some shelterbelts being removed while others are being planted in the Great Plains?
8. What are the three principles of wind erosion control and why is each effective?
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PREDICTING SOIL LOsS

The need to evaluate erosion losses and to determine the effectiveness of control measures
became apparent as soon as field workers started promoting conservation. In the 1930s, re-
search officers of the U.S. Soil Conservation Service (SCS) began to assess levels of ero-
sion and to study quantitatively the effects of soil physical characteristics and of control
measures on the erosion process. Eventually, soil 1oss prediction equations were devised for
both water and wind erosion. Field technicians and others use these prediction equationsto
estimate soil losses on specific sites. If the estimated losses exceed tolerable limits, the
eguations are used to ascertain what farming-system changes will reduce the erosion |osses
to acceptable levels. Often several suitable options are found, from which the farmer can
select the one that suits the circumstances best. The equations are refined as new informa-
tion becomes available, asfarming practices change, and as new applications requiring ero-
sion prediction develop.

6-1 TOLERABLE SOIL LOSS

The concept of soil loss tolerance was introduced by SCS research officers (Smith, 1941),
based initially on estimates of rates of soil lossthat could be sustained without reducing the
level of soil organic matter. Different bases were suggested by other workers, such asloss
rates that would permit sufficient soil depth to remain for optimum crop growth, or rates
that could be permitted and still not lose fertility or have gully formation. Wischmeier and
Smith (1978) defined soil losstol erance as“the maximum level of soil erosion that will per-
mit a high level of crop productivity to be sustained economically and indefinitely.”

In 1961 and 1962, agroup of American scientists assigned soil losstolerance (T) val-
ues to alarge group of U.S. soils. These T values ranged from 2 to 6 tons/ac-yr (4 to 13
mt/ha-yr). Later it was agreed that 5 tong/ac-yr (11 mt/ha-yr) should be the maximum rate
and that some soilsare so fragile that arate of only | ton/ac-yr (2 mt/ha-yr) should be added.
Thisrange of T values, from 1 to 5 tons/ac-yr, is still used in the United States.

129
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Four major factors affect the rate of erosion that can occur without permanent loss of
soil productivity: depth of soil, type of parent material, relative productivity of surface soil
and subsoil, and amount of previous erosion. The thicker the soil (A + B horizons) and the
greater the thickness of material permeableto plant roots, the faster erosion can occur with-
out irreparable loss of productive capacity. Unconsolidated, fertile parent material such as
glacial till or loessis more quickly converted into soil than is bedrock. Where surface soil
is notably more fertile and productive than subsoil and parent material, loss of even small
quantities of surface soil will seriously reduce productivity. A soil that has already suffered
serious erosion cannot stand further losses as well as soils not previously damaged.

Johnson (1987), Lal (1985), and others have criticized accepted tolerable losslevels.
Thisisbased on their belief that soil isnot rebuilt, even under the best conditions, asfast as
these rates require. Two U.S. studiesindicate that A-horizon soil can develop fairly rapidly
from B-horizon material or from unconsolidated parent material. An lowa study showed
that thetop 4in. (10 cm) of 24in. (61 cm) of asubsoil fill wastransformed into surface soil,
indi stingui shable from normal topsoil inthearea, in 100to 125 years (Hallberg et a ., 1978).
In an Indianastudy, Kohnke and Bertrand (1959) found that 1 in. (2.5 cm) of soil indeed de-
veloped from glacial till in 58 years at a 1-in. depth, but it took about 700 years for an inch
of soil to develop if buried 24 in. (61 cm), and at 40 in. (1 m) it took more than 1000 years.

To maintain soil depth, new soil must develop at the bottom of the profile, not at the
top. Thus, even at the 1 ton/ac (2.2 mt/ha) annua rate (cumulative rate of 1in./143 yr), the
lost soil will not be fully replaced by the soil development rate found in Indiana until the soil
depth isreduced to approximately 3 in. Thismakesonewonder if assigned T valuesredly are
tolerable,

There are also some who fedl that, on occasion, other factors may restrict tolerable
losses more than soil productivity damage alone. Pierce et al. (1984) described two kinds
of T values. One (T,) measures the effect of erosion on soil physical properties that in turn
influence inherent productivity, and another (T,) involves social goals, such asreducing air
and water pollution. Lower tolerable limits also may be necessary to prevent damage to
property and crops by sediment and wind-driven soil (Hayes, 1965). For example, some
crops are extremely sensitive to abrasion damage. Production of the more sensitive plants
would require that soil losses be kept lower than the usual tolerable limits.

No controversy is complete without hearing from the opposing side. There are those
who argue that the T values are too low for practical purposes because they often indicate
that asoil should not be used in away that has already proven to be highly profitable. Some
say that alessening of the thickness of a deep deposit of loess, alluvium, or glacial till does
little damage to productivity. Others claim that certain soils produce little of value when
they are restricted to uses that limit the rate of erosion to their T values, so the crops that
can be produced now are more valuable than the soil.

It should also be recognized that wind and water are not the only agents that cause
soil loss. Logically, thetotal annual soil loss should be compared to the T value, but in prac-
tice most soil loss calculations are based on the one dominant erosion process or, occa
sionally, on a sum of the estimates for water and wind erosion. The subsidence of an or-
ganic soil following drainage and its gradual 1oss by decomposition added to losses by wind
erosion generally makeit impossibleto farm an organic soil without gradually losing it. The
surface may drop 1to 2 in. (2 to 5 cm) per year—a loss rate far in excess of any T value.
The only way known to stop such loss of organic soil isto keep it saturated with water, but
that preventsit from being used as cropland.
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There are disagreements, too, on the importance of soil movement within a field.
Some argue that a set of terraces controls erosion because any soil movement that occursis
caught in the terrace channels and little or no soil leaves the field. Others suggest that the
soil caught in theterrace channelsindicates aneed for better management of the land above
each terrace. Tillage erosion is another type of soil movement that is usually ignored, but
repeated plowing can remove soil from convex topography (such asahilltop) at arate con-
Siderably faster than the T value (Lindstrom et al., 2000). This soil accumulatesin concave
areas or in backfurrows at the edge of the field. Other tillage implements have a similar ef-
fect, but to alesser degree. The actual amount of movement depends on the implement, the
depth of tillage, and the slope gradient and shape (Gerontidis et al., 2001).

6-2 THE UNIVERSAL SOIL LOSS EQUATION (USLE)

Thefirst equationsfor predicting soil losses from water erosion were developed in the mid-
western United States. Zingg (1940), Smith (1941), Browning et a. (1947), and Musgrave
(1947), all SCS research officers, developed equations that initially involved only slope
steepness and length. Then the effects of crops and special management practices were
added, later inherent soil erodibility was included, and finally arainfall erosiveness factor
was introduced.

The comprehensive soil loss prediction equation now known as the Universal Soil
Loss Equation (USLE) was developed by scientists of the Agricultural Research Service
(ARS) and the Soil Conservation Service (SCS) in the U.S. Department of Agriculture
(USDA) and scientists of Purdue University under the leadership of Walter H. Wischmeier.
The new prediction equation took definite form late in the [950s with initial field use start-
ing amost immediately. It was developed to predict long-term average annual soil losses
from sheet andrill erosion onuniform cultivated fieldsin the eastern half of the United States.

The equation was published in handbook form by Wischmeier and Smith (1965). The
handbook contained a description of the equation accompanied by the tables and graphs
necessary for its use in the field. The equation rapidly gained acceptance and was very
widely used. Conservationists in SCS field offices and others interested in soil conserva-
tion used the USLE to predict soil loss by water erosion on farmers' fieldsin their areas. If
the analysis showed that excessive erosion was occurring, the equation was used to assess
thelikely losses from aternate systems. It became an excellent conservation and extension
tool. The equationis

A=RXKXLSXCXP

where A = estimated average annual soil loss, tons/ac-yr
R = rainfall and runoff factor, 100s of ft-tons/ac-yr

K = soil-erodibility factor, soil loss per unit of rainfall erosivity from bare fallow
on a 9% slope 72.6-ft (22.1-m) long, tons (of soil)/100 ft-tons (of rainfall)

LS = slope length and steepness factor, dimensionless
C = cover-management factor, dimensionless

P = supporting-practice factor, dimensionless
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TABLE 6-1 KINETIC ENERGY, e, IN FT-TONS/AC, PER INCH OF PRECIPITATION AS INFLUENCED
BY RAINFALL INTENSITY, /, IN IN./HR, BASED ON THE EQUATION e =916 T 331 logto'

Rainfall intensity, | (in./hr)

I (in/hr)  0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
0 000 254 354 412 453 485 512 534 553 570
0.1 585 599 611 623 633 643 653 661 669 677
0.2 685 692 698 705 711 717 722 728 733 738
0.3 743 748 752 757 761 765 769 773 77 781
0.4 784 788 791 795 798 801 804 807 810 814
05 816 819 822 825 827 830 833 835 838 840
0.6 843 845 847 850 852 854 856 858 861 863
0.7 865 867 869 871 873 875 877 878 880 882
0.8 884 886 887 889 891 893 894 896 898 899
0.9 901 902 904 906 907 909 910 912 913 915

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1 916 930 942 954 964 974 984 992 1,000 1,008
2 1,016 1,023 1,029 1,036 1,042 1,048 1,053 1,059 1,064 1,069
3 1,0742

aAll intensities greater than 3.0 in./hr also have e = 1,074.

Source: Wischmeier and Smith, 1978.

6—2.1 Components of the USLE

The USLE isan empirical equation based on measurements rather than theory. Each of its
fivefactorsincludestheinfluence of two or more subfactors. Combining the subfactorsinto
afactor may be complex, but combining the five factors with each other is simply a matter
of multiplication.

Rainfall and Runoff Factor (R). Wischmeier (1959) found that the total en-
ergy (E) and the maximum 30-minute intensity (1,,) of rainstorms were the characteristics
most closely correlated with the amounts of erosion produced. The product of the energy
value and the intensity (in inches but used as a dimensionless number) was designated as
El,, or R. Using information from recording rain gauge charts and energy/intensity data
(see Table 6-1), but excluding data from storms that produced 0.5 in. (13 mm) or less of
rain, Wischmeier and his associates analyzed 4000 location-years of rainfall records to ar-
rive at apicture of the varying erosiveness of therainfall over the eastern half of the United
States. These datawere presented in an iso-erodent map. El ., values ranged from less than
50inthe dry regions in the western Great Plains to more than 500 along the northern Gulf
Coast and in parts of Florida.

Soil Erodibility Factor (K). K represents inherent soil erodibility. It is the rate
of soil loss on a standard plot (9% slope, 72.6-ft [22.I-m] long, kept fallow by periodic
tillage up and down hill). A few K values were obtained from studies on the soil conserva
tion experiment stations—from fallow plots and from row-crop plots, corrected for vege-
tative cover. Many were obtained from small plots using arainfall simulator.
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Slope Length and Steepness Factor (LS). LSistheratio of soil lossexpected
per unit areafrom a particular field's slope conditions compared to what would occur from
a 9% slope 72.6-ft (22.1-m) long. Thisratio is calculated from equations developed from
those devised first by Zingg (1940).

Cover-Management Factor (C). Another new concept in the USLE was that
the changing protective effect of crops and crop management practices could be pro-
grammed over the crop year (Wischmeier, 1960). To do this, the crop year was divided into
five different cropstage periods: Rough Fallow, Seedling, Establishment, Growing and
Maturing Crop, and Residue or Stubble. Each cropstage period for a particular crop and
crop management practice was assigned a soil loss ratio—acratio of soil loss with the crop
and/or the practice on the land to the soil loss when the land was under fallow conditions
with periodic cultivation up- and downhill.

These soil loss ratios were developed from analyses of thousands of plot-years of
runoff and soil loss data. The valuesinclude the effects of al factors of crop production that
affect crop growth and erosion reduction.

Supporting-Practice Factor (P). Specid practicesare frequently needed in ad-
dition to the protection provided by the crop and normal crop- and soil-management prac-
tices. Most common specia practices for cropland are contour cultivation, contour strip
cropping, and terracing. The P factor indicates the fractional amount of erosion that occurs
when these specia practices are used compared with what would occur without them.

Contour Cultivation. P values for contour cultivation were based entirely on
slope gradient, assuming slopes were not too long. Additional measures may be needed to
reduce soil losses on longer slopes. Factor values range from 0.5 to 0.9.

Contour Strip Cropping. By definition, contour strip cropping includes contour
strips of sod in cultivated fields. Where half the total length of the dopeisin sod strips, the
strip cropping P factor is0.50. Thisfactor multiplied by the contouring P factor bringstheto-
tal P for contour strip cropping down to values ranging from 0.25 to 0.45. Where one-fourth
of thefield isin sod strips, the P factor is 0.75, bringing the total contour strip-cropping fac-
tor value to between 0.38 and 0.68. No benefit is credited to strip cropping that contains
only cultivated annual crops.

Terraces. The only conservation benefit Wischmeier and Smith credited to ter-
races was changing the effective length of the slope. Therefore, the terrace effect was cred-
ited under the Slope L ength and Steepness Factor, not under the Supporting Practices Factor.

6—2.2 Acceptance of the Universal Soil Loss Equation

The USLE was developed primarily to help field workers assess current erosion levels and,
where necessary, plan changes in management to reduce excessive rates of erosion on cul-
tivated farm fieldsin the eastern half of the United States. Several calculations were needed
for each field proposal developed. The time that was required to make these calculations
might have been expected to slow early acceptance, but the new tool was taken up with en-
thusiasm by SCS administrators and by many of the staff in the SCS state offices. It was
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adopted as an official tool to be used in the devel opment of conservation farm plans by staff
in SCSfield offices. Other government staff members and private individuals, interested in
conservation and in agricultural extension, also adopted the USLE.

Its use spread, not only throughout the eastern half of the United States, but also to
other states and to several other countries. With widespread use, especially use outside of
the eastern half of the United States, the equation was found to need adjustments to meet
new needs. For example, McCool et al. (1974) used the USLE in the Pacific Northwest
region of the United States. Much less intensive rains are the rule there. Also, the USLE
did not consider rain falling on frozen ground and runoff from snow melt in developing
Rvalues. In addition, exceedingly steep slopes complicated determination of satisfactory
LSvalues.

Excluding storms of lessthan 0.5 in. (12.7 mm) from the R value calculations greatly
reduced the number of storms to be calculated and made only a small difference in the re-
sults for the humid portion of the United States. The smaller storms can be important else-
where, however. Evans and Nortcliff (1978) pointed out that thunderstorms producing as
little as 0.3 in. (7.4 mm) of total rainfall cause soil erosion in the United Kingdom. Evans
and Kalkanis (1976) used the equation in Californiato predict erosion not only on cropped
lands but on pastures and haylands. They found it necessary to modify the R factor so that
it would fit the hydrological conditionsin three different regions of the state. They also had
to include snow melt in R for about one-third of the state and had to adjust the LSfactor to
suit local conditions.

Different problems were encountered in the semiarid sections of the southwestern
states. Sediment in the streams, as well as erosion from the soil surfaces, needed to be pre-
dicted. Renard et al. (1974) suggested that “a channel erosion term (Ec) was needed to ex-
plain different sediment yields from watersheds with different channel characteristics.” A
partial pavement of stones provided protection to the soil surface in many areas and needed
to be accounted for in the C factor.

Soil and climatic conditions in Hawaii vary widely; many crop species are very dif-
ferent from those grown on the mainland. Local SCS officials were confused about how to
develop amethod for assessing erosion and ranking the benefits of conservation measures
quantitatively (Brooks, 1974). SCSrepresentatives and University of Hawaii personnel met
with Wischmeier to find a solution. As aresult of these discussions, the Hawaiians assem-
bled the climatic, soil, and other information that was required, and in 1975 issued two SCS
handbooks that described a method for predicting soil erosion lossesin Hawaii.

Over the years some discrepancies showed up. Some of the data proved not to be
quite as universal as was originally supposed. The equation was used outside of its target
areaand for purposesfor which it had not been designed. Adjustmentswere madetoit from
timeto time to overcome many of these problems, but by the mid-1970sit was obviousthat
the equation needed to be overhauled. Its structure needed to be modified so that it could
servethe needs of itsusers better. A modified version was devel oped and published in anew
handbook (Wischmeier and Smith, 1978).

6—2.3 Modified USLE
The basic prediction equation of the modified USLE was not changed. It was still an em-

piricaly based method that continued to predict soil losses caused by sheet and rill ero-
sion. It did not predict losses by accelerated flow in small field gullies. But some basic
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data were modified. Changes were made in the way some of the factors were prescribed
and calculated.

A section in the handbook’s appendix titled “ Conversion to Metric System” givesta
bles on the relationship between rainfall intensity and kinetic energy, both in foot-ton units
and in metric ton-meters per centimeter of rain. Explicit instructions are provided for de-
veloping El values from rain-gauge charts with measurements in mm. A conversion factor
for transforming K valuesto metric is provided. Minor modifications for LSvalues may be
needed only occasionally; these are discussed. As C and P values are dimensionless, no
modifications are needed to convert these values to metric equivalents.

R Values. The major change in the Rainfall-Erosion Index (R) portion of the
equation was the expansion of the index to cover the entire United States, excluding
Alaska. Thiswas done by analyzing many years of rainfall datafrom the statesin the west-
ern half of the country and from Hawaii. Records of additional stationsin the eastern part
were also examined. New iso-erodent maps were drawn up for continental states and for
Hawaii, and somewhat patchy information on the monthly distribution of El over the year
was developed for eight additional states. El values on the new continental map range
from less than 20 to more than 550. For the Hawaiian Islands, the range is from less than
125 to more than 450.

A method was devised to take into account the effect of thaw and snow melt on Rval-
ues in more northern regions, especially in the Pacific Northwest.

K Values. The new handbook contains information on a soil erodibility nomo-
graph (Figure 6-1) developed by Wischmeier et al. (1971) for determining K values from
five soil parameters, % silt + very fine sand, % other sand, % organic matter, structure, and
permeability. This nomograph offersameans of determining K values when no actual mea-
surements are available and for mixed materials such as the altered soils found on con-
struction sites, mine-spoil banks, and other areas. A few representative K values from the
handbook are reproduced in Table 6-2.

LS Values. The equations for calculating LS factor values were changed slightly
inthe modified version of the equation. A new tablefor usein selecting LSvaluesfor known
slope conditionsisincluded inthe handbook, asisagraph. Somefeatures of LShave proven
difficult to standardize. Liu et a. (2000) analyzed data for slopes in the loess plateau of
Chinawith gradients up to 60% and concluded that the proper exponentsfor devel oping the
LS equations are more sensitive to rainfall intensity than they are to slope length, and that
the original USLE values represent their data better than the revised values.

A mgjor addition is the discussion of a method to determine LS values for multiseg-
ment slopes (Foster and Wischmeier, 1974). A table isincluded that can be used in calcu-
lating an LSvalue for slopesthat have from two to five different ope segments. Thistable
can aso be used to obtain combined K X LS X C values where from two to five different
soils, crop densities, and slope conditions are found in asingle field.

C Values. In the new handbook, the number of Cropstage Periods was increased
from five to six. The breaks between most Cropstage Periods coincide with the cover the
crop gives, rather than with afixed time period after a particular field activity or between
two field activities.
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Figure6-1 A nomograph to determine the soil-erodibility factor, K, from percent silt plus very
fine sand (0.002 to 0.1 mm), percent sand (0.1 to 2.0 mm), percent organic matter, soil structure,
and soil permeability. The dashed line shows how the nomograph is used to obtain aK value of
0.31 for a soil having 65% silt + very fine sand, 5% sand, 2.8% organic matter, fine granular
structure, and slow-to-moderate permeability. This same sequence of properties must always be
used to obtain K values from the nomograph. (From the Journal of Soil and Water Conservation,
Volume 26, p. 189193, 1971 [Wischmeier et al.]).

Soil Loss Ratios for many additional crops and cropping practices were provided in the
modified version. Much more information is given on reduced tillage options, including no-
till. Sail lossratios for afew selected crops and cropping systems are presented in Table 6-3.

The modified USLE aso provided C values for construction areas, idle land, pasture
and rangeland, for undisturbed forest land, for woodland that is grazed, burned, or selec-
tively harvested, and for forest land that has had post-harvest site preparation for re-estab-
lishment.

P Values. P values for contour cultivation and contour strip cropping were not
changed in the modified USLE. Stripping without asod crop was still not credited with any
beneficia effect on water erosion.

P values for terracing were changed. In addition to being credited with reducing slope
length, terraces were also credited with causing sediment deposition in the terrace system be-
cause of their influence on the speed of water flow along the terrace channel. While this may
not greatly reduce impoverishment of the soils on the lope, some of this soil can be saved,
and certainly itisnot carried off thefield to pollute streams and be deposited on lands | ower
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TABLE 62 COMPUTED SOIL ERODIBILITY (K) AND TOLERABLE SOIL LOSS (T) VALUES
FOR SOILS ON EROSION RESEARCH STATIONS
Ka TP
Sail type Location (tons/100ft-ton) (tons/ac)

Albiagravelly loam Beemerville, NJ 0.03 -
Austin clay Temple, TX 0.29 2
Bath flaggy silt loam with surface

stones >2 in. removed Arnot, NY 0.05° 3
Boswell fine sandy loam Tyler, TX 0.25 5
Cecil clay loam Watkinsville, GA 0.26 4
Cecil sandy clay loam Watkinsville, GA 0.36 3
Cecil sandy loam Clemson, SC 0.28° 3
Cecil sandy loam Watkinsville, GA 0.23 3
Dunkirk silt loam Geneva, NY 0.69° 3
Fayette silt loam LaCrosse, WI 0.38° 5
Freehold loamy sand Marlboro, NJ 0.08 4
Hagerstown silty clay loam University Park, PA 0.31° 4
Honeoye silt loam Marcellus, NY 0.28° 3
ldasilt loam Castana, |A 0.33 5
Keenesilt loam Zanesville, OH 0.48 4
Lodi loam Blacksburg, VA 0.39 -
Mansic clay loam Hays, KS 0.32 4
Marshall silt loam Clarinda, IA 0.33 5
Mexico silt loam McCredie, MO 0.28 3
Ontario loam Geneva, NY 0.27¢ -
Shelby loam Bethany, MO 041 5
Tifton loamy sand Tifton, GA 0.10 4
Zaneis fine sandy loam Guthrie, OK 0.22 4

aMetric unitsin mt/MJ are 0.1317 times as large as these.
bT values were obtained from Soil Survey soil descriptions. Metric unitsin mt/ha are 2.24 times as large as

these.

cEvaluated from continuous fallow. All others computed from row crop data.
Source: Adapted from Wischmeier and Smith, 1978.

down the slopes. Entrapment of sediment in terrace channelsis predicted to range from 80
to 95%, depending on the type of terrace and slope.

6—2.4 Acceptance of the Modified USLE

The modified version of USLE was accepted readily. It wasintegrated into the operations of
SCSfield officesin all states. With its new features, it was tested in many countries outside
of North America. For example, Ministry of Agriculture officials in Kenya asked the SCS
for assistance in testing the use of the modified USLE in their country. Ulsaker and Onstad
(1984) measured natural rainfall and erosion during a 13-month period, compared the cor-
relationsbetween 15individual erosivity factors, and measured erosionrates. Thesingleero-
sivity factor that correlated best was runoff volume, but El ., was nearly as good. They were
ableto establish that Wischmeier and Smith’s P factor values could be transferred to Kenya.
A few cover and management practicestested indicate that at least some of the C factor val-
ues established in the United States have validity in Kenyaalso (Onstad et al., 1984).
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TABLE 6-3 RATIO OF SOIL LOSS FROM CROPLAND TO CORRESPONDING LOSS FROM
CONTINUOUS FALLOW

Cover soil loss ratio for cropstage period and canopy cover?

Spring after
Line  Cover, crop sequence, residue planting F SB 1 2 380 390 396 4L
no. and management Ib % % % % % % % % %

Corn after corn, grain sorghum, small grain, or cotton in meadowlessrotation
Moldboard plow, conv. till

1 Res. left, spring TP 4500 — 31 55 48 38 — — 20 28
3 Res. left, spring TP 2600 — 43 64 56 43 32 25 21 37
5 Res. |eft, fall TP HP? — 44 65 53 38 — — 20 —
9 Res. removed, spring TP HP — 66 74 65 a7 — — 22 56
Reduced tillage systems
27 Nottill, plant in crop residue 4500 80 — 5 5 5 — — 5 15
43 Conservation tillage 4500 30 — 21 18 15 — — 13 21
Corn in sod-based systems
Moldboard plow, conv. till
Ac 1st year corn, spring TP HP — 8 22 19 17 — — 10 14
B¢ 2nd year corn, spring TP HP — 22 44 38 2 — — 18 20
Soybeans after corn
123 Spring TP, RdL, conv. tillage HP — 33 60 52 338 — 20 17 38
Small grains after grain crops
129 Spring seeded, disked residues 4500 70 — 12 12 1 7 4 2 7
142 Fall seeded, RdL, conv. tillage HP — 31 55 448 31 12 7 5 4
Small grains after summer fallow
146 Conwv. tillage, after sm. grain 200 10 — 70 55 43 18 13 11 12
149 Cons. tillage, after sm. grain 1000 50 — 26 21 15 8 7 6 8
155 Cons. tillage, after row crop 1000 30 — 40 31 24 13 10 8 4
Established meadows
— Grass and legume meadow? HP — —_ = = = = — — 04

3= Rough Fallow, S= Seedbed, 1= Establishment, 2= Development, 3= Maturation, % canopy cover, 4= Residue.
PHP = high productivity—3- to 5-ton yields, 4500 Ib. of spring residue.

¢Calculated from information in Tables 5 and 5D of Wischmeier and Smith, 1978.

dFrom Table 5B.

Source: Modified from Wischmeier and Smith, 1978.

Hussein (1986) could not determine accurate El ) valuesin the usual way from Irag
records. Instead, he used an equation developed by Arnoldus (1977). He obtained reason-
ablevaluesin thisway and prepared an iso-erodent map. He also obtained monthly contri-
butions to annual El ,, values by using sums of squares of monthly rainfall. With these data
as afirst approximation, he predicted sheet and rill erosion for fieldsin northern Iragq using
his adaptation of the modified USLE.

Yu et a. (2001) proposed that rainfall records that lack some of the detail needed for
calculating El 5, can be used by supplementing them either with detailed data collected over
aperiod of 20 to 30 months or with data from another site with asimilar climate.

A similar problem occurred in studies of soil erosion in Northern Rhodesia (now
Zimbabwe). Rainfall recordswere not plentiful, and El ) values from available records cor-
related poorly with observed and measured erosion. Elwell (1978) solved this problem by
developing an independent method of estimating soil loss. His equation was
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Z=KXCXX

Zisthe estimated average annual soil loss (mt/ha-yr). K isthe soil-erodibility factor (mt/ha-
yr). It isacombination of a climate subfactor (E) defined asthe total energy of the average
yearly rainfall and a soil subfactor (F). C isa crop factor obtained from the percent of rain
that strikes vegetation before falling to the soil surface. X isaslope factor that is similar to
Wischmeier and Smith's, but standard slope conditions are different: length is 30 m, gradi-
ent 4.5%. This estimator (Soil Loss Estimator for Southern Africa or SLEMSA) gave sat-
isfactory predictions both on arable and on grazing land.

After some years of use, the modified USLE began to show some significant weak-
nesses. In spite of the fact that it was still the paramount instrument for predicting soil loss
by water erosion both in the United States and abroad and was being used very widely in
planning conservation activities, the USDA-ARS decided, in 1985, to develop an improved
prediction model. The new model was to include new data that would be handled in new
and different ways and would incorporate corrections for the weaknesses that were be-
coming apparent in the modified USLE. The new program was to be called the Revised
Universal Soil Loss Equation (RUSLE).

6—3 REVISED UNIVERSAL SOIL LOSS EQUATION (RUSLE)

RUSL E was devel oped under the leadership of ARS with scientists from other government
agencies cooperating (Renard et al., 1991; Renard et a., 1994; Renard et a., 1997). It was
developed as a paper-based program, but because of the increasing availability of personal
computers at the time the first prototype was field tested, the program was al so adapted for
computer use.

6-3.1 Changes Made in Revising USLE

The basic USLE has been retained, but nearly every factor is evaluated by new techniques,
often using new databases. The R factor was expanded to cover mainland United States
(Figure 6-2) and Hawaii. R factors in Hawaii vary from less than 100 to 2000, with the
higher values occurring at high elevations, because these receive the most rainfall. Both K
and C are varied seasonally by climatic data (monthly precipitation and temperature, frost-
free period, and 15-day distribution of El). Thedope (LS) factor hasbeen revised. The cover-
management (C) factor has been expanded into a continuous function with four subfactors:
prior land use, surface cover, crop canopy, and surface roughness. The conservation-practice
(P) factor has been expanded to include data for rangeland. The major differences between
the modified USLE and RUSLE are set out in Table 6-4.

6—-3.2 Release and Acceptance of RUSLE

RUSLE weas first released by USDA-ARS in 1992. The Soil Conservation Service (now
Natural Resources Conservation Service [NRCS]) decided that same year to adopt the new
RUSL E andincorporateitintoits Field Office Computing System (FOCS). By 1997, RUSLE
was being used in about half the conservation districts in the United States. In additional
states, data are being gathered that will be used to develop local databases for the C factor.
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States. (Modified from Renard et al., 1997.)

6-3.3 Training NRCS Personnel to Use RUSLE

Rather than undertake the responsibility for training NRCS employeesin the use of the new
equation and software, ARS negotiated a Cooperative Research and Development
Agreement (CRADA) with the Soil and Water Conservation Society (SWCS) in 1992.
(SWCSis a not-for-profit, private organization headquartered in Ankeny, lowa.) The then
current version of RUSLE was turned over to SWCS. By signing the CRADA, SWCS
agreed to assume many responsibilities (Kautza et al., 1995). Among other things, SWCS

1

E

developed training materials that were used to transfer a knowledge of the
RUSLE technology to the trainers of the ultimate users of the software

worked with NRCS and other user groups asthey incorporated RUSLE into their
activities

served as liaison between ARS and the user groups

conducted training workshops for prospective trainers of the technology
accepted responsibility for merchandising RUSLE software and manuals.

6—-3.4 Updating RUSLE

As SWCS began its training-development program, it became evident that further im-
provement of the software was necessary. SCS specialists and ARS scientists analyzed
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TABLE 6-4 SUMMARY OF THE DIFFERENCES BETWEEN THE MODIFIED USLE AND RUSLE

Factor Modified USLE RUSLE
R Based on long-term average rainfall conditions Generally the same as USLE in the eastern U.S.
for geographic areasin the U.S. Values for western states (Montanato New Mexico

and west) are based on data from more weather sta-

tions and thus are more precise for any given location.
RUSLE computes a correction to R to reflect the effect

of raindrops striking water ponded on flat surfaces.

K Based on soil texture, organic-matter content, Same as USLE but adjusted to account for seasonal
permeability, and other factors inherent to changes such as freezing and thawing, soil moisture,
soil type. and soil consolidation.

LS Based on length and steepness of slope, regardless ~ Refines USLE by assigning new equations based on
of land use. the ratio of rill to interrill erosion, and accommo-

dates complex slopes.

C Based on cropping sequence, surface roughness, Uses the subfactors prior land use, canopy cover,
and canopy cover, which are weighted by the surface cover, surface roughness, and soil moisture.
percentage of erosive rainfall during the six Refines USLE by dividing each year in the rotation
crop stages. Lumps these factors into a table of into 15-day intervals, calculating the soil loss ratio
soil lossratios, by crop and tillage scheme. for each period.

Recalculates anew soil loss ratio every time atillage
operation changes one of the subfactors. RUSLE
provides improved estimates of soil loss changes as
they occur throughout the year, especially relating to
surface and near-surface residue and the effects of
climate on residue decomposition.

P Based on installation practices that slow runoff P factor values are based on hydrologic soil groups,
and thus reduce soil movement. P factor values slope, row grade, ridge height, and the 10-year,
change according to slope ranges with some single-storm erosion-index value.
distinction for various ridge heights. RUSLE computes the effect of strip-cropping based on

the transport capacity of flow in dense strips relative
to the amount of sediment reaching the strip.

The P factor for conservation planning considers the
amount and location of deposition.

Source: Renard et ., 1994.
more data and modified the software. Improvements to the model resulted in SWCS

RUSLE Versions 1.03 (January 1994) and 1.04 (June 1994).
Work on a new Version 2.0 began in 1993. There were three major reasons for de-
veloping Version 2.0 (Yoder and Lown, 1995):

1. The earlier versions were not making full use of the USLE erosion-predicting power.
For example, K, C, and P factors were averaged separately over the crop season and the re-
sulting averages were multiplied to get a year-long A value, even though they all change
over the growing season. A more accurate way to handle the changesisto obtain the inter-
actions of these elements (mathematical products of K and C and P) as they change indi-
vidually over the season and then average these products to obtain a seasonal value.

2. The computer software produced after the paper-structured program was devel oped
was awkward to use, and internal movement during execution caused technical and com-
puter problems.
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3. Many of the countries that want to use the new RUSLE technology work in metric
units. It is far ssimpler to include this capability in a new computer-based technology than
to try to introduce changesin the versions already completed.

Some very important changes are made in RUSLE Version 2.0. This version uses the
same RUSLE technology and many of the same databases. Rather than use an independent-
factor approach as was done in former versions, Version 2.0 asks users to describe fully the
situationin thefield for which erosion losses are to be predicted. With the complete description
keyed in, the program calculates the erosion rate. In addition, the individual time-varying fac-
torsmentioned previoudly (K, C, and P) aremulltiplied together, automatically, throughout the
year and the individual products averaged to give seasonal K X C X P values.

Version 2.0 also has the capability to calculate soil loss values for slopes with differ-
ent soils, management schemes, even crops. Version 2.0 is a Windows™-based program. It
takes advantage of the extraresources that operating system provides and the more power-
ful computers that are required to run Windows™.

6-3.5 Predicting Soil Losses Caused by Water Erosion—
A Specific Example

USLE and the early versions of RUSLE were solved using paper tables and graphs. Many
NRCS district offices still use this paper model of RUSLE for predicting soil 1osses on co-
operators farms. This example will generate a prediction the paper way, even though com-
puter programs with data banks instead of tables and graphs are available now.

The factors described in the earlier sections of this chapter and the data contained in
the figures and tables can be used to predict soil loss. This example will calculate the aver-
age annual soil loss from afield planted to continuous corn on a Marshall silt loam soil in
southwestern lowa. Thefield has a slope gradient of 8% and aslope length of 250 ft (75 m).
Cornyields average 125 bu/ac (78.6 quintals/ha), and about 4500 Ib/ac (5045 kg/ha) of crop
residue remains on the field in the spring. The land is turn plowed in early April, and the
seedbed is prepared subsequently by disking and harrowing. No specia erosion-control
practices are employed.

Many tables of values for the time-dependent variables K, C, and P have been com-
puter generated for a variety of conditions. Selected tables are reproduced in this section.
Rainfall valuesin mountainous areas such aswestern United Statesand Hawaii vary greatly
with elevation and cannot be shown accurately on a small map, such as Figure 6-2. Local
R values, 24-hour storm El values, and appropriate tables for K and C values are best ob-
tained from state or district NRCS offices. Another alternative is to purchase the manual
and software for computer solutions.

An R vaue for southwestern lowa (170 hundred ft-ton/ac-yr) is obtained from
Figure 6-2. The most recent K value for Marshall silt loam, obtained from the NRCS state
officein Des Moines, lowa (0.32 ton soil 10s5/100 ft-ton of R), is adjusted to 0.26 as pre-
scribed in Table 6-5.

An LSvalue of 1.62 for row-cropped fields on 8% gradient and 250-ft slope lengthis
obtained from Table 6-6B.

Data for calculating a C value are found in Table 6-7. Thisis just one set of tables
from a total of 12 sets that were developed to evaluate C values for Climatic Zone 99
(Shenandoah, lowa). This particular set of seven tables is for Mulch Till preparation,
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TABLE 6-5 AVERAGE ANNUAL K-FACTOR ADJUSTMENTS
CLIMATIC ZONE: 99 (SHENANDOAH, I1A)

Current K RUSLE adjusted K Current K RUSLE adjusted K
0.02 0.02 0.28 0.24
0.05 0.05 0.32 0.26
0.10 0.08 0.37 0.30
0.15 0.12 0.43 0.35
0.17 0.15 0.49 0.40
0.20 0.17 0.55 0.46
0.24 0.20 0.64 0.52

Source: USDA NRCS, Technical Guide, Section 1, Erosion Prediction, 1996.

TABLE 6-6A VALUES FOR TOPOGRAPHIC FACTOR (LS) FOR LOW-RATIO RILL TO INTERRILL
EROSION, SUCH AS FOR RANGELAND

Slope

(%)

Slope length (ft)

25 50 75 100 150 200 250 300 400 600 800 1000

05

ooUhs WNBE

10
12
14
16
20

0.08 0.08 008  0.09 0.09 0.09 0.09 009 0.09 0.09 0.09 0.09
0.13 0.13 014 014 015 015 0.15 015 016 0.16 0.17 0.17
0.21 0.23 025 0.26 027 028 0.29 030 031 0.33 0.34 0.35
0.29 0.33 036 038 040 043 0.44 046 048 0.52 0.55 0.57
0.36 0.43 046  0.50 054 058 0.61 063 067 0.74 0.78 0.82
044 052 057 0.62 0.68 0.73 0.78 081 087 0.97 1.04 1.10
0.50 0.61 068 074 0.83 0.90 0.95 1.00 1.08 121 131 1.40
064 079 090  0.99 112 123 132 1.40 153 174 191 2.05
0.81 1.03 119 131 151 167 1.80 192 213 245 271 2.93
1.01 131 152 1.69 197 220 2.39 2.56 2.85 3.32 3.70 4.02
1.20 158 18 208 244 273 2.99 321 3.60 4.23 474 5.18
1.38 1.85 218 246 291 328 3.60 388 437 517 5.82 6.39
174 237 284 322 385 438 4.83 524 595 7.13 8.10 8.94

Source: Modified from USDA NRCS, Technical Guide, Section 1, Erosion Prediction, 12/96.

Medium Production (125 bu/ac) fields. From the first section of the table, Corn after, the
value 0.20 for Soring Primary Tillage—Plow occursin thefirst column of thefirst row. The
value for P is 1.0 because no special practices are employed. Therefore

A =170 X 0.26 X 1.62 X 0.20 X 1.0 = 14.3 tong/ac-yr

This predicted soil loss is almost three times the tolerable rate for Marshall silt loam
(T = 5 tong/ac-yr, as shown in Table 6-2).

Severa changes can be made to reduce the rate of soil loss. Reducing tillage will
leave more crop residue on the soil surface for protection; contour cultivation or strip crop-
ping can be employed; terraces can be installed; a crop rotation with a lower C value can
be initiated; or some combination of these conservation practices can be devised that will
reduce the rate of soil lossto the tolerable level.

Using amulch tillage scheme to ensure 30% ground cover would reduce the C factor
valueto 0.11, as shown in Table 6-7 for Corn after Corn, with Spring Primary Tillage, and
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TABLE 6-6B VALUES FOR TOPOGRAPHIC FACTOR (LS) FOR MODERATE-RATIO RILL TO
INTERRILL EROSION, SUCH AS FOR ROW-CROPPED AGRICULTURAL AND OTHER MODERATELY
CONSOLIDATED SOIL CONDITIONS WITH MODERATE COVER

Slope

(%)

Slope length (ft)

25 50 75 100 150 200 250 300 400 600 800 1000

05

ooUhA WNBRE

10
12
14
16
20

0.08 0.08 008  0.09 0.09 0.09 0.09 009 010 0.10 0.10 0.10
0.12 0.13 014 014 015 0.16 0.17 017 018 0.19 0.20 0.20
0.19 0.22 025 027 029 031 0.33 035 037 041 0.44 0.47
0.25 0.32 036 0.39 044 048 0.52 055 060 0.68 0.75 0.80
0.31 0.40 047 052 060 0.67 0.72 077  0.86 0.99 1.10 119
0.37 0.49 058  0.65 0.76  0.85 0.93 101 113 1.33 1.49 1.63
0.43 0.58 069 0.78 093 1.05 116 1.25 1.42 1.69 191 21
0.53 0.74 0.91 1.04 126 145 1.62 177 2.03 247 2.83 3.15
0.67 0.97 119 1.38 171 198 222 244 284 3.50 4.06 4.56
0.84 123 153 1.79 223 261 2.95 326 381 4.75 5.56 6.28
1.00 1.48 18 219 276 325 3.69 409 482 6.07 7.15 8.11
115 173 220 260 330 390 4.45 4.95 5.86 7.43 8.79 10.02
1.45 222 285 340 436 521 5.97 6.68 7.97 1023 1220 1399

Source: Modified from USDA NRCS, Technical Guide, Section 1, Erosion Prediction, 12/96.

TABLE 6-6C VALUES FOR TOPOGRAPHIC FACTOR (LS) FOR HIGH-RATIO RILL TO INTERRILL
EROSION, SUCH AS FRESHLY PREPARED CONSTRUCTION AND SIMILAR HIGHLY DISTURBED
SITES WITH LITTLE OR NO COVER

Slope

(%)

Slope length (ft)

25 50 75 100 150 200 250 300 400 600 800 1000

0.5

0.07 0.08 0.08  0.09 0.09 0.10 0.10 0.10 0.11 0.12 0.12 0.13
0.10 0.13 014 015 017 018 0.19 020 022 0.24 0.26 0.27
0.16 0.21 025 028 033 037 0.40 043 048 0.56 0.63 0.69
0.21 0.30 036 041 050 057 0.64 069 0.80 0.96 1.10 123
0.26 0.38 047 055 068 0.79 0.89 0.98 114 1.42 1.65 1.86
0.31 0.46 058 0.68 086 1.02 116 1.28 151 191 2.25 2.55
0.36 0.54 069 0.82 105 125 143 1.60 1.90 243 2.89 3.30
0.45 0.70 0.91 1.10 143 172 1.99 224 270 3.52 4.24 491
0.57 0.91 1.20 1.46 192 234 2.72 3.09 3.75 4.95 6.03 7.02
0.71 115 154 1.88 251  3.07 3.60 4.09 5.01 6.67 8.17 9.57
0.85 1.40 187 231 309 381 4.48 511 6.30 845 1040 1223
0.98 164 221 273 368 456 5.37 6.15 760 1026 1269 14.96
124 210 286 357 485 6.04 7.16 823 1024 1394 1735 2057

Source: Modified from USDA NRCS, Technical Guide, Section 1, Erosion Prediction, 12/96.

30% cover. Thiswould bring the predicted erosion level down to 6.9 tong/ac-yr (15 mt/ha-
yr), still above the tolerable level.

A =170 X 0.26 X 1.62 X 0.11 X 1.0 = 6.9 tons/ac-yr

For reduced tillage to reduce erosion losses to the tolerable level on thisfarm, at least 50%
ground cover would have to be maintained on the surface every year. This would require
instituting a no-till system. With a minimum 50% cover on the soil surface every year, the
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TABLE 6-6D VALUES FOR TOPOGRAPHIC FACTOR (LS) FOR THAWING SOILS WHERE MOST
EROSION IS CAUSED BY SURFACE FLOW

Slope

(%)

Slope length (ft)

25 50 75 100 150 200 300 400 500 600 800 1000

18
20

0.05 0.07 0.09 0.0 012 014 0.17 020 022 0.24 0.28 0.31
0.08 0.11 014 016 020 023 0.28 032 036 0.40 0.46 0.51
014 020 025 029 035 041 0.50 058 064 0.71 0.82 0.91
0.21 0.29 036 042 051 059 0.72 083  0.92 1.02 117 131
0.27 0.38 047 054 066 0.77 0.94 1.08 1.20 1.33 153 171
0.33 0.47 058  0.67 082 094 116 134 1.50 164 1.89 211
0.40 0.56 069 0.79 097 112 1.38 1.59 1.79 1.95 2.25 251
0.52 0.74 0.91 1.05 128 148 181 2.09 2.33 2.56 2.96 331
0.62 0.88 1.08 1.25 153 177 2.16 2.50 2.79 3.06 354 3.95
0.70 0.98 121 1.39 171 197 241 278 310 341 3.94 4.40
0.76 1.08 1.32 153 187 216 2.64 305 341 3.74 431 4.82
0.82 117 1.43 1.65 202 233 2.86 3.30 3.69 4.04 4.67 522
0.88 1.25 1.53 1.82 216 250 3.06 353 394 4.32 5.00 5.58
0.94 133 1.63 1.88 230 266 3.25 376 419 4.60 531 5.94

Source: Modified from Renard et al., 1997.

C value becomes 0.036 (from a no-till table not presented here). The predicted soil loss
would then be 2.6 tons/ac-yr (5.8 mt/ha-yr).

To determine the effect of contour cultivation on the predicted level of erosion, a sub-
factor value for contour cultivation (Pc) must be obtained. Thisis based on the soil’s Cover-
Management Condition, its Soil Hydrologic Group, the field's Ridge Height category, and an
estimate of the Grade of the contour rows. The cover-management condition isascertained by
sl ecting the management condition (Codes 1 to 7) from Table 6-8 that best describesthefield
condition during the one-quarter of the year when rainfall and runoff are most erosive and the
soil is most susceptible to erosion. Because P factor effects are approximate, no provision is
made to vary the cover-management condition code during the year. The Soil Hydrologic
Group designation can be obtained from the Soil and Water Section of an appropriate County
Soil Survey Report. Ridge Height characteristics are described in Table 6-9. The sdlection
(\Very Low, Low, etc.) ischosen that best describes the conditions during the one-quarter of the
year when rainfall and runoff are the most erosive and the soil is most susceptible to erosion.

Conditionsset up for the examplefield suggest that the Cover-Management Condition
is“5” and the Ridge Height classification is “Low.” The Soil Hydrologic Group is“B.” A
Row Grade of 1% will be assumed for this example, since afield measurement is not avail-
able. The Pc subfactor value of 0.61 for low ridge heights, 8% slope, and 1% row gradeis
obtained from Table 6-10. (Thistable, like Table 6-7, is one set of awhole family of table
sets for determining contour-cultivation subfactor values.) With contour cultivation, then

A =170 X 0.26 X 1.62 X 0.20 X 0.61 = 8.7 tong/ac-yr
Combining conservation tillage and contouring, the predicted soil lossis
A =170 X 0.26 X 1.62 X 0.11 X 0.61 = 4.8 tong/ac-yr

Thislevel of erosion is below the tolerance limit.
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TABLE 6-7 RATIO OF SOIL LOSS FROM CROPLAND TO CORRESPONDENT
LOSS FROM CONTINUOUS FALLOW, MULCH-TILL, MEDIUM PRODUCTION (CORN—125 BU/AC,
SOYBEANS—35 BU/AC); THE COLUMN HEADINGS INDICATE THE PERCENT RESIDUE COVER

Spring primary tillage Fall primary tillage
Corn after Plow 10 20 30 40 50 60 Pow 10 20 30 40 50 60
Corn 20 17 13 11 .09 .08 21 17 13 11 .095 .085
Corn silage w/cover 26 20 .16 .14 125
Corn silage .36 34 37 35"
Small grain-baled 33 26 22 19 a7 34 27 23 20 .18
Soybeans .30 25 22 .20 .19 .33 25 22 20 .18
Soybeans
w/narrow row 29 25 22 .20 19 31 25 2 19 .18
Meadow .10 .09 .08 .07 15 13 11 10
Spring primary tillage Fall primary tillage
Wide-row

soybeans after Plow 10 20 30 40 50 60 Pow 10 20 30 40 50 60

Corn 24 19 15 12 10 .085 .075 .26 19 15 12 10 .09
Corn silage w/cover 26 22 18 .15 A3 12 1
Corn silage A1 .39° 42 A0
Small grain-baled 37 30 25 .18 .16 43 32 27 23 21
Soybeans 34 29 26 24 37 30 27 25
Meadow 10 .085 .075 .07 15 A3 11 1

Spring primary tillage Fall primary tillage

Narrow-row

soybeans after Plow 10 20 30 40 50 60 Pow 10 20 30 40 50 60

Corn .18 14 11 .09 .075 .06 .18 A3 10 .082 .07 .06
Corn silage w/cover 22 18 14 12 A1 .10
Corn silage 31 31" .32 31
Small grain-baled .28 23 .20 .18 17 34 25 21 19 .18
Soybeans
w/narrow rows 24 20 .18 .16 15 27 20 17 .16
Meadow 075 .065 .055 .05
Spring primary tillage Fall primary tillage

Spring small grain

(baled) after Plow 10 20 30 40 50 60 Pow 10 20 30 40 50 60
Corn .048 029 022 .018 .014 .01 055 .04 .03 .023 .02 .018 .015
Corn silage 14 0.11" 12
Soybeans .08 .065 .054 .048 .045 095 .07 .058 .051 .046
Soybeans

w/narrow rows 075 .064 .053 .048 .045 .041 .09 .066 .055 .045 .04
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Spring primary tillage Fal primary tillage
Corn silage after Pow 10 20 30 40 50 60 Pow 10 20 30 40 50 60
Corn 23 18 14 12 .10 24 18 14 12 .10
Corn silage 40 .38 41 .39
Small grain-baled 36 30 25 22 37 32 26 .23
Soybeans 34 29 26 24 3 30 27 25
Soybeans
w/narrow rows 34 29 26 24 36 29 25 .28
Meadow 11 .09 .08 .075 15 13 12 1
Spring primary tillage Fal primary tillage
Oats with
meadow after Pow 10 20 30 40 50 60 Pow 10 20 30 40 50 60
Corn .022 .012 .009 .007 .005 .004 .028 .018 .013 .01 .008 .006 .005
Corn silage .089 .08 .10 .09
Soybeans .04 03 .026 .024 .022 .055 .038 .031 .028 .025
Soybeans
w/narrow rows .04 032 .026 .024 .022 .052 .038 .031 .028 .026
Spring primary tillage Fall primary tillage
Corn silage with
cover after Plow 10 20 30 40 50 60 Pow 10 20 30 40 50 60
Corn 22 17 13 10 .09 .08
Soybeans w/cover 26 21 16 .14 12 11
Soybeans 31 24 21 .20 19
Soybeans
w/narrow rows 31 24 21 195 .18

“Residue levels will normally be below 10% cover.
Source: USDA NRCS Technical Guide, Section 1, Erosion Prediction, 1996.

Thisgivestwo known alternatives that would bring about satisfactory reductionsin ero-
sion: (a) no-till, and (b) conservation tillage with contour cultivation. Inred life, these systems
would be explained to the farmer as abasis for deciding the best program for thefield.

Other systems could be devised also. A terrace system could be used to reduce ero-
sion from thisfield. If an open terrace system with 100-ft terrace intervals and 0.2% chan-
nel grade were developed, the LSfactor value would change to 1.04 (Table 6-6B), and the
terrace subfactor value (Pt) would be 0.6 (Table 6-11). For a combination of contour cul-

tivation and terraces (contour cultivation should be used when afield isterraced), the over-
all P factor value would be

P=PcXPsXPt=0.61X10X0.6=0.37

With the original plow, disk, and harrow tillage system, plus contour cultivation and ter-
races, the predicted soil lossis

A =170 X 0.26 X 1.04 X 0.20 X 0.37 = 3.4 tong/ac-yr



148

Predicting Soil Loss  Chap. 6

TABLE 6-8 DESCRIPTION OF COVER-MANAGEMENT CONDITIONS USED IN RUSLE FOR

ESTIMATING P FACTOR VALUES

Cover-management condition

Description

Code 1. Established meadow

Code 2. 1st year meadow, hay

Code 3. Heavy cover and/or
very rough

Code 4. Moderate cover
and/or rough

Code 5. Light cover and/or
moderate roughness

Code 6. No cover and/or
minimal roughness

Code 7. Clean-tilled, smooth
fallow

In this condition, the grass is dense and runoff is very slow, about the slowest under
any vegetative condition. When mowed and baled, this condition is condition 2.

In this condition, the hay is a mixture of grass and legume just before cutting. The
meadow isagood stand of grass that is nearing the end of itsfirst year. When
mowed and baled, this condition becomes a condition 4 for a short time.

Ground cover for this condition is about 75 to 95%. Roughness would be like that
left by a high-clearance moldboard plow on a heavy-textured soil. Roughness de-
pressions would appear to be 7-in. deep or deeper. Vegetative hydraulic-roughness
would be similar to that produced by a good legume crop, such as lespedeza,
which has not been mowed.

The ground cover for this condition is about 40 to 65%. Roughness would be
similar to that left by a moldboard plow in a medium-textured soil. Depressions
would appear to be about 4- to 6-in. Vegetative hydraulic-roughness would be
much like that produced by winter small grain at full maturity.

Ground surface cover is between 10 and 35%. The surface roughness s like that left
by the first pass of atandem disk over a medium-textured soil that has been
moldboard plowed, or that |eft after a chisel plow cultivated a medium-textured
soil at optimum moisture conditions (for tillage). Roughness depressions appear
to be about 2- to 3-in. deep. In terms of hydraulic-roughness produced by vegeta-
tion, this condition is much like that produced by spring small grain at about
three-fourths maturity.

This condition is very much like the condition found in row-cropped fields after the
field has been planted and exposed to moderately intense rainfall. Ground cover
is5% or less, and the roughnessis that characteristic of agood seedbed for corn
or soybeans. The surface is rougher than that of afinely pulverized seedbed pre-
pared for vegetables or grass.

This condition is essentially bare, with a cover of 5% or less. The soil has not had a
crop grown on it in 6 months or more. Much of the residual effect of previous
cropping has disappeared. The surface is smooth, much like the soil surface that
develops on avery finely-pulverized seedbed exposed to several intenserain-
storms. This condition may be found in fallowed and vegetable fields, or in
newly-sown lawns and hay fields.

Source: Adapted from USDA NRCS Technical Guide, Section 1, Erosion Prediction, 9/96.

This, then, is another way of controlling erosion losses, albeit an expensive way.
It should be remembered that erosion predictions for individual fields and farms,

made with USLE, RUSLE, and most other equations, are anticipated long-term average
losses under normal conditions and average management. There are many farms that are
managed in unconventional ways, so there will be cases where predicted losses will be
larger or smaller than those actually taking place. Jackson (1988) studied a farm in Ohio
that had been operated by the same Amish family in the same way for 150 years. Predicted
average soil loss from the Wooster silt loam soil on the farm was 15 tons/ac-yr (36 mt/ha-
yr). Thisis aloss equivalent to about 15 in. (38 cm) of soil depth during that 150-year pe-
riod. In the mid-1980s, however, the soils of the farm still matched the Wooster silt loam
soil description as to horizon depth and other properties. Actual erosion losses must have
been near the rate of soil renewal, not at the rate predicted.
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TABLE 6-9 DESCRIPTION OF RIDGE HEIGHTS USED IN RUSLE FOR ESTIMATING P FACTOR

VALUES

Ridge height

Category

Inches Descriptive field situation

Very low

Low

Moderate

High
Very high

0.5-2 Plants not closely spaced, but with a perceptible ridge height.
No-till planted crop rows.
Fields that have been rolled, pressed, or dragged after planting.
Conventionally drilled crops when erosive rains occur during or soon after planting.
Clean-seeded hay that leaves avery low ridge.
2-3 No-till drilled crops.
Mulch-tilled row crops.
Conventionally planted row crops without row cultivation.
Conventionaly drilled small grain crops when erosive rains are uniformly distributed
throughout the year.
Winter small grains when runoff from snow melt occurs during winter and early spring.
Transplanted crops, widely spaced.
34 Conventionally (clean) tilled row crops with row cultivation.
High-yielding, winter small grain crops when erosive rains are concentrated in the late spring
after plants have developed a stiff, upright stem.
Transplanted crops that are closely spaced and/or in narrow rows.
46 Ridge-tilled crops with high ridges during periods of erosiverains.
>6 Ridge-tilled crops with very high ridges during periods of erosive rains.
Hipping, bedding, or ridging with very high ridges during periods of erosiverains.

Source: Adapted from USDA NRCS Technical Guide, Section 1, Erosion Prediction, 9/96.

6-4 COMPUTER-BASED SOIL LOSS PREDICTION MODELS

Ascomputer technology devel oped and as personal computer availability increased, anum-
ber of other computer software programs were developed to predict soil erosion losses for
specific purposes. New programs that analyzed the erosion process on either a daily or a
small-area basis were also developed. These programs are generally known by their
acronyms rather than by the long names those acronyms represent.

6—4.1 soil loss Prediction for Special Purposes

Erosion predictions can be used for avariety of purposes. For example, eroded soil carries
plant nutrients with it and thereby contributes to water pollution if it enters a body of wa-
ter. The emphasisin a program to predict water pollution is on the delivery of nutrients to
water that may become polluted rather than on how much soil islost from an areain afield.
Other programs are designed for administrative or other purposes that have their own
unique requirements.

ANSWERS (Aerial Non-Point Environmental Response Simulation).
Beadley et al. (1980) developed the ANSWERS program to predict movement of nutrients
and sediment from agricultural land to lakes and streams. Beasley and Huggins (1982) pre-
pared a computer manual for this program.
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Very low ridge heights

Predicting Soil Loss

Chap. 6

10-Year Rainstorm El Value—80
Cover Management Condition—5
Soil Hydrologic Group—B

Row grade
Slope O 1 2 3 4 5 6 8 10 12 14 16 18 20
2 056 0.87 1.00
4 050 075 085 093 100
6 051 071 079 08 091 09 1.00
8 055 071 078 083 087 091 094 100
10 062 074 079 083 08 08 091 09% 100
12 071 079 083 08 08 09 092 09 098 100
14 081 08 088 09 091 092 093 09 097 099 1.00
16 091 093 094 09 09 09 097 097 098 099 099 100
18 100 100 100 100 100 100 100 100 100 100 100 1.00 1.00
20 100 100 100 100 100 100 100 100 100 100 100 100 100 1.00
Low ridge heights
Row grade
Slope O 1 2 3 4 5 6 8 10 12 14 16 18 20
2 050 0.85 1.00
4 039 070 082 092 100
6 038 063 074 08 089 09 1.00
8 040 061 070 077 08 087 092 100
10 045 062 070 075 080 084 08 094 100
12 050 064 070 075 079 08 08 091 096 100
14 057 069 073 077 08 08 08 09 093 097 100
16 064 073 077 080 08 08 08 09 093 09 098 100
18 073 079 082 084 08 087 08 091 093 095 097 098 1.00
20 081 08 087 08 09 091 091 093 095 096 097 098 099 1.00
Moderate ridge heights
Row grade
Slope O 1 2 3 4 5 6 8 10 12 14 16 18 20
2 045 084 1.00
4 029 065 079 090 100
6 026 056 069 078 086 094 1.00
8 027 053 064 072 079 08 090 100
10 029 052 061 068 074 079 084 093 100
12 033 052 060 067 072 076 081 08 094 100
14 038 055 062 067 071 075 079 08 091 09 1.00
16 043 057 063 068 072 075 078 083 083 092 09 100
18 049 061 066 070 073 076 079 083 087 091 094 097 1.00
20 055 065 069 073 075 078 08 084 087 09 093 095 098 1.00
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High ridge height

Row grade
Slope 0 1 2 3 4 5 6 8 10 12 14 16 18 20
2 042 083 100
4 021 061 077 089 1.00
6 016 050 065 075 08 093 1.00
8 016 046 058 068 075 082 089 1.00
10 017 043 054 063 070 076 081 091 1.00
12 020 043 053 060 066 072 077 08 093 100
14 023 044 052 059 064 069 074 081 088 094 1.00
16 027 045 053 059 064 068 072 079 08 09 095 1.00
18 031 047 054 059 064 068 071 077 083 088 092 09 1.00
20 036 050 056 061 065 068 071 077 082 08 09 093 097 100

aThisis one set of tables for determining P subfactor (contouring) values. Other sets for different combinations of 10-Year
Rainstorm EI values, Cover Management Conditions, and Soil Hydrologic Groups are also available.

Source: Adapted from USDA NRCS Technical Guides, Section 1, Erosion Prediction, 12/96.

TABLE 6-11 TERRACE SUBFACTOR (Pt) VALUES FOR CONSERVATION PLANNING

Pt subfactor value

Open outlets, with terrace grade of

Terrace Closed

interval ft outlets 0.1-0.3% 0.4-0.7% 0.8%+
<111 05 0.6 0.7 1.0
111-140 0.6 0.7 0.8 1.0
141-180 0.7 0.8 0.8 1.0
181-225 0.8 0.8 0.9 1.0
226-300 0.9 0.9 0.9 1.0
>300 1.0 1.0 1.0 1.0

Source: Adapted from USDA NRCS Technical Guide, Section 1, Erosion Prediction, 12/96.

CREAMS (Chemicals, Runoff, and Erosion from Agricultural Manage-
ment). CREAMS was developed by ARS scientists for use on small watersheds. It pre-
dicts simple runoff and also has a component to assess nutrient losses on sediment and in
runoff (Knisel, 1980). It requires topographic input, information on soil erodibility, poten-
tial runoff, cover management, and climatic data. It was designed for use on a mainframe
computer.

EPIC (Erosion Productivity Impact Calculator). The EPIC program was de-
veloped by ARS scientists to assess the long-time effect of soil erosion on soil productivity
(Williams et al., 1983). Its primary, initial function was to refine data for USDA reports to
fulfill the 1977 Soil and Water Resources Conservation Act mandate for a periodic review
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of the condition of soil, water, and related resources on agricultural land. It was also used to
make predictions on productivity losses by erosion and on management needed to control
these losses. The model includes components of climate, runoff, erosion, soil moisture, soil
chemistry, crop growth, crop and soil management, and economics. It computes erosion
from asingle point on the landscape, but it does not consider sediment deposited in thefield.
Initially, it required a mainframe computer, but was reprogrammed for personal computers.

AGNPS (Agricultural Non-Point Source). The AGNPS pollution model was
developed by ARS, SCS, the University of Minnesota, and the Minnesota Pollution Control
Agency to estimate runoff water quality from agricultural watersheds ranging in size from
510 50,000 acres (Young et al., 1989a). It predicts runoff volume, peak rate of flow, eroded
and delivered sediment, nitrogen and phosphate in runoff, and oxygen required to decom-
pose organic and inorganic chemicals that are added from feedlots, springs, wastewater
treatment plants, and so forth. It can be run on an IBM-compatible personal computer. A
user'sguideisavailable (Young et al., 1989b).

CAMPS (Computer-Assisted Management and Planning System). SCS
developed the CAMPS program. It was used in SCSfield offices to develop conservation
plans and engineering designs for conservation measures, compute soil loss, make soil in-
terpretations, and track conservation progress. It was also used to manage workloads, de-
velop public mailings, and prepare reports. It was designed for use on a personal computer.
The Natural Resources Conservation Service (successor to SCS) replaced this program in
their district offices with the Field Operations Computer System (FOCS).

6—4.2 Process-Based soil loss Prediction Equations

The early soil loss equations were based on empirical relationships derived from the analy-
sis of datawith no requirement for a scientific explanation of the processes involved. They
averaged values over ayear’stime or within afew subdivisions of ayear so that the neces-
sary calculations could be made on paper. Programmable computers made it possible to
speed up the calculations and were applied to the RUSLE equation, but it was still an em-
pirical approach.

A more theoretical analysis of the erosion process became feasible as computers be-
came more powerful. Some of the special-purpose programs in the preceding section are at
least partly process-oriented. The programsdiscussed in thissectionincorporatethisapproach
throughout their structure by devel oping models to simulate water flow and soil movement.

WEPP (Water Erosion Prediction Project). TheWEPP program wasinitiated
“to develop a new generation of water erosion prediction technology” for use by a wide
range of user agencies involved “in soil and water conservation and environmental plan-
ning and assessment” (Foster and Lane, 1987). The Agricultural Research Service, Natural
Resources Conservation Service, Forest Service, all of the USDA, and the Bureau of Land
Management in the U.S. Department of the Interior were involved in the project.

WEPPisthefirst American model devel oped for erosion prediction on abroad scalethat
isnot based on USL E technology. It isafundamental, process-based, daily-simulation model
developed to replace the Universal Soil Loss Equation for erosion prediction (Laflen et a.,
1991; Lane and Nearing, 1989). It isamodel that makes daily computations of the status of
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the soil and biomassin afield. If it rains, runoff is computed. If runoff occurs, detachment,
transportation, and deposition are computed down the lope. It includes a climate generator, a
hydrology component, aplant-growth model, and climate, soil, tillage, and plant databasesfor
most conditionsin the United States. A preliminary version of the technology wasreleased in
1989. It has been extensively tested on cropland in the United States and has performed well.
It hasalso beentested in Europe, Asia, and Africa. It wasrel eased to the general publicin 1993.

Because WEPP cal culates not only the amount of soil eroded but also the transport-
ing capacity of the runoff, it is able to predict the amount and location of sediment that will
be deposited when the water flow slows as slopes begin to flatten (Favis-Mortlock and
Guerra, 2000). It has also been modified experimentally to predict changesin erosion pat-
terns that may occur as aresult of global warming.

WEPP comes in two versions—a Hillslope Version and a Watershed Version. Both
are specifically designed to estimate sediment flow in ephemeral gullies and in terrace
channels and grassed waterways; neither can be used for areas with permanent gullies or
stream channels. It runs on a personal computer and is available on the Internet by using a
World Wide Web browser connected to the following location:

http://topsoil.nser|.purdue.edu/nser lweb/weppmai n/wepp.html
The Soil and Water Conservation Society (SWCS) in Ankeny, lowa, stocks WEPP software,
including the CD-ROM disk and a 500-page user’s guide.

EUROSEM (European Soil Erosion Model). The EUROSEM program was de-
veloped by ateam of scientists from ten European countries under the leadership of R. P. C.
Morgan and R. J. Rickson (Morgan, 1994). It is a modular-structured, process-based, com-
puterized model that incorporates terms of soil erodibility and surface roughness (surface de-
pression storage) that change with timeasastorm progresses. It integratesraindrop-splash and
surface-flow effects as soil detachment and movement occur, predicting amounts of removal
and sediment deposition. It will predict erosion for individua storms from fields and small
watersheds, and, in addition, will evaluate a variety of conservation practices.

A documentation manual that explains the background of the EUROSEM model for
potential usersisavailable (Morgan et al., 1992). A user’s guide has al so been prepared that
describes the input data that are needed, how to obtain them, and how to create the neces-
sary input/output files to run the model (Morgan et al., 1991).

Future EUROSEM models are planned that will consider the development of surface
armor and crusting during astorm and their effects on erosion. Subroutines will also incor-
porate the effects of snow melt and stoniness on the erosion process.

GUEST (Griffith University Erosion System Template). The GUEST pro-
gram focuses on sediment concentration in runoff, beginning with the interaction of rain-
drops, soil, and any water or vegetation present on the soil surface (Misraand Rose, 1996).
It considers the sediment-transporting capacity of flowing water and the shape of the land-
scape to determine where the water will flow faster and pick up more soil or slow down and
deposit sediment.

LISEM (Limburg Soil Erosion Model). LISEM was developed in The
Netherlands to consider overland flow for drainage basin planning (Jetten et al., 1996). It
places an emphasis on microrelief and surface differences such as the presence of stones
or adepression caused by awheel track. The resulting cal culations show that compaction
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often causes field roads covering 2 to 3% of the areain a drainage basin to account for 25
to 50% of the runoff (De Roo, 2000). Several alternative approaches for considering in-
filtration differences can be used with this program, depending on the type of input data
available and the amount of detail desired.

6-5 THE WIND-EROSION PREDICTION EQUATION (WEQ)

Attempts to use research results to predict wind erosion were made soon after information
on the mechanics of wind erosion and the factors that influence the process began to ac-
cumulate. Much of the early work on wind-erosion prediction was done by W. S. Chepil,
N. P. Woodruff, and A. W. Zingg.

Climate was the first factor shown to be quantitatively related to wind erosion. In the
U.S. Great Plains region, the amount of erosion was found to vary directly with the cube of
the average March—April wind velocity and inversely with the previous year’s rainfall
(Zingg et a., 1952). Preliminary relationships between percentage of erodible aggregates,
quantity of surface crop residue, soil ridge roughness, and amount of erosion taking place
in awind tunnel were developed as early as 1953. The original wind tunnel equation was
modified as new information devel oped and new factors could be included. Woodruff and
Siddoway (1965) published a prediction equation that had already undergone extensive
field testing. It is still being refined at the USDA-ARS Northern Plains AreaWind Erosion
Research Unit, Manhattan, Kansas, the USDA-ARS Southern Plains Area Wind Erosion
Management Unit, Big Spring, Texas, and elsewhere.

6-5.1 Components of the WEQ

The wind-erosion prediction equation (WEQ) is
E= f(I',K',C',L", V)

where E = predicted soil loss, tons/ac-yr (mt/ha-yr)
I !

soil-erodibility factor, tons/ac-yr (mt/ha-yr)

K’ = soil-ridge-roughness factor, dimensionless
C’ = climatic factor, dimensionless
L' = width-of-field factor, ft (m)

V = vegetative-cover factor, dimensionless

The factor valuesin the WEQ often interact with each other. As aresult, solutionsto WEQ
require the use of complex equations and complicated charts and nomographs.

Soil-Erodibility Factor (I'). Soil erodibility (I") isthe potential annual soil loss
from a wide, unsheltered, isolated field with a bare, smooth, noncrusted surface. Soil-
erodibility values in the origina eguation were based on wind-tunnel data for relative
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TABLE 6-12 SOIL-ERODIBILITY (/) VALUES IN TONS/AC-YR? FOR SOILS WITH VARIOUS

PERCENTAGES OF NONERODIBLE CLODS (>0.84 mm diameter) AS DETERMINED BY STANDARD

DRY SIEVING

Percentages Percentages (units)

(tens) 0 1 2 3 4 5 6 7 8 9
tons/ac-yr
0 310 250 220 195 180 170 160 150 140

10 134 131 128 125 121 117 113 109 106 102
20 98 95 92 90 88 86 83 81 79 76
30 74 72 71 69 67 65 63 62 60 58
40 56 54 52 51 50 48 47 45 43 41
50 38 36 33 31 29 27 26 24 23 22
60 21 20 19 18 17 16 16 15 14 13
70 12 11 10 8 7 6 4 3 3 2
80 2 - - - - - - - -

aTo convert tong/ac-yr to mt/ha-yr, multiply each value by 2.24.

Source: Reproduced from Soil Science Society of America Proceedings, Volume 29, p. 602—608, 1965 (Woodruff and

Siddoway) by permission of the Soil Science Society of America

erodibilities and on soil losses measured in the vicinity of Garden City, Kansas, during
1954 to 1956, an excessively dry and windy period (Chepil, 1960). The standard method
of assessing the | value is based on the content of nonerodible clods (>0.84 mm diameter)
in the top inch of soil as determined by means of arotary sieve. These percentages can be
converted into | values (soil loss rates) by means of Table 612, but this conversion must
still be considered an approximation. Scientists at the Wind Erosion Research
Management Unit, Big Spring, Texas, and elsewhere are using improved soil-collecting

devicesto reevaluate field soil losses (Fryrear et a., 1991).

| factor values are modified for knolly topography. See Table 5-1 in Chapter 5 or
Figure 6-3 in this chapter for Is values. The Is value expresses the ratio in percent of soil
eroded on aparticular slope to aloss on level land. Isfor a short 3% slope is 150% on the

crest of the knoll and 130% on the upper windward slope.

Wind-erosion susceptibility depends partly on degree of surface crusting, but since
crusts are transitory, they are seldom evaluated. Therefore, the soil-erodibility factor (1")
usually has been considered to be the product of soil erodibility (I) and knoll-steepnessfac-

tor (Is).

Soil-Ridge-Roughness Factor (K’). Surface roughness results from three ele-
ments: cloddiness of surface soil, |’; vegetative cover, V, to be discussed later; and ridges
on the soil surface. The last is the element involved in the soil-ridge-roughness factor, K'.
Precise evaluation of K’ can be made only with awind tunnel, but Skidmore (1983) devel-
oped Kr as an estimate of K’ based on measured field roughness. Skidmore's Kr values are
shown in Table 6-13. For example, if measured field ridge height is6 in. (15 cm) and ridge
spacing is30in. (75 cm) in adownwind direction, Kr is 0.5 (the cell where the 30-in. spac-

ing row and the 6-in. height column intersect).
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TABLE 6-13 SOIL RIDGE-ROUGHNESS FACTOR (Kr) VALUES

Ridge height (in.)
Ridge
spacing (in.) 1 2 3 4 5 6 7 8 9 10 11 12
1 05 0.8
2 05 0.6 0.8
4 0.6 0.5 0.7 0.8
6 0.7 0.5 0.6 0.8
8 0.8 05 05 0.6 0.8
10 0.8 0.6 0.5 0.6 0.8
12 09 0.6 05 0.5 0.7 0.8
14 0.9 0.6 05 05 0.6 0.8
16 0.9 0.6 0.5 0.5 0.6 0.7 0.8
18 09 0.7 05 0.5 0.5 0.6 0.8
20 0.9 0.7 05 05 05 0.6 0.8
22 0.9 0.7 0.6 0.5 0.5 0.6 0.7 0.8
24 09 0.7 0.6 0.5 0.5 0.6 0.7 0.8
26 0.9 0.8 0.6 05 05 05 0.6 0.8
28 0.9 0.8 0.6 0.5 0.5 0.5 0.6 0.7 0.8
30 09 0.8 0.6 0.5 0.5 05 0.6 0.7 0.8
32 10 0.8 0.6 05 05 05 0.6 0.6 0.8
34 1.0 0.8 0.6 0.5 0.5 0.5 0.5 0.6 0.7 0.8
36 1.0 0.8 0.6 0.5 0.5 05 05 0.6 0.7 0.8
38 10 0.8 0.6 0.6 05 05 05 0.6 0.7 0.8
40 1.0 0.8 0.7 0.6 0.5 0.5 0.5 0.6 0.7 0.8
42 1.0 0.9 0.7 0.6 0.5 05 05 0.6 0.6 0.7 0.8
44 10 0.9 0.7 0.6 05 05 05 05 0.6 0.7 0.8
46 1.0 0.9 0.7 0.6 0.5 0.5 0.5 0.5 0.6 0.7 0.8
48 1.0 0.9 0.7 0.6 0.5 05 05 0.5 0.6 0.7 0.8

Source: From the Journal of Soil and Water Conservation, Volume 38, p. 110-112, 1983 (Skidmore).

Climatic Factor (C’). The climatic factor includes both direct effects such as
wind velocity and the indirect effects of precipitation and temperature that influence sur-
face soil moisture and plant growth.

The rate of erosion by wind is related to the wind velocity cubed. In developing the
WEQ, Chepil et al. (1962) studied the effects of mean annual and mean monthly wind ve-
locities. They suggested that the mean annual velocity should be used where general
propensity for wind erosion is the major concern.

The direct effect of humidity and precipitation on soil cohesiveness and resistance to
erosionisevaluated in WEQ. Themore frequently soils are moistened by rain, and thelonger
they remain moist after each storm, the moredifficult they areto dislodge. Chepil et a. (1962)
assessed soil moisture by the P-E Index method (Thornthwaite, 1931). (see Note 6-1)
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Figure6-3 Potentia soil loss, Is, (A) from the crest of knolls and (B) from the upper third of the
windward side of slopes,< 500-ft (<150-m) long as percentages of Ison level land. (Reproduced from

Soil Science Society of America Proceedings, Volume 29, p. 602—-608, 1965 [Woodruff and Siddoway]
by permission of the Soil Science Society of America.)

NOTE 6-1
THORNTHWAITE'S HUMIDITY FACTOR

Thornthwaite (1931) suggested the following complex rainfactor (P-E
Index) to characterize atmospheric humidity.

where P = monthly precipitation, in.

T = mean monthly temperature, °F

i = months

i( P >10/9
P-E=115> (="~
~\T-10)

Thornthwaite used 28.4°F as a minimum mean monthly temperature.
Omitting recorded temperature data for colder months made 18.4 the
minimum T —10 value. This modification becomes important in higher
latitudes where mean temperatures are considerably below freezing
several months each year, with consequent reductions in evaporation
and with precipitation that falls nonerosively as snow.
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P-E isvery smal in dry regions, and calculated C values would be excessively high
there (as high as 1000 in some drier U.S. locations). To reduce these erroneously high val-
ues, Chepil used 0.5in. (13 mm) as a minimum monthly precipitation figure.

The C valuefor alocation is obtained by the use of the equation

C = W/(P-E)2

where u = wind velocity and
P-E = Thornthwaite's P-E ratio

The value of the climatic factor (C") for any location is obtained by comparing the C value
for that location to the C value for Garden City (2.9) on a percentage scale. Thus:

ul 100 u
c=—" xT-zgx
(P-E2 29 (P — E)?

Chepil et al. (1962) devel oped a generalized climatic erosiveness map for the western half
of the United States. Lyles (1983) calculated the C’ factor values for many additional loca-
tionsin thewestern states and in Alaska. Figure 64 containsasummary of C’ values. More
detailed C' values can be obtained from the NRCS field offices.

Because values for C’ in the WEQ are dimensionless, other methods of expressing
moisture or humidity can be substituted for it. For example, the metric equivalent can be
used with wind velocity in meters per second, precipitation in mm, temperature in degrees
Celsius, and the constant recal culated to match these units.

Skidmore (1986) developed a physically based, wind-erosion climatic factor (CE)
that can be used in place of C’ to solve the WEQ. This method can be used to predict wind
erosion from seasonal or individual events and it avoids the need to exclude low tempera-
tures and low amounts of precipitation. CE is calculated from readily available climatic
measurements—wind speed, precipitation, and temperature—combined with calculated
solar and net radiation values.

7 v\ P2
CE = pj[uz - <ut2 + Zﬂ f(u)du
po
R
where p = air density

u = wind velocity at 33 ft (10 m)
u, = threshold wind speed

v' = soil cohesive resistance (proportional to relative surface soil water content,
i.e. actual moisture content/moisture content at the permanent wilting point)

a = aconstant (depending on the von Karman constant, the height at which wind
speed is measured, and a surface roughness parameter)

f(u) = wind speed probability function
R=u+Y Ipa?
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Figure6-4 Wind-erosion climatic factor C’ in percent of the value at Garden City, Kansas. (From
the Journal of Soil and Water Conservation, Volume 38, p. 106-109, 1983 [Lyles].)

Width-of-Field Factor (L").

Thewidth of afield (Df ) isthe unsheltered distance

in feet in the downwind direction. Df would aways be the same if all winds were from a
prevailing direction. With variable winds, the unsheltered distance either increases or de-
creases when the wind changes direction.

The proportion of erosive forces that are parallel to, as opposed to forces perpendicular
to, the prevailing wind direction is called the preponderance factor. A preponderance of 1.0
means that thereis no prevailing wind direction; 2.0 means that there is a prevailing direction
and twice as much erosive forceis parallel to the prevailing direction asis perpendicular to it.
Skidmore (1987) expanded and improved the procedure devel oped by Skidmore and Woodruff
(1968) to use prevailing wind direction and preponderance to cal culate wind-erosion direction
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TABLE 6-14A WIND-EROSION DIRECTION FACTOR FOR RECTANGULAR FIELDS WITH
LENGTH/WIDTH RATIO OF 2
Angle of deviation (degrees)

Preponderance 0.0 11.25 22.50 33.75 45.00 56.25 67.50 78.75 90.00
1.0 142 142 1.42 1.42 142 142 142 142 142
12 1.30 131 135 1.40 1.42 143 144 1.46 1.46
14 1.20 121 1.27 1.36 142 144 1.48 152 155
1.6 1.14 115 1.22 1.32 142 1.46 1.53 1.62 1.66
18 1.10 111 1.18 1.29 1.42 147 158 1.72 1.80
20 1.07 1.09 1.16 1.28 1.42 1.47 1.62 1.82 1.96
22 1.05 1.07 1.14 1.27 142 1.48 1.65 1.94 2.00
24 1.04 1.06 113 1.26 142 1.49 1.68 1.97 2.00
2.6 1.03 1.05 112 1.26 1.42 1.49 1.70 1.99 2.00
2.8 1.02 1.04 112 1.25 142 1.50 1.72 2.00 2.00
3.0 1.02 1.04 112 1.25 142 1.50 173 2.00 2.00
32 1.01 1.04 112 1.25 142 1.50 1.74 2.00 2.00
34 1.01 1.04 112 1.25 142 1.50 1.74 201 2.00
36 101 1.04 112 1.25 1.42 150 1.75 201 2.00
38 101 1.04 111 1.25 1.42 1.50 1.76 2.02 2.00
4.0 1.01 1.04 111 1.25 142 151 1.76 2.02 2.00

Source: Modified from Soil Science Society of America Journal, Volume 51, p. 198202, 1987 (Skidmore) by permission

of the Soil Science Society of America

TABLE 6-14B  WIND-EROSION DIRECTION FACTOR FOR RECTANGULAR FIELDS WITH
LENGTH/WIDTH RATIO OF 4

Angle of deviation (degrees)

Preponderance 0.0 11.25 22.50 33.75 45.00 56.25 67.50 78.75 90.00
1.0 148 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48
12 1.30 131 1.35 1.40 1.48 157 1.66 172 1.76
14 1.20 121 127 1.36 1.48 1.65 1.86 2.00 2.00
16 114 115 1.22 1.32 1.48 172 1.98 2.24 2.35
18 1.10 i1 1.18 1.29 1.48 177 2.08 243 2.55
20 1.07 1.09 1.16 1.28 1.48 1.82 217 2.58 2.78
22 1.05 1.07 114 1.27 1.48 1.85 2.20 2.74 3.06
24 1.04 1.06 113 1.26 1.48 1.86 2.38 2.89 3.35
2.6 1.03 1.05 112 1.26 1.48 1.87 242 3.02 3.58
2.8 1.02 1.04 112 1.25 1.48 1.88 244 3.15 3.74
3.0 1.02 1.04 112 1.25 1.48 1.88 245 3.28 3.92
3.2 101 1.04 112 125 1.48 1.89 2.46 3.33 4.00
34 1.01 1.04 112 1.25 1.48 1.89 247 3.35 4.00
3.6 101 1.04 112 1.25 1.48 1.89 248 3.38 4.00
3.8 101 1.04 112 125 1.48 1.89 248 3.39 4.00
4.0 101 1.04 111 1.25 1.48 1.90 248 341 4.00

Source: Modified from Soil Science Society of America Journal, Volume 51, p. 198-202, 1987 (Skidmore) by permission

of the Soil Science Society of America
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TABLE 6-14C WIND-EROSION DIRECTION FACTOR FOR RECTANGULAR FIELDS WITH
LENGTH/WIDTH RATIO OF 10

Angle of deviation (degrees)

Preponderance 0.0 11.25 22.50 33.75 45.00 56.25 67.50 78.75 90.00
1.0 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48 1.48
12 1.30 131 1.35 1.40 1.48 157 1.66 172 1.76
14 1.20 121 127 1.36 1.48 1.65 1.86 1.99 2.00
16 114 115 122 132 1.48 172 1.98 2.33 2.55
18 1.10 11 118 1.30 1.48 177 2.10 2.76 3.08
2.0 1.07 1.09 116 1.28 1.48 1.82 2.26 3.18 3.73
22 1.05 1.07 114 127 1.48 1.85 2.34 3.61 4.47
24 1.04 1.06 113 1.26 1.48 1.86 261 4.01 522
2.6 1.03 1.05 112 1.26 1.48 1.87 2.70 4.38 5.93
2.8 1.02 1.04 112 125 1.48 1.88 277 4.73 6.61
3.0 1.02 1.04 112 1.25 1.48 1.88 2.82 5.03 7.28
32 101 1.04 112 125 1.48 1.89 2.84 5.20 7.79
34 101 1.04 112 125 1.48 1.89 2.86 531 8.17
3.6 1.01 1.04 112 1.25 1.48 1.89 2.88 5.39 854
3.8 101 1.04 112 125 1.48 1.89 2.90 5.46 891
4.0 101 1.04 111 1.25 1.48 1.90 291 551 9.27

Source: Modified from Soil Science Society of America Journal, Volume 51, p. 198202, 1987 (Skidmore) by permission
of the Soil Science Society of America

factors. These direction factors serve as multipliers for use on actud field lengths to give the
median travel distance of the wind across a particular field.

Direction of prevailingwindsand preponderance val ues can be obtai ned from Skidmore
(1987) or from NRCSfield offices. Wind-erosion direction factors for avariety of conditions
arefound in Tables 6-14A-C. The median travel distance (MTD) across afield isthe dimen-
sion of the side closest to the wind direction times the wind erosion direction factor (wdf).

MTD = field dimension (ft) X wdf

Any distancein afield that is sheltered by awind barrier (B) must be subtracted from
the MTD. The distance sheltered by field hedges, tree shelterbelts, and similar barriersis
taken to be 10 timesthe height of the barrier (10B). Thusthe width of field factor (L") isthe
difference between (MTD) and sheltered distance (10B).

L' = MTD -10B

Calculation of the effect of L' on soil loss is complex; it depends on the amount of
soil being carried in the wind. The nomogram in Figure 6-5 is used to assess the effect of
L’ on erosion loss by incorporating L', along with soil-erodibility/soil-ridge-roughness ero-
sion estimates (E, = |’ X K"), and the soil-erodibility/soil-ridge-roughness/climate erosion
estimates (E; = I’ X K’ X C’) in the prediction equation.
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Figure66 Curvesto convert weights of living or dead crop material (R’) into equivalent
amounts of flattened wheat straw (V). (Modified from Agronomy Journal, Volume 77, p. 703-707,
1985 [Armbrust and Lyles] by permission of the American Society of Agronomy; Journal of Range
Management, Volume 33, p. 143-146, 1980 [Lyles and Allison]; and Transactions of American
Society of Agricultural Engineers, Volume 24, p. 405-408, 1981 [Lyles and Allison].)

Vegetative-Cover Factor (V). The protection offered by vegetation dependson
how much dry matter it contains, its texture, and whether it is living or dead, standing or
flat. The original work on vegetative protection involved flattened wheat straw. This con-
dition is now the standard for determining V. For use in the equation, dry weights of grow-
ing crops or crop residues (R') are converted to equivalent quantities of flat wheat straw (V)
by using Figure 6-6.

The effectiveness of V in reducing soil loss aso depends on the level of erosion.
Figure 67 provides the means for relating erosion to V.

The best way to estimate the amount of surface vegetation on afield isto hand pick,
dry, and weigh the living plants or surface residue from a unit area. Soil must be removed
from plant material before weighing. Results are translated into Ib/ac or kg/ha (Whitfield
eta., 1962).

Shortcuts to the pick, clean, and weigh method have been suggested. Hartwig and
Laflen (1978) describe a method in which the total widths of the various pieces of
residue touching one face of a meter stick are recorded. Total length of contact per set
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to the value of E,. A vertical line through the E, value will point to the value of E on the bottom scale. (From the Journal of Soil and Water
Conservation, Volume 38, p. 110-112, 1983 [Skidmore].)
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isthe percentage of residue cover. Sloneker and Moldenhauer (1977) describe a method
in which 50 beads are fastened at equal intervals along a string. The beaded string is
stretched across the areato be evaluated. Each bead that touches a*“ significant” piece of
residue is counted as 2% soil cover. Morrison and his associates studied a variety of
equipment for estimating ground cover by crops and crop residues (Morrison et al.,
1997). They tested five different kinds of measuring lines and four different wheels.
Measurement precision and operation time were similar for all devices, except for the
simple 50-ft measuring tape that took 50% longer than the other devices. Variability
among operators was greater than differences among measuring devices. Count vari-
ability increased with all devices as the cover increased. The first preference of the op-
erators was tied between awheel and a random-bead spacing line.

Sloneker and Moldenhauer (1977) determined that the fraction of surface cover can
be trandlated into residue weight with the following equations:

X= =57278log(1-Y) forcorn
X = —155191log (1-Y) for small grain
X= —-27,813log (1-Y) for soybeans

where X = crop residue, Ib/ac

Y = cover asadecimal fraction

6-5.2 Predicting Soil Losses Caused by Wind Erosion—
A Specific Example

A 2640-ft by 5280-ft (1/2-mile by 1-mile or 800-m by 1600-m) field with long axis east-
west on Ortello fine sandy loam (Wind Erodibility Group 3) near Dodge City, Kansas,
will serve as an example. The surface soil (WEG 3) contains 25% nonerodible clods.
Several knolls with short 3% slopes are in the field. A crop of grain sorghum was
produced in 30-in. (75-cm) rows; 1150 Ib/ac (1300 kg/ha) of tall, standing stubble
remains in March, when the strongest winds are expected. The average ridge height is
6 in. (15 cm).
The predicted soil loss from the knollsis calculated as follows:

STEPLE =I'=1XIs

| for 25% nonerodible clodsis 86 tons/ac-yr (190 mt/ha-yr) (Table 6-12). The value
for Ison the knolls of a 3% slope is 150% (Figure 6-3).

e o 150 _
E, = 86 X 100 — 129 tons/ac-yr

STEP2:E,=E, XK’
The soil-ridge-roughness condition, (Kr), for HR = 6 and IR = 30is0.50 (Table
6-13).
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E, = 129 X 0.50 = 65 tons/ac-yr
STEP3:E,=E, X C’
The C' value for Ford County is about 80 (Figure 6-4).

_ 80 _
E; = 65 X 100 52 tons/ac-yr

STEP 4. E, = E; X f(L')

The prevailing wind for March is due north (deviation = 0°). Preponderance is 2.4
(Skidmore and Woodruff, 1968). The wind-erosion direction factor from Table
6-14A is 1.04.

MTD = 2640 X 1.04 = 2746 ft (837 m)

Because no wind barrier was described, L' = 2746 ft. Following the directionsin
the caption of Figure 6-5 for values of E, = 65, E; = 52, and L' = 2746 ft shows
E, to be 50 tons/ac-yr. Note that a shorter value of L" would have increased the dif-
ference between the values for E; and E,.

STEPS5: E = E, X (V)

Thereisno growing crop, so R’ is 1150 Ib/ac (the sorghum stubble). V from Figure 66 is
about 750 Ib/ac for R = 1150 Ib/ac of standing sorghum stubble. Thevaluefor E, read from
Figure 6-7 using E, = 50 tong/ac-yr and V = 750 |b/ac, is 23 tong/ac-yr.
Thetolerablelossfor Ortello fine sandy loam is 5 tons/ac-yr. How can the loss be re-
duced to the tolerable limit? About 750 Ib/ac (850 kg/ha) of sorghum grain would be pro-
duced along with 1150 Ib of stover. Thisisalow yield, even for adry area. If grain yield
could be raised to 1300 Ib/ac or above regularly, stover would increase to about 1950 Ib/ac
(V = 1250 Ib/ac), and the predicted soil |osswould be reduced to about 6.8 tons/ac. Another
possibility would beto split thefield in three parts on an east-west axis and use one part for
each year in a sorghum-fallow-wheat rotation. This would cut field width to 880 ft (one-
third of 2640) and reduce E, to 40 tons/ac-yr. Combining the higher yield goal already sug-
gested with the narrower field width would reduce the final E value to about 4.8 tons/ac-yr.
Conservation tillage (Chapter 10) would be needed to ensure that sufficient crop residues
were produced and maintained on the soil for protection against wind erosion every year.

6-5.3 Field Use of the Wind-Erosion Prediction Equation

The WEQ was developed primarily to help conservation technicians assess wind-erosion
conditions and eval uate the changes in management needed to reduce an excessive erosion
hazard. Solving the equation is time-consuming. The need to examine several options re-
quires even moretime. As aresult, SCS specialists and others modified certain factor val-
ues and proposed calculation shortcuts.

Establishment of Wind Erodibility Groups (WEGS) was areal timesaver. It allows |
values to be assessed without collecting, drying, and dry sieving samples. The nine
Erodibility Groups are described in Table 6-15.
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TABLE 6-15 WIND-ERODIBILITY GROUP (WEG) CHARACTERISTICS

Dry soil Wind
aggregates erodibility
>0.84 mm index, |

WEG Predominant soil textural classes of surface layer (%) (tong/ac-yr)?2
1 Very fine sands; fine sands, and coarse sands 1 310
2 250
3 220
5 180
7 160
2 Loamy very fine sands; loamy fine sands, loamy sands,
and loamy coarse sands; sapric organic soil materials 10 134
3 Very fine sandy loams, fine sandy loams, sandy loams,
and coarse sandy loams 25 86
4 Clays and silty clays; noncal careous clay loams and
noncal careous silty clay loams with > 35% clay content 25 86
a Calcareous loams, calcareous silt loams, calcareous clay
loams, and calcareous silty clay loams 25 86
5 Noncal careous loams and noncal careous silt loams with
< 20% clay content; sandy clay loams and sandy clays;
hemic organic soil materials 40 56
6 Noncal careous loams and noncal careous silt loams with
> 20% clay content; noncal careous clay loams with
< 35% clay content 45 48
7 Silts; noncalcareous silty clay loams with < 35% clay
content; fibric organic soil materials 50 38
8 Soils not susceptible to wind >80 0

aTo convert | valuesto mt/ha-yr, multiply each by 2.24.
Source: USDA Natural Resources Conservation Service.

Cheyil, Zingg, and other staff in the Wind-Erosion Research Unit collected and pub-
lished a series of photographsthat show the surface-residue and ridge-roughness conditions
of arange of field situations (Chepil and Woodruff, 1959). Each photo islabeled for residue
weight and ridge roughness. These permit comparisons of field conditions with the photos,
and quick evaluations of residue cover and ridge roughness can be made. This replaces
residue-sample collection, preparation, and weighing, and ridge height and spacing mea-
surements, thus saving time and |abor.

The development of the Fortran IV computer program WEROS (Fisher and
Skidmore, 1970) was a big timesaver. A version developed by Skidmore in 1975 was used
by SCS central staff to prepare tables of erosion prediction values for use by their conser-
vation field officers. The officers can select values from these tables rather than calculate
them. They still need to determine WEG, ridge roughness, field width, and crop residue
present, but the tables make most of the usual cal culations unnecessary and permit an analy-
sis of the present situation and several aternatives to be made in a matter of minutes.

Thewind-erosion equation diderule (Skidmore, 1983) wasanother hel pful innovation.
Thisinstrument also speeded the process of evaluating current conditions and alternatives.
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More recently, upgrades of WEQ computer software have been developed. These
have increased the availability and adaptation of this technology to conservation officers
and others. Cole et al. (1983) added a wind-erosion prediction capability to the Erosion-
Productivity Impact Calculator (EPIC) (Williamset al., 1983). It predicted soil |osses based
on periodic simulation. Skidmore and Williams (1991) upgraded Cole et a.’s part of the
EPIC model and adapted it for use on a personal computer. Two new computer prediction
models, RWEQ and WEPS, are discussed in Sections 6—7 and 6-8.

6-5.4 Predicting Wind Erosion for Crop Periods

I’, K, C', and V factor values are annua figures in the WEQ, but these values actualy
change with time. Bondy et al. (1980) studied changesin wind energy values over the year.
They determined the portion of the wind energy that occurs each month and compiled a
table that shows the cumulative monthly percentage of average annual wind energy for 76
weather stations in the 10 Great Plains states. Lyles (1983) developed similar information
for the seven western states and Alaska. This was done so that estimates of erosion by pe-
riods could be made using the WEQ.

This method had several advantages. Changeswithtimein|’, K’, and V could be cat-
aloged, along with changesin C’, so times during the crop year that show undue suscepti-
bility to erosion could be pinpointed. If crop periods were employed in the WEQ, crop and
residue values for these periods could be used in both the water- and wind-erosion equa-
tions. Nearly all the computer programs mentioned in Sections 6-4.2, 6-7, and 6-8 analyze
the erosion picture daily or over relatively short time periods.

There are also disadvantages. Calculations for the crop-period method are more
complex and take much longer than those for the original method. There are few experi-
mental data to show specifically how the various factors, other than climate, change over
time.

6—6 EXPANDED USE OF THE WIND-EROSION PREDICTION EQUATION

The WEQ was developed for use in the semiarid Great Plains region. Soil, climate, and
other data from this region were used to develop a practical and effective prediction tool.
Scientists and technicians in other regions of the United States immediately became inter-
ested in the equation and started to useit.

6—6.1 Use on Cultivated Soil in Humid Regions in the United States

The WEQ has been used in many areas outside the Great Plains. The Wind Erosion
Research Unit’s portable wind tunnel was taken to some areas to check soils and results; in
other areas, the equation was used either without modification or with modifications based
only on judgment of field situations.

A wind tunnel study in northwestern Ohio showed soilsthere were more erodible than
Great Plains soilswith the same nonerodible clod composition. A new tablerelating the per-
centage of nonerodible clods to soil erodibility was set up for that area.
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Carreker (1966) studied sandy soils of the coastal plains of southeastern United States
and found arelationship between the percentage of coarse and very coarse sand (X) and soil
erodibility.

| = 174 — 4.64X + 0.03X?

Hayes (1965) compared | values based on dry-sieving results and on the WEG. He found
that WEG values were not sufficiently accurate for the very sandy soils in New Jersey.
WEG 1 was subdivided subsequently into five subgroups. Hayes used the calculations
method for determining Kr. He also pointed out the need to reduce wind-erosion losses to
less than 5 tong/ac-yr to avoid damage to some crops.

Inall of these studies, either satisfactory estimates of the climatic factor could be ob-
tained from research publications, or sufficient local data were available to evaluate cli-
matic erosiveness. Reasonable estimates of erosion losses were generally obtained.

6—6.2 Use on Rangeland in Western United States

The Bureau of Land Management, other agencies, and individuals are concerned about
wind erosion on rangelands and pasturelands. Values for V can be obtained for these as-
sessments by using relationships between range species and flattened wheat straw estab-
lished by Hagen and Lyles (1988) and Lylesand Allison (1980). Valuesfor other factorsare
obtained in the normal way.

6—6.3 Use of the WEQ to Predict Air Pollution

Suspended dust is a serious air pollutant. It poses athreat to highway and air traffic and to
human health. The WEQ evaluates soil movement of all kinds—surface creep, saltation,
and suspension. Suspended dust constitutes avery small fraction of the total amount of soil
moved by wind, but it is the important air pollutant.

Efforts have been made to modify WEQ to assess the amount of dust in the air under
avariety of natural conditions. Wilson (1975) used |’ values based on the WEQ to predict
dust emissionsin New Mexico. He multiplied the E values he obtained by 0.003 to change
eroding soil to suspended dust. The equation was useful in this survey, but great care must
be exercised in using WEQ this way; results obtained must be viewed with caution.

6—6.4 Use of the Equation in Other Countries and Continents

Problems arise when the WEQ is used in areas very different from the Kansas area where
it was devel oped. The relationship between percentage of nonerodible clods or WEGSs and
| isnot universally constant, but the initial assumption that must be made in anew areais
that the proposed rel ationship will hold. Valuesfor Kr in new areas can be obtained by mea-
surement, using Table 6-13.

The equation’s method of evauating erosiveness of climate should give reasonable
values in other areas with similar climatic conditions. A problem arises in very dry areas
becausethe P-E value used to calculate C’' becomesvery small and makesC' very large. Using
Budyko's “Dryness Ratio” might solve this problem (Skidmore, 1986). Lack of long-term
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weather records from which C" values can be obtained is likely to be another major prob-
lem. Climatic zones probably can be outlined and approximate rel ationships assigned on
the basis of general knowledge. The major limitation resulting from a lack of wind and
other weather records is the problem of relating local climatic erosiveness to that of the
WEQ standard reference at Garden City, Kansas.

Wind records are also needed to determine L values. Where wind records are not suffi-
cient to develop statistically valid prevailing directions and preponderances, the general di-
rection of the prevailing winds during the major wind-erosion periods should be estimated at
least as close as the nearest compass point (22.5°). Maximum travel distance (WL) aong the
prevailing wind direction can be estimated from field width (FW) and field length (FL) and
the declination angle (A) between the prevailing wind direction and side FW, by the method
suggested by Cole et al. (1983).

WL = FWsec A where FW sec A< (FW?2 + FL?)%5
or
WL = FL csc A where FW sec A> (FW? + FL?)0%5

It should be recognized that WL isonly the same asthe median travel distance (MTD, used to
calculate L’ in Section 6-5.1) of wind along the prevailing direction for declination angles of
0° and 90° to FW. MTD will decrease, slowly at first, then morerapidly asthe declination an-
gleseparatesfrom 0 or 90° until itisonly half WL where WL equals (FW? + FL?)%5,i.e., dlong
the diagonal of the field. The sheltering effect of barriers should be the same worldwide.

Valuesfor R' can be accurately obtained by picking, drying, and weighing the residues
or growing crop, or they can be estimated by photo interpretation or by one of the line-transect
methods. Surface residue should betrandated into flat wheat straw using theinformationin
Figure 6-6. Unevaluated material will haveto be translated to standard residue on the basis
of its observed effectivenessin relation to small-grain or sorghum residue.

Predictions employing |ess precise techniques should be useful in assessing potential
trouble and recommending needed control methods. Lack of some information required for
accurate analyses is no excuse for disregarding the prediction equation altogether.

6—6.5 Upgrading the Wind-Erosion Equation

WEQ held a preeminent position among systems for predicting soil losses from wind ac-
tion from the late 1960s to the early- and mid-1990s, but it is not a perfect prediction tool.
The WEQ is empirical by design and rigid in makeup. New information generally cannot
be imbedded in the equation to upgrade its capabilities.

The eguation is based primarily on the results of laboratory and wind tunnel studies.
Few soil loss measurements were made in the field due to lack of suitable and reliable soil-
catching equipment. Early estimates of erosion losses were made by visual observations,
measurements of depth of soil removed, or depth of soil deposited in driftsin fence rows,
around buildings, and so forth. When the equation was first released, it was the hope, rather
than the assured promise, that estimates of field losseswould be accurate. Only recently has
extensive field research been conducted to measure soil 10sses accurately under a variety
of conditions (Fryrear, 1995).
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WEQ assumes that the field situation downwind is homogenous—one |’ value (only
one soil type or one WEG), one K’ value (similar ridging throughout), and one V value (uni-
form vegetative cover over thewhole ared). It assumesthat field conditions are static—that
soil erodibility, ridges, and vegetation, living or dead, do not change over the year in nature
or amount from the values sel ected.

The climatic factor (C'), based asit is on the climate of Garden City, Kansas, so cir-
cumscribes the area where the equation can be used successfully that it is difficult to apply
it accurately to areas outside of the U.S. Great Plains. Use of Skidmore's climatic factor
(CE) in the WEQ would have helped to overcome the provincia nature of the equation
(Skidmore, 1986).

In higher latitudes, the equation does not allow for periods when soils are rendered
nonerodible by freezing or by a protective snow cover.

Thereis no factor in the equation that takes into account random surface roughness,
caused by whatever means, as opposed to roughness in parallel ridges produced by plant-
ing or cultivating equipment.

In spite of these deficiencies, however, the overriding problem of the WEQ isthat it
just does not account well enough for the complex interactions between the variables that
control wind erosion. The WEQ represents a technology that cannot readily be adapted to
new conditions in the field or to climates that are much different from that of the Great
Plains region of the United States. New knowledge, developed from research, and the in-
creased power and availability of personal computers were seen as avenues for the devel-
opment of new, flexible, process-based erosion equations.

In 1986, ateam of research scientists, mainly from USDA agencies but with represen-
tatives from the Environmental Protection Agency and the Bureau of Land Management, was
appointed to take the lead in developing a new Wind Erosion Prediction System (WEPS)
as a replacement for the WEQ. It was to be a process-based, computerized technology that
would reflect the dynamic changes that take place in many of the variables over time. It
was anticipated that the new system would be ready for deployment by the early- to mid-
1990s.

As an intermediate step between the technologies in WEQ and WEPS, a few agri-
cultural scientists and engineers were requested to incorporate new technology into a
Revised Wind Erosion Equation (RWEQ). The new equation was to use state-of-the-art
computer, analytical, and programming techniques. Predicted soil losses from RWEQ are
verified by the results of many new field measurements of soil movement in wind erosion
(Fryrear et a., 2000).

6—7 REVISED WIND EROSION EQUATION (RWEQ)

RWEQ uses data banks for the climatic variables—wind velocity, rainfall, temperature,
and solar radiation, and for the surface-soil properties—soil erodibility, soil-oriented
roughness, and soil random roughness. Mathematical equations have been designed to
estimate the extent and strength of soil crust and to predict soil roughness parallel and
perpendicular to the wind. They are also used to predict the rates of soil-roughness de-
cay and to assess rates of plant-residue decomposition. The five factors—wind poten-
tial, soil-erodible fraction, soil crust, soil-roughness criteria, and a combined residue
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factor—together with the field-length factor, are then combined to generate soil |oss pre-
dictions for periods of 15 days or less (Fryrear et al., 2000).

The developmental RWEQ is being tested against measured field losses at the present
time and is showing promise. It should be able to estimate soil erosion for awide variety of
soil, climate, cropping, and tillage conditions and systems. RWEQ is designed for use on
personal computers, but it will also be released in a paper model with tables and figures.

An effort is also being made to combine RWEG with a geographic information sys-
tem (GIS) to predict wind erosion on a regional basis. Zobeck et al. (2000) used this ap-
proach in two counties in Texas and concluded that this approach is feasible.

6-8 THE WIND EROSION PREDICTION SYSTEM (WEPS)

Thegroup of scientiststhat was assigned responsibility for developing anew process-based
Wind Erosion Prediction System (WEPS) to replace the WEQ decided on a two-step strat-
egy. First, they planned to develop awind-erosion research model (WERM) in Fortran 77.
It would be a daily-simulated, process-based model, with seven submodels (hydrology,
management, soil, crop, decomposition, erosion, and weather) and four databases (climate,
soils, management, and crop/decomposition). It would serve as a reference standard for
wind-erosion predictions. In the second stage, the development of the WEPS model, the
WERM submodels would be reorganized to increase computation speed, databases would
be expanded, and a user-friendly input/output section would be added (Hagen, 1991).

The WERM model was developed in 1991 as planned. The WEPS model also was
completed and has been rel eased for testing. It isstill undergoing improvement asnew ideas
and new research results are incorporated.

WEPS is a process-based computer model that simulates weather and field condi-
tions. It uses aHydrol ogy submodel to predict water contents, including surface soil drying,
along with other factors that affect the soil’s susceptibility to wind erosion and the climatic
processes that cause wind erosion. Its Erosion submodel is activated whenever wind speed
exceedsitsthreshold velocity. It then simulates soil erosion and deposition on a sub-hourly
basis (Hagen et al., 1999). It considers loose material entrained by the wind and material
abraded from clods and crusts as separate sources and simulates them over time with infor-
mation from the databases. Itismodular in structure, so it can be updated and improved from
timetotimeasnew material becomesavailable and asmodel use showsthe need for change.

Results of simulation are not biased by the climate of any particular region; rather cli-
matic data from any location can be utilized in the prediction process. Snow cover and
frozen soils are taken into account, where they occur, in assessing the erodibility of the soil
over the year. The erosion condition can be simulated for the duration of asingle storm, for
severa storms, for a season, or for awhole year.

Thesimulationareain WEPSisasinglefield or afew adjacent fields. Nonhomogenous
sitesare simulated by breaking them down into anumber of homogenous subsites, based on
different soils, tillage, cover, or other conditions affecting the erodibility of the surface soil.

WEPS estimates soil movement, plant abrasion damage, and emissions of PM-10 ma-
terial (dust), if and when wind speeds exceed the threshold velocity. Because of its modu-
lar nature, new features can be incorporated that will make it possibleto predict such things
aslong-term soil productivity changes, physical damageto crops and their cost, theloading
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of lakes and streams with wind-carried sediments, and the reduction of visibility caused by
air-borne dust in the vicinities of airports and on highways. No doubt it will be used to cal-
culate on-site and off-site economic costs of wind erosion as well (Wagner, 1996).

SUMMARY

Erosion cannot be prevented, but it must be limited to tolerable rates. Methods for predicting
erosion rates are needed for two main reasons: to ascertain the erosion hazard with present
management, and to evaluate aternative methods of crop and soil management. Erosion-
predi ction equati ons have been devel oped for estimating soil |osses by both water and wind.

The water-erosion prediction equation (USLE) was designed to predict soil move-
ment by sheet and rill erosion in cultivated fields. It is

A=RXKXLSXCXP

where A is the expected average annual rate of erosion in tons/ac-yr based on factors for
rainfall erosivity (R), soil erodibility (K), slope length and steepness (LS), cropping man-
agement (C), and special erosion-control practices (P). Techniques were devel oped to cal-
culate valuesfor each factor from information obtained by field inspection and from tables,
charts, and equations. The equation became popular immediately and was widely used by
Soil Conservation Service field workersto devel op effective alternative management prac-
tices for erosion control. It was also used by research workers and by individualsin many
other agencies and organizations. Many computer programs were developed to speed up
and broaden the use of USLE.

Over time, it became apparent that the original equation needed modification. It was
first modified, and later revised (Revised Universal Soil Loss Equation—RUSLE) to meet
new and expanded needs. Other soil loss equations have been developed, but the
USLE/RUSLE has been by far the most used technology. RUSLE can be used for estimat-
ing soil losses from pasture, range, and forest land, as well as from cropland.

A new prediction model has been developed (WEPP). It is a process-based (rather
than empirical), daily-simulation model. It can be used to estimate erosion losses in
ephemeral gullies, and in terrace channel s and grassed waterwaysin addition to losses from
sheet and rill erosion. It is expected to be more widely useful than even the USLE/RUSLE
models have been.

The wind-erosion prediction equation (WEQ), designed to evaluate the erosion haz-
ard on cultivated lands in the Great Plains region of the United States, is now widely used
by conservationists and othersin many aress. Itis

E=f(',K,C, L,V
where E is the expected average annual rate of erosion in tons/ac-yr as a function of soil
erodibility (1), soil-ridge-roughness (K'), climatic erosiveness (C'), field length (L"), and
vegetative cover (V). Techniques are provided for calculating values for each factor using
information obtained by field examination along with tables, graphs, and equations.
The WEQ has been used widely by SCS (now NRCS) field workers to determine
the current erosion hazard and to evaluate the effectiveness of alternative management

and erosion-control programs. It was also used successfully in the Great Plains each fall
and winter to predict the likelihood and extent of wind erosion the following spring.
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Considerable interest has developed in using the equation on highly erodible soils
(sands and mucks) in humid regions.

M odifications have been introduced that have permitted WEQ’susein predicting ero-
sion on perennially vegetated areas and in predicting airborne dust.

A revised form of the WEQ isbeing devel oped (RWEQ), asisanew prediction model
(WEPS). RWEQ is designed to estimate erosion for a single day or for any longer period.
It will predict erosion for awide variety of soil, climate, and tillage conditions. It has both
paper and computer technologies. WEPS is a process-based computer model that uses four
databases: climate, soils, management, and crop/decomposition. It will serve asareference
standard for wind-erosion predictions.

QUESTIONS

1. Listthe four major soil factorsthat affect the rate of erosion that can be tolerated, and point out
why each factor isimportant.

2. What needs prompted the development of the soil loss prediction equations?

3. What isthe water-erosion K factor? Describe three methods that have been used to establish
specific K valuesin the United States.

4. What are the principal advantages of RUSLE, compared to USLE, for predicting soil loss from
water erosion in the eastern half of the United States?

5. Briefly describe the specific conditions for which the wind-erosion prediction equation was de-
signed initially.

6. How does ridge roughness affect wind erosion? How was this effect evaluated initially?

7. What major improvements were included in the new prediction models, WEPP and WEPS, that
make them potentially more effective than the former models, USLE and WEQ?

8. (@) Describe afarm field and cal culate the total erosion losses (water plus wind) predicted for
it. (b) If the predicted losses exceed the tolerable amount, propose and justify management
changes and control measures for reducing erosion.
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SOIL SURVEYS AS A BASIS FOR LAND
USE PLANNING

Soils are complex and variable. Their chemical and physical properties differ from onelo-
cation to another on both large and small scales. Any farmer can tell differencesin the soils
on different parts of the farm, a gardener can do likewise on a smaller scale, and someone
who makes a close examination can find differences in soil samples taken only inches or
even millimeters apart. Still more differences are noted if onetravelsto adifferent areaand
finds awhole new set of soils. Some of these differences are easily observed, some can be
measured by |aboratory tests, and some are difficult to evaluate. Soil surveys produce maps
and soil descriptions that are a means of compiling information about soils and the land-
scapes where they occur.

Certain soil differences have a great influence on the suitability of the soil for specific
uses; other properties may be more important for other uses. For example, the contents of
various plant nutrients are aconcern where plants are to be grown, but physical propertieslike
texture and permeability are more important when soil is used to build aroad or adam.

Theterm land generally includes such natural resources as soil, mineral deposits, cli-
mate, water supply, location in relation to markets and transportation, vegetative cover, and
structures such as buildings and terraces. The soil component is an important part of land
but not the only factor to be considered.

Land use planning works on various scales (FAO, 1993) to help make the best use of
land with practices that meet current needs and protect land resources so they will still be
available in the future. For example, national planning concerned with policies and laws
must consider an entire nation. It can benefit from a generalized map that shows the nation
on asingle sheet. Local planning is concerned with decisions that apply to specific loca-
tionsand isbased on adetailed map of asmall area. Intermediate level salso occur at county,
state, regional, or district levels.

Many nations have provided for aland use survey to make aland useinventory to be
used as a basisfor national land use planning (Davidson, 1992). The work is often done on
asampling basis so that it can be completed within a reasonable period of time.
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Observations of soil differences began thousands of years ago and were recorded by
Chinese, Greek, Hebrew, Roman, and other scholars (Gardner, 1998). Scientific analyses,
however, had to await devel opments in chemistry, geology, and other sciences that made it
possible to analyze soils, and an understanding of the factors that influence soil formation.
Most of that knowledge became available during the 19" and 20t centuries.

7-1 SOIL SURVEYS

Most 19-century soil maps were closely related to geology, and soils were understood
mostly as weathered rock. A map of Albany County, New York, completed in 1820 by a
lawyer-geol ogist named Amos Eaton is credited asthe first of thiskind in the United States
(Gardner, 1998). Eaton not only identified soils formed from different kinds of rocks but
also distinguished between upland and lowland positions and alluvial deposits versus soils
formed in place. Other maps followed, and the work gradually became more sophisticated.
Gardner (1998) credits E. W. Hilgard with having considered the influence of vegetation
along with geology in his 1860 map of the soils of Mississippi.

In 1894, the U.S. Congress alocated funds within the Weather Bureau to study the
relationship of climateto organic life. This study became the Division of Agricultural Soils
with Milton Whitney asitschief. The project that isnow known asthe National Cooperative
Soil Survey officially began in 1899 under his direction. Whitney stretched his $16,000
budget that first year by cooperating with state institutions such as experiment stations and
geological surveys, thus establishing a precedent that is till in practice (Gardner, 1998).

Thefirst soil surveyswerevery general. The 1899 maps covered 720,000 ac (291,000
ha) in portions of the Connecticut Valley of Massachusetts and Connecticut, Cecil County
in Maryland, Pecos Valley in New Mexico, and Salt Lake Valley in Utah (Whitney, 1900);
thisincreased to 6,557,320 ac (2,653,700 ha) in 1901 (Gardner, 1998). Whitney considered
it more urgent to provide maps for large areas rather than to include much detail.

Soil surveys became more detailed with time and were published on progressively
smaller scales, moving from an early standard of 1 in. per mile (1:63,360), to 2 in. per mile
(1:31,680) and 3.168 in. per mile (1:20,000) to the present norm of 4 in. per mile (1:15,840).
The amount of information included has also increased with more detailed soil descriptions
and more interpretations for various types of land use. The USDA Natural Resources
Conservation Service and the various land grant universities with their agricultural experi-
ment stations arethe leadersin the National Cooperative Soil Survey, and anumber of other
federal, state, and local agencies participate in some places.

Soil surveyors study soils on the landscapes where they occur, delineate soil areas on
maps, and describe their characteristics (Figure 7—1). The information needed to classify
the soils and evaluate their suitability for various uses is gathered, recorded, and published
in soil survey reports. The United States now has more than 1000 soil surveyors working
throughout the nation. They have designated more than 100,000 map units and classified
them into more than 13,000 soil series. Soil survey reports are available for most of the na-
tion, usually on acounty basis. Some counties have two or even three published reports be-
cause they needed to be updated with more detailed maps and more descriptive and inter-
pretive information. Soil surveys have proven to be so valuable that they are being made
by nations throughout the world.
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Figure7-1 This soil surveyor is showing the farmer how he uses 10% HCI solution to detect the
presence of calcium carbonate in soils and rocks. This information helps him classify the soil and
make a map that will help natural resource managers make efficient long-term use of the land.
(Courtesy USDA Natural Resources Conservation Service.)

7-1.1 Soil Classification

Soil classification developed separately at first but soon became an important tool for orga-
nizing the soil information amassed from soil surveys. A Russian named V. V. Dokuchaiev is
credited with having introduced the concept that soilsareindependent natural bodiesand pub-
lished the first scientific system of soil classification in 1879 (Basinski, 1959). K. D. Glinka
trand ated the Russian work into Germanin 1914, and C. F. Marbut trand ated it from German
into Englishin 1927. Marbut wasthe head of the U.S. soil survey program from 1910 to 1935.
He used the Russian work as abasisfor his own system of soil classification (Marbut, 1935).

Marbut died in 1935, and arevised system of soil classification was published in the
1938 yearbook of agriculture, Soils and Men (Baldwin et al., 1938). This was the official
system of soil classification in the U.S. until 1965 when the 7th Approximation of a new
system was adopted. This became Soil Taxonomy when the Soil Survey Staff published the
complete system in 1975. The second edition of thiswork (Soil Survey Staff, 1999) isthe
current guidefor soil classificationinthe U.S. and iswidely used internationally. It isavail-
able from the Superintendent of Documents and is accessible on the World Wide Web at
http://mww.statl ab.iastate.edu/soil §/soiltax/. A description of the systemisincluded in text-
books designed for a course in introductory soil science.

The basic unit of soil classification is the soil series. Soil series descriptions specify
the kind and sequence of soil horizons and the range of characteristics such as the texture,
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color, and thickness that each horizon may have. Defining characteristics are chosen to re-
late to how the soil formed and how it should be classified. Soil Taxonomy has six cate-
gorical levels wherein soil series are grouped into progressively broader classes as one
moves toward the higher categories. The six categories are:

Order
Suborder
Great Group
Subgroup
Family
Series

© ks wDNPRE

Soil Taxonomy provides a systematic nomenclature and definitions for the twelve estab-
lished orders and for their breakdown into suborders, great groups, and subgroups. Family
and series names and definitions are determined during the course of each soil survey and
integrated into the system through a process known as soil correlation.

Many other nations have developed their own systems of soil classification. Some
have used the Russian work, the 1938 U.S. Soil Classification System, or Soil Taxonomy
as a starting point, and each has been adapted to the needs of the particular nation. Some
systemsrely entirely, or at least as much as possible, on soil propertiesthat can be described
in the field, some include properties that require laboratory analyses, and some depend
heavily on theories of soil formation.

The Food and Agriculture Organization (FAO) of the United Nations has devel oped
asystem of soil classification that it usesin the various countries where it has soil scientists
working. FAO has attempted to make its system useful worldwide in avariety of fields, in-
cluding agriculture, ecology, geology, and hydrology. FAO has published a World
Reference Base for Soil Resources that was endorsed in 1998 at an international meeting
of soil scientists (Nachtergaele et a., 2000). This system and the U.S. Soil Taxonomy are
the widest used soil classification systemsin the world at present.

7-1.2 Using Soil Surveys

The original objective of soil surveys was to predict the probable success of a crop when
planted on a soil where it had never been grown before. Another objective was to predict
theresponse of acrop toirrigation. Other useswere soon found. By the 1920s, the Michigan
Highway Department was applying soil surveys to plan highways, and North Dakota was
applying them as a means of tax assessment (Kellogg, 1933).

Land-grant universities and state and federal agricultural research stations were
founded in the last half of the 19t century and grew vigorously. The research stations ob-
tained results from field plots, but there was no assurance that the new ideas could be trans-
ferred successfully from experimental plotsto farmsand ranches. Therewasamissing link:
soil mapping and classification. Soil surveys were needed to determine where each set of
experimental results should be applicable to the soils on private land.

Soil surveys made today provide an essential basisfor transferring scientific agricul-
tural information from experiment stations to farms and from one farm to another. Thisin-
cludes estimating yields of adapted crops, predicting erosion hazards, evaluating sites for



Sec. 7-1 Soil Surveys 183

wildlife, locating sand and gravel for construction, and identifying and conserving prime
and unique agricultural lands for agricultural use. A modern soil map supplemented by ap-
propriate laboratory tests can be used to make predictions about the suitability or limita-
tions of each soil map unit for:

« Field crop adaptations, estimated yields, and erosion hazard
* Forest tree species suitability

* Pasture grass environment

+ Wildlife habitat

* Recreation potential

* Building sites

A source of sand or gravel for construction

* Suitability for a septic tank drainfield

« Suitability for afarm pond

Consultants from various government agencies and private companies combine informa-
tion from soil survey reports with research results and information from other sources to
make recommendations for the uses in the preceding list. Individual farmers can obtain
copies of soil survey reports from the Extension Service or the Natural Resources
Conservation Service and use them to make their own management plans.

7-1.3 Kinds of Soil Surveys

There are two general kinds of soil surveys: detailed and reconnaissance. A detailed soil
survey is one where sufficient field work is done to observe all soil mapping units and to
trace al soil boundaries throughout their length. A reconnaissance soil survey hasonly in-
termittent field observations. Much of the information is interpreted from aeria photos or
other maps of the area on a scale of 1:20,000 or 1:15,640.

The current detailed surveys being made in the United States for publication under
the National Cooperative Soil Survey are known as Standard Soil Surveys. Completed sur-
veys are published in Soil Survey Reports. The maps and accompanying reports must meet
certain standards to serve the needs of their users.

7-1.4 Soil Survey Reports

Soil maps and their accompanying descriptions, interpretations, and other information are
published in soil survey reports, usually on acounty basis. As of February 2002, the USDA
National Resources Conservation Servicelisted 3251 survey areasin the 50 states as shown
in Table 7-1. Most of the land that has not been surveyed isin Alaska, in mountainous re-
gions, in desert areas, or in swamps.

Soil survey reports in the United States consist of two parts: the text and the soil
maps. The text tells how the survey was made, describes the county and the soils, tells how
the soils are classified, and discusses their use, management, and conservation.

The first soil maps were line drawings similar to a road map with the soil informa-
tion superimposed on it. Most of them were a single large sheet that represented an entire
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TABLE 7-1 STATUS OF SOIL SURVEYS IN THE UNITED STATES AS OF FEBRUARY 2002

Description Number % of U.S. land area
Published Soil Survey 1557 43
Initial Mapping Complete 360 12
Initial Mapping in Progress 133 5
Update Field Work Complete 162 3
Update Field Work in Progress 187 3
Out-of-date Publication 365 8
Maintenance Needed 287 7
Maintenance 38 1
Non Project 162 18

Source: Web site at ftp://ftp.ftw.nrcs.usda.gov/pub/ams/soils/ssa_small.pdf

county at ascaleof 1in. =1 mile (1:63,360). Modern soil survey reports contain two kinds
of soil maps: a general soil map and detailed soil maps. The general soil map isactualy a
soil association map made on alarge enough scale to be printed on one sheet. Thismap is
useful in county-wide land use planning. The detailed soil maps are divided into a number
of foldout sheetsin the back of the report. They have an aerial photo background, typically
at ascaleof 4in. = 1 mile (1:15,840).

7-1.5 Base Maps

Soil surveys are made on base maps that show geographic features such as roads, streams,
houses, and other reference points. Early soil surveyors used topographic maps published
by the U.S. Geological Survey or other suitable mapsif any were available. If no adequate
base map was available, they made their own as they mapped the soils, often using a plane
table and alidade and sometimes measuring distances by pacing for short distances and by
an automobile odometer for longer distances.

The advent of aerial photographs caused amajor revolution in base maps for soil sur-
veys as well as for many other uses. From about the 1930s to the 1950s, aeria photographs
for most areas of the United States became generally available and were adopted for use as
base maps. These aeria photographs are updated periodically and continueto be the best base
for drawing soil boundaries. The standard type is a black-and-white photograph with a matte
(nonglossy) surface to facilitate marking soil boundaries and symbolsin thefield with a pen-
cil. A more permanent ink version is prepared later in the office for use by farm planners and
others. The published mapsin a soil survey report are mosaics made by blending the individ-
ual photosinto amap of theentire areathat isthen subdivided into page-size sheets. Currently,
soil maps are being digitized so they can be manipulated and printed by computer.

Since the mid-1960s, infrared film and somefull color prints have been used in some
mapping. These color photos are superior to black-and-white photos where land use and
vegetation are to be interpreted but are seldom used as soil survey base maps.

At about the same time as infrared photography became available, scanners (multi-
spectral photographic systems) were devel oped. This technique permits the mapping of wet-
lands, dark soils, and well drained soils, but is useful only when the soil is bare of vegetation.
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Thermal infrared sensorsin aircraft can measure relative soil temperatures. Scanners
aremost useful at thetime of day when thetemperatures of well drained soil, poorly drained
soil, surface rock, and types of vegetation are expected to bein greatest contrast, usually at
about 3 PM.

Earth Resources Technology Satellites (Landsats 1 and 2) have made four-spectral-
band photographs at 18-day intervals for most of the world. Using Landsat maps at scales
of 1:500,000 and 1:1,000,000, Klingebiel (1977) reports atechnique for making a map that
delineates areas that are good, fair, and poor for food and fiber production in Mexico. This
type of work has tremendous value for planning national development and identifying
needs for more detailed soil surveys by conventional methods.

Although extremely useful as supporting and supplemental information, all air photo
data require ground observations for full interpretation. Some reconnaissance-type soil
surveys are made with minimal ground observations, but this diminishes the amount of in-
formation that can be mapped, and the accuracy is much less than that of surveys madein
the field.

7-1.6 Soil Map Units

Theindividual soil map unitsare almost all named as phases of soil series, although phases
of aclassat ahigher categorical level are used on some generalized maps. Also, afew mis-
cellaneous units are used for nonsoil areas such as bare rock or gravel bars and for drasti-
cally disturbed sites such as mine spoils and made land in and around cities and develop-
ments. Some areas are mapped as rough broken land or as intermixed soil series too small
in areato show separately.

Phases are used to specify information that is not considered in Soil Taxonomy but
has practical significance. Phases specify the soil series plus sloperange, erosion status, de-
gree of stoniness, or some other property that affects the use and management of the land
even though it does not change the classification of the soil. A soil surveyor draws bound-
aries on the map to separate the soil map units defined in the local mapping legend. The
map units approximate as nearly as possible the taxonomic units known as polypedons. A
symbol is placed in each soil areato designate the type of polypedon plus phase desigha
tions such as slope and erosion classes.

Polypedons are composed of contiguous pedons of the same soil series. One soil
series is differentiated from another by properties inherent in the constituent pedons (in
Greek, pedon = ground). Each pedon represents an individual unit of soil large enough to
grow a representative plant. By definition, soil pedons have a minimum surface area of
1 m2 and may be larger (up to 10 m?) if necessary to adequately represent the soil. They
are characterized by the color, texture, structure, porosity (permeability), consistence of
structural units (peds or clods), pH, concretions, clay coatings, organic matter, and root
abundance of each horizon and the depth to bedrock or other root-restricting layer.
Polypedon field descriptions also record the vegetation, surface drainage, slope class,
erosion class, parent materials, stoniness, and land use (Soil Survey Staff, 1993). The
field descriptions are supplemented by laboratory analyses of soil samples taken from
selected sites.
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7-2 SOIL MAP UNIT INTERPRETATIONS

Soil maps and soil descriptions need to be interpreted to make them useful; in fact, they
need to be interpreted in several ways to suit the needs of different users. Modern reports
include interpretations for agronomic, engineering, and sanitation uses. Interpretations for
horticulture, forestry, and rangeland are included where these uses are important.

When the mapping units are used according to the limitations specified, the soilswill
remain productive, nonpolluting, and useful. Examples of soil map unit interpretations are
included in the following sections.

7-2.1 Land Use Capability Groupings

The Natural Resources Conservation Service promotes the use of land within its capabili-
ties and the treatment of land according to its needs for protection and improvement. The
land use capability system was designed to help fulfill that purpose. The emphasisison the
soil component of land and the limitations it places on land use.

There are eight land use capability classes, as shown in Figure 7-2, differentiated
and described on the basis of limitations (hazards) that restrict intensity of use or require
special treatment. The first four classes have potential for use as cropland; classes five
through seven may be used for pasture, rangeland, or woodland; and classeight isrestricted

Land use according to capabilities

—— Increased intensity of land use ———
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Figure7-2 Land use capability classes indicate the intensity of use for which soils are suited.
Class | issuitable for any use, but other classes are restricted by various limitations and hazards.
(Courtesy USDA Natural Resources Conservation Service.)
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to noninvasive uses. Maps used for farm planning are commonly colored to make the land
use capability classes easy to identify. The standard colors areindicated along with the de-
finitions below:

Class |: Soilsthat have few or no limitations for cultivation of the crops usualy
grown in the area—qgreen on maps.

Class II: Soilsthat have moderate limitations that reduce the choice of adapted
crops or that require suitable conservation practices such as erosion control or soil
drainage—yellow on maps.

Class I11: Sailsthat have strong limitations that restrict the choice of crops, require
intensive conservation practices, or both—red on maps.

Class 1V: Soilsthat have severe limitations that reduce the choice of crops, require
very intensive conservation practices, or both—blue on maps.

Class V: Soilsthat are not likely to deteriorate when used for pasture, rangeland,
woodland, wildlife, or esthetics but have limitations such as wetness, stoniness, or
climate that make them unsuitable for cultivation—dark green or white on maps.

Class VI: Soilsthat have strong limitations that make them generally unsuited to
cultivation and limit their use primarily to pasture, rangeland, woodland, wildlife,
recreation, or esthetics—orange on maps.

Class VII: Soilsthat have severe limitations that make them unsuited to cultivation
and that require careful management when used for pasture, rangeland, woodland,
or recreation (an exampleis shown in Figure 7-3)—brown on maps.

Class VIII: Saoils and landforms that have very severe limitations that make them
unsuitable for commercial purposes and restrict their use to wildlife, esthetics,
recreation, and/or watersheds—purple on maps.

Land use capability subclasses are subdivisions of land use capability classes that desig-
nate the dominant kind of limitation or hazard restricting land use. The subclasses are des-
ignated by writing alower-case letter following the Roman numeral that signifies the land
capability class. The four subclasses are:

e erosion hazards

w: wetness problems

s soil limitations including excessive shallowness, extremely fine or coarse
texture, stoniness, salinity, or sodicity

c¢: climatic limitations such as excessive coldness or dryness

Therelative abundance of thesetypes of limitationsin the United Statesis shown in Figure 7—4.
Land Use Capability Class|, by definition, has no hazards limiting its use and therefore has
no subclasses. Each of the other seven classesis divided into subclasses. Soil map units are
classified into subclasses according to which one of the four types of hazards limits the use
of the land to its designated capability class. When two subclasses limit land use equally,
only oneisused, priority being assigned in the sequence e, w, s, and c.

Land use capability units are divisions of land use capability subclasses (or of Class
I) into smaller, more homogeneous groups of soil map units that have similar use potential
and management requirements. They have also been called soil management groups.
Capability units are established because subclasses are too broad and soil map units are
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Figure7-3 Fairmont flaggy silty clay loam in Kentucky on 25% slop&s ThesoH isaTypic
Hapludoll. It isin Land Use Capability Class VIl and Subclass e (erosion limitation). Limited graz-
ing is probably the most intensive use this soil can serve without excessive erosion. (Courtesy
USDA Natural Resources Conservation Service.)
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Figure 7-4 Dominant limitations (subclasses) that restrict the suitability of soils of the United
States for more intensive use. Erosion and sedimentation limit the most intensive use of half of the
soils of the nation. (From Soil Conservation Service, 1971.)
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more specific than necessary for many land management considerations. Therefore, soil
map units with similar erosion hazards, degrees of wetness, stoniness, textural classes, and
crop adaptations are grouped in the same land use capability unit.

Capability units are identified by Arabic numbers added to the symbols for the land
use capability class and subclass. An exampleisllle-1. The classes and subclasses are the
same everywhere, but the land use capability units are so variable throughout the 50 states
that separate definitions and interpretations are established for individual counties.

Other countries have also developed land capability classification systems to suit
their needs. For example, the British and Canadian systems each have seven classes that
paralel the U.S. system with Class V omitted and with a separate O class for organic soils
in the Canadian system (Davidson, 1992). A land suitability classification is used in The
Netherlands to evaluate land into classes with ratings of suitability for arable land, grass-
land, both, or neither (Davidson, 1992). Davidson also discusses land use capability as-
sessments made by the Food and Agriculture Organization of the United Nations for many
of the nations where they work. These are adapted to the circumstances of each nation.

7-2.2 Evaluating Rural Land

Soil map interpretations have been used in several states to evaluate rural land. For exam-
ple, astudy in lllinois compared the prices paid in 1509 rural land sales in 33 counties to
soil productivity ratings of soil map units. The standard soil survey report and soil map can
aso be used to evaluate rural land to help equalize taxes.

Taxes on farmland and ranchland should be based on the productive potential of the
soils and not on the management skills of the farmers and ranchers. Taxes on rural property
that is being farmed should not be based on its potential value for urban devel opment.

An economic analysis of yield potential and costs of production permits calculation
of the potential agricultural value of each soil. Assessors equipped with these data and with
soil maps can calculate the potential crop income of a farm or ranch. The procedures and
the crops being considered vary from state to state, but the essential steps are the following:

1. Calculate the weighting factor to be assigned to each soil map unit.
2. Measure the area of each kind of soil in each land ownership.

3. Sum the products of area X weighting factor.

4. Adjust for buildings, location, and other factors.

Several states and countries now use the above procedure to determine all or part of the as-
sessed valuation for property taxes.

7-2.3 Upgrading Soil Test Recommendations

A soil testing laboratory can make more precise recommendations for soil samples that are
collected and labeled on the basis of a soil map unit. Fertilizer and lime recommendations
can be adjusted according to field experimental data from the same or a similar soil series.
The recommended ratesfor certain herbicidesthat depend on organic matter and/or clay con-
tents can be determined from soil maps and the associated descriptions and laboratory data.
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The soil testing laboratory at lowa State University, for example, requests the name
of the soil series along with each soil sample so as to adjust the fertilizer recommendation
based on known subsoil characteristics. They make adjustments such as recommending
higher rates of potassium fertilizer for poorly drained soils and for soils formed in glacial
till as compared to those formed in loess. Soil characteristics such as slope, depth of top-
soil, and drainage can be supplied instead if the soil seriesis unknown.

7-2.4 Determining Need for Artificial Drainage

Soil surveys indicate soil series. One criterion for differentiating soil series is interna
drainage. The natural internal drainage is classified as either excessively drained, somewhat
excessively drained, well drained, moderately well drained, somewhat poorly drained, poorly
drained, or very poorly drained. Thelast three soil drainage classes usually require sometype
of artificial drainage to achieve optimum yields of most upland farm crops (Chapter 14).

In 1994, federal legislation mandated all poorly drained soils to be designated as
hydric and to be mapped as wetlands. Natural wetlands that are not already drained are to
be preserved for wildlife and hydrologic benefits (Chapter 14). They are not to be drained
for agricultural crops or building sites (Soil Conservation Service, 1994).

7-2.5 Evaluating Woodland and Windbreak Sites

Tree species adaptation and relative growth rates depend on many factors, including soil depth
through which roots may grow without physical or chemical hindrance, available water-holding
capacity of the sail, soil texture, organic matter, aeration, and depth to the water table.
Information about al these factors can be interpreted from the soil map unit. Such informa-
tion for each county in which forest trees grow naturally, aswell asfor semiarid areas where
windbreaks and shelterbelts are common, can be found in each county soil survey report.
The soil survey reports for humid regions have a section on “Woodland” that item-
izes the soil map symbol, woodland group, potential productivity, seedling mortality, plant
competition, equipment limitations, and preferred species for planting. The soil survey re-
ports for semiarid areas discuss the suitability of the various soils for windbreak plantings.

7-2.6 Selecting Sites for Wildlife Habitats

Different species of wildlife occupy different habitats. Deer, for example, are favored by
patches of woodland intermixed with open areas. Pheasants can feed in fields but need
grassy areas such asfencerowsfor nesting. Beavers need astream that they can damto form
apond. Ducks and other waterfowl need open bodies of water, and so forth.

Land owners who want to favor wildlife have many options. Odd corners that might
not be profitable to farm can be vegetated with grass, shrubs, or trees that will provide
wildlife habitat. Leaving grass strips along fencelines or field borders benefits many birds
and small animals. Some farmers plant corn or some other crop in aremote areaand leave
it for winter food for wildlife. Birdhouses and bird feeders may be placed in fencelines or
other suitable sites.

A table included in standard soil survey reports issued since 1965 rates all soil map
units on suitability for producing wildlife habitat elements. These elements include grain
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and seed crops, grasses and legumes, wild herbaceous plants, hardwood trees and shrubs,
coniferous trees, and wetland food and cover plants. Also, soil map units are rated for suit-
ability to openland, woodland, and wetland wildlife.

7-2.7 Interpretations for Engineering Uses

Engineers place buildings, roads, and other structures on soilsthat must provide proper sup-
port and drainage for the structures. They also use soils as construction materials for road-
fills, dams, terraces, and so forth. The most important soil characteristics for engineering
uses are particle (grain) sizes, permeability to water, compressibility, shear strength, com-
paction, drainage, shrink-swell potential, plasticity, soil pH, depth to water table, depth to
bedrock, and topography. Engineering test dataare presented in tablesin soil survey reports
in a section called “Engineering Uses of the Soils.” The interpretations are based on field
testing, laboratory analyses, and estimations of soil properties.

The engineering test data can be used to predict the suitability of each soil map unit
as asource of topsoil, sand, gravel, or road fill. They can a so be used to evaluate the suit-
ability of each soil map unit for constructing asanitary landfill, afilter field for aseptic tank,
a sewage lagoon, afoundation for a house, afarm pond, a highway, or a playground. Other
available information important to engineering uses of soilsincludes flooding hazard, rela-
tive wetness, erodibility, and stabilization of construction slopes with adapted vegetation.

7-3 MANAGING LAND

Land isused for many activities and purposes that have awide variety of soil requirements.
Land managers can use soil survey information and interpretations to select sites that are
best suited for particular uses and make appropriate management decisions.

7-3.1 Managing Agricultural Land

Farmers and ranchers need to be good land managersto make a profit without causing long-
term soil deterioration. Soil survey reports provide useful information for making land-
management decisions. They can be used for major decisions such aswhat land to purchase
and what use to make of it. They also provide a basis for designing field layouts, planning
conservation practices, and making general management decisions.

Selecting land for a particular enterpriseis easier and more precise when soil survey
information is used. For example, arancher choosing land for a cattle ranch in the southern
Great Plains would find that the Abilene soils shown in Figure 7-5 are known as Pachic
Argiustolls to soil surveyors and deep hardland range soils to local ranchers. The native
grasses are mid- and short-prairie grasses. Good grazing management is needed because
overgrazing causes blue gramagrass and buffalograss to increase at the expense of thetaller
grasses. Forage production then declines from its normal 600 Ib/ac to 90 |b/ac (700 down
to 100 kg/ha) annually (Soil Conservation Service, 1974).

Adapted crop varieties can be selected for farms on the basis of experiment station
results when soil survey maps show that the soils are similar. Also, needs for artificial
drainage or for erosion-control practices can beidentified and serious damage avoided. The
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Figure7-5 A soil profile of the Abilene series (Pachic Argiustoll) in the 25-in. (640-mm) precipi-
tation belt in Texas. This soil supports a good growth of nutritious range grasses. The depth to the
whitish calcium carbonate zone at the bottom of the photo is about 3 ft (nearly a meter). (Note: the
arrow isat 1 meter.) (Courtesy Texas Agricultural Experiment Station.)

general likelihood of needing lime and fertilizer may also be indicated in a soil survey re-
port, but soil samples from the actual field should be tested when specific fertility recom-
mendations are needed.

7-3.2 Precision Agriculture

Farmers have traditionally used entire fields as production units and applied uniform treat-
ments across each field. An approach known as precision agriculture or site-specific agri-
culture is currently under development (Stombaugh and Shearer, 2000). It divides a field
into small management units and uses the global positioning system (GPS) to identify the
location of each unit for both testing and treatment purposes. Variables such as seeding rate,
fertilizer rates, pesticide application rates, and soil amendment rates that have usually been
made on afield basis are adjusted for differences in the management units within the field.
Variable rate equipment that can be adjusted asit travels across the field is used to seed the
crop, apply the specified rates of nitrogen, phosphorus, and potassium fertilizers, or to ap-
ply lime or other soil amendment. This equipment is expensive enough that it is usually
owned and operated by afertilizer dealer or acontractor rather than by anindividual farmer.

Precision agriculture using variable rate technology has been shown to have the po-
tential of producing higher yields with less fertilizer in comparison to uniform field rates.
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For example, Van Alphen and Stoorvogel (2000) used this type of system for nitrogen fer-
tilization of winter wheat in The Netherlands and reported a saving of 23% in fertilizer in-
put, an increased yield of 3%, and an increased seed density of 4% relative to traditional
uniform fertilization. The higher yields and seed density are attributed to parts of the field
that were underfertilized when a uniform rate was used. The savings from the parts of the
field that had been overfertilized not only reduced the total amount of fertilizer used, but
also must have reduced water pollution by nitrate leaching from such areas.

Improved results from precision agriculture can only come from fields where there is
sufficient information to adjust the rates appropriately. Opinions differ regarding the best
method of obtaining suchinformation, partly because situations differ. Onefield may include
severd distinctly different soil series that might best be represented by taking soil samples
from each soil map unit in the field with arbitrary subdivisions for any such units that are
larger than a specific size. Another field with several areasthat reflect past use and manage-
ment differences should be sampled in away that separates the effects of those differences.

Grid sampling isanother approach that fitswell with the management unit concept of pre-
cision agriculture. Soil samples are taken at regular intervals, each one representing a specific
area. Bongiovanni and Lowenberg-DeBoer (2000) analyzed the results of lime applicationsin
Indianausing 1-ha(2.5-ac) and 0.4-ha(1-ac) areas. They concluded that the 1-haareaswerethe
most profitable; the added cost of taking more samples was not justified by their data.

Yield monitors mounted on harvesting equipment makeit possibleto userecordsfrom
the previous crop to make fertilizer recommendations for the next crop. Long et al. (2000)
used amonitor that recorded yield and protein content of spring wheat at one-second inter-
valsinafieldin northern Montana. From these data, they cal culated how much nitrogen was
removed by the crop and how much additional nitrogen would be needed toincreasethe pro-
tein content to the desired level. They compared variable fertilizer rates for the next year’s
crop based on these data to applying the same total amount of fertilizer at auniformratein
paralld strips. Yields were the same, but the variable rate produced grain with a higher and
more uniform protein content. Ellsworth (2001) used a yield monitor approach combined
with asoil map and soil test datato analyze corn yield responseto nitrogenin an lowafield.
Compiling these types of information in adigitized data set for the small areasthat make up
afield produces a geographical information system (GIS) (Sylvester-Bradley et al., 1999).
Such data are used to adjust fertilizer recommendations for the next crop, and amap of the
field is prepared to show how much fertilizer each management unit should receive.

7-3.3 Mechanization in Developing Countries

Developing countries often want to move rapidly from hand-hoe cultivation to animal-
powered cultivation to cultivation by tractors. These transitions are not always successful.
One reason for the failure of animal-powered farming in humid Africais trypanosomiasis
(African sleeping sickness) carried by several species of tsetse fly (Glossina). In humid
Africa, many governmentswant to lead their farmersfrom the use of the village-made hoes
directly into the use of sophisticated tractors.

Rapid mechanization is feasible on some soils. For example, nearly level and fertile
Vertisols occur in Ethiopia and Sudan (eastern Africa) and in Ghana and Nigeria (western
Africa). Tractors are the most suitable farm power on Vertisols because animals cannot pull
plows and other implements through such fine-textured soils.
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Figure7-6 The distribution of plinthite (also known as |aterite) in Africa. (From Prescott and
Pendleton, 1966.)

By contrast, the ferruginous soils of Ghanain western Africa are so steep and irregu-
lar intopography, so low in fertility, and so highin plinthite (Iaterite) that they cannot be cul-
tivated with atractor (Kline et a., 1969) (Figures 76 and 7—7). Care must be used in work-
ing with these soils to keep them from drying enough to harden irreversibly into ironstone.

7-3.4 Delineating Nutritional Problem Areas

As early as 1878, President Welch of the Agricultural College at Ames, lowa, (now lowa
State University of Science and Technology) suggested that there should be anational study
of soilsin relation to animal and human nutrition. The Annual Report of the USDA Bureau
of Animal Industry for 1898 contained a section on the relationship between a bone disease
in animals and the forage from pastures on the “noncalcareous’ soils of the Gulf Coastal
Plains. Later it was discovered that the soilswere acid and low in calcium and phosphorus.
The bone disease became known as osteomalacia. Extreme cases were reported in the
1930s in some northern states when animals ate only native prairie grasses and overwin-
tered on prairie hay. Soils likely to supply only small amounts of phosphorus can be iden-
tified on soil maps and checked by chemical tests. Phosphorus percentagesin most forages
can beincreased by a soil application of phosphorus fertilizer or by liming acid soils. The
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Figure 7-7 A plinthite soil in Ghanain western Africa. Plinthite, also known as laterite, hardens
into ironstone when wetted and dried during many years of high temperature. (Note: the depth scale
shownisin inches.) (Courtesy Roy Donahue.)

phosphorus fertilizer will aso increase forage production and reduce erosion on soils low
in available phosphorus.

Forage plants growing on soils that are poorly drained, both on Histosols (pests and
mucks) and on wet mineral soils, may contain concentrations of copper and molybdenum that
aretoxic to cattle and sheep (Kubota, 1975). These soilsare readily identifiable on soil maps.

Some nutritional problems, such as those mentioned, relate to specific areasthat can
be mapped. They occur in places where most of thefood is produced locally. Peoplein most
developed nations obtain food from a wide area and many soils. A balanced diet is there-
fore likely to contain adequate nutrients.
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TABLE 7-2 FAVORABLE SOIL CHARACTERISTICS FOR USING A SOIL AS A SEPTIC
TANK DRAIN FIELD OR AS A SEWAGE LAGOON

Septic tank drain field Sewage lagoon
Nearly level Level
Well drained Poorly drained
As deep as possible to awater table No possibility of contaminating water supplies
Sandy loam to loam texture Fine texture (high in clay)
High cation exchange capacity Structureless
High in organic matter Low in organic matter
Free of coarse fragments Free of coarse fragments
pH 6.5t085 Any pH

7-3.5 Cleansing the Environment

Pollution of theenvironment isaseriousthreat to human life. Pollutants discarded in oceans
and other bodies of water may not degrade; water may preservethem. Soil isthe only biode-
grading medium for rational disposal of many kinds of polluting wastes (Chapter 16).

Soilsvary in the kinds of pollutants each can absorb and how much of each pollutant
they can degrade. Soilsthat areideal for use as septic tank drain fields are usually not ideal
for sewage lagoons, as may be seen by comparing the columnsin Table 7-2. Sanitary land-
fills requirements are different from both of these columns and even require different soil
characteristics for different types of landfills. For example, because a trench-type landfill
requires soil manipulation under varying moisture conditions, its soil should have stable
structure and should be deep, medium-textured, and high in organic matter.

Table 7-3 rates twelve soil series in Pike County, Illinois, according to the severity
of their limitations for use as a disposal site for each of these kinds of polluting wastes.
Similar tables can be found in other modern soil survey reports.

7-4 LAND USE PLANNING

Soil survey reports and soil maps have been used in almost every conceivable type of land
resource planning, zoning, and general development. One very large project is that for the
entire 201-county watershed of the Tennessee Valley, comprising all or partsof seven states.
Land use planning is often perceived as having four objectives:

Protect current land use

Guide future developments

Reduce present and future conflicts
Avoid pollution (Gold et a., 1989)

A owbhpRE

An areaof stratified, sandy glacial depositswill serve as an example of how soil sur-
vey maps are used to plan land use and avoid pollution. Sandy deposits are natural loca
tions for rainwater to recharge aquifers. For this reason, they should be avoided when lo-
cating alandfill, astoragelagoon for manure, a salt-storage pilefor deicing roads, or adrain
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TABLE 7-3 RELATIVE LIMITATION RATINGS, AND THE REASONS FOR THE RATINGS, OF
SELECTED SOIL SERIES IN PIKE COUNTY, ILLINOIS, FOR USE IN WASTE DISPOSAL

Relative ratings

Sail Septic tank Sewage Sanitary landfill Reason(s) for ratings
series drainfield lagoon Trench Area
type type
Blair Severe Severe Severe Severe Wetness
Downs Moderate Moderate Severe Moderate Slope, wetness
Drury Moderate Moderate Slight Slight Slope, seepage
Elizabeth Severe Severe Severe Severe Slope, shallow, stony
Fayette Moderate Moderate Moderate Slight Slope, slow permesbility
Hamburg Severe Severe Severe Severe Steep slope
Rozetta Moderate Moderate Severe Moderate Wetness
Seaton Slight Moderate Slight Slight Slope
Sylvan Moderate Moderate Severe Severe Wetness
Tama Moderate Moderate Severe Moderate Wetness
Virden Severe Severe Severe Severe Ponding
Worthen Slight Moderate Slight Slight Slope, seepage

Note: For soil series with more than one map unit, these ratings are for the unit with the least restrictions (usualy the unit
with the lowest slope gradient for that soil series).

Source: Struben and Lilly, 1999.

field for a septic tank. Nor should such deep sandy deposits be fertilized heavily with ni-
trogen fertilizer, animal manures, or sewage sludges.

Stratified drift deposits must be identified and located accurately to avoid their mis-
use. This can be done with the proper use of soil survey maps or U.S. Geological Survey
(USGS) maps. Fortunately, these two kinds of maps arein agreement about 85% of thetime.
Both kinds of maps must be used because neither kind is available for all areas where deep
sand deposits exist. USGS maps are available for 5 to 10% of the United States; as already
indicated in Table 7-1, up-to-date soil survey maps are available for about 58%, with an-
other 8% in progress; older soil survey maps are still available for another 16% of the U.S.

7-4.1 Sustainable Land Use

Major uses of nonfederal rural land in the United States are listed in Table 7—4. They in-
clude cropland, 28%; pastureland, 9%,; rangeland, 27%; forestland, 26%; and other non-
federa rural lands, 10%.

Sustainability is an appropriate test for a land use and management system (FAO,
1995). Isthe productivity of the land maintained for both present and future use? Any sys-
tem that causes land to deteriorate and become | ess productive with timeis not sustainable
in that place even if the decline is slow. Conversion to aless intensive use that is sustain-
able may cause the affected area to produce less profit in the short run, but it will be much
more productive in the long run.

Each soil map unit hasaT factor that designates the annual rate of erosion that it can
tolerate without permanent loss of soil productivity. Map unit characteristics that influence
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TABLE 7-4 USE OF NONFEDERAL RURAL LAND IN THE UNITED STATES IN 1982

Land use Acres (millions) Hectares (millions) Percent of total
Cropland 421.4 170.7 28
Pastureland 133.3 54.0 9
Rangeland 405.9 164.4 27
Forestland 393.8 159.5 26

Subtotal 1,354.4 548.6 90
Other nonfederal rural lands 143.2 58.0 10
Grand total 1,497.6 606.6 100

Source: National Research Council, 1986, p. 7.

TABLE 7-5 AVERAGE ANNUAL SHEET, RILL, AND WIND EROSION

Land use Sheet and rill erosion Wind erosion
tons/ac-yr mt/ha-yr tons/ac-yr mt/ha-yr

Cropland

All 4.4 9.86 3.0 6.72

Cultivated 4.8 10.75 3.3 7.39
Pastureland 14 314 0.0 0.00
Rangeland 14 3.14 15 3.36
Forestland

Grazed 23 515 0.1 0.22

Not grazed 0.7 157 0.0 0.00

Source: National Research Council, 1986, p. 8.

this T factor are depth of the solum (A + B horizons), kind of parent material, relative pro-
ductivity, and previous erosion. Soil loss calculations as outlined in Chapter 6 can be used
to estimate the soil-loss rate under various use and management optionsto serve asabasis
for choosing land use and management practices that do not degrade the land. Soil-loss
rates that exceed the T factor indicate that something needs to be changed to make the prac-
tices sustainable.

Thereislittle doubt that awell-managed, fully stocked forest provides maximum pro-
tection against soil erosion and sediment loss. Next in rank of soil protectionisathick cover
of grass, and least protective is bare soil. A generalized comparison of the average rates of
erosion associated with various types of land use in the United States as a whole is shown
in Table 7-5. These data show that cropland is eroding much faster than pastureland, range-
land, and forestland in spite of the fact that cropland is generally on the best soils and has
the least average erodibility. More detailed data show that much of the cropland erosion is
occurring on arelatively small amount of land that is being used beyond its capability.

Nationwide reductions in total erosion and sedimentation could be achieved if all
land use capability classeswere used within their designated limitations. Human needs dic-
tate that most land must be used as intensively as its limitations permit, and the country
needsto reserveits best agricultural land for agricultural purposes. A new hational concern
for prime and unique agricultural 1ands recognizes this concept.
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Figure 7-8 Most of the soil under this subdivision in Maryland would be classified in Land Use
Capability Class | and would be considered prime agricultural land. Building costs were less than
elsewhere because the areais nearly level and adequately drained. Who should determine whether

it will be used for housing or reserved for agriculture? (Courtesy USDA Natural Resources
Conservation Service.)

\':"‘--'."

7-4.2 Prime and Unique Agricultural Lands

There has been increasing concern that the best lands for agricultural use are being irre-
versibly converted to other uses such as residential and business sites, as illustrated in
Figure 7-8. This concern has led to efforts to define and identify prime and unique agri-
cultural lands that should be kept in farmland (Soil Survey Staff, 1993).

Prime farmland island that has the best combination of physical and chemical char-
acteristicsfor producing food, feed, forage, fiber, and oilseed crops. Theland could be used
ascropland, pastureland, rangeland, forestland, or other land, but not as urban built-up land.
It has the soil quality, growing season, and moisture supply needed to economically pro-
duce sustainable high yields of cropswhen treated and managed according to modern farm-
ing methods. Prime agricultural lands are characterized by these eight parameters:

1. Adequate natural rainfall or adequate good-quality irrigation water to meet
normal needs 7 out of 10 years

2. Mean summer temperatures warmer than 59°F (15°C) at a soil depth of 20in.
(50 cm)
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3. Lack of excessive moisture, which means (a) no flooding more often than once
in two years and (b) water table below rooting zone

Soil not excessively acidic or basic (pH between 5.5 and 8.6), not saline, not sodic
Permesbility at least 0.38 in./hr (1.0 cm/hr) in the upper 20 in. (50 cm) of soil
Gravel, cobbles, or stones not excessive enough to interfere with power machinery
Soil deep enough to any root-restricting layer to permit adequate moisture stor-
age for crop plants

8. Soil not excessively erodible. The universal soil loss equation K-factor multi-
plied by slope percentageis 5 or less.

N o g s

Unique farmland island other than prime farmland that is used for the production of
specific high-value food and fiber crops. It has the special combination of soil quality, lo-
cation, growing season, and moisture supply needed to economically produce sustainable
high quality and/or high yields of a specific crop when treated and managed according to
modern farming methods (Johnson, 1975).

Unique agricultura lands include, for example, cranberry bogs, citrus orchards, and
rice fields. Three criteria characterize such lands:

1. Adeguate soil moisture from whatever source
2. Soil temperatures high enough and a growing season long enough to produce a
satisfactory harvest of the selected crop

3. Alocation that has the favorable attributes needed, such as nearness to market,
good air drainage, the proper aspect (direction of slope), favorable relative hu-
midity, and suitable soil temperature

7-4.3 Soil Surveys for Planning and Zoning

Examples of specific usesof soil survey information for planning and zoning will be briefed
for acity, two counties, and for “critical areas’ in general.

Canfield isatown in northeastern Ohio with a population of |ess than 5000. Soil sur-
veyswere used in establishing subdivision regulations in Canfield as early as 1966. Based
on those properties relevant to construction, public health, and erosion and sedimentation
hazard, all soil series in Canfield were placed in one of five groups as follows (Soil
Conservation Service, 1967):

I: Favorable soils (well drained, 2 to 12% slopes)
[l: Steep soils (12 to 50% slopes)
I11: Seasonally wet soils (0 to 6% slopes)
IV: Permanently wet soils with high shrink-swell potential (0 to 6% slopes)
V: Restricted soils (flood hazard, nearly level)
Each of the first four soil groups had specific mandatory specifications for foundation con-

struction, whereas Group V was not to be used for buildings without having very costly
flood control structures approved in advance.
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Figure 7-9 A zoning order based on soil maps would have prevented this house from being lo-
cated on this area of Linside soil series. The soil is a Fluvagquentic Eutrochrept—the prefix “Fluv-"

indicates the flooding hazard. (Courtesy H. C. Porter, VirginiaAgricultural Experiment Station,
Virginia Polytechnic Institute and State University.)

Black Hawk County in north-central lowais a prosperous agricultural and industrial
area with a population of 133,000 persons. Before zoning, pressures were tremendous to
use prime agricultural landsfor housing devel opments. Prime agricultural land was defined
as any land that would produce 6900 Ib/ac (7735 kg/ha) or more of corn. Based on this cri-
terion, 68% of the county was rated as “prime.” After a soil survey of Black Hawk County
was completed in 1973, a public hearing was held on a proposed county order to zone the
county. One very controversial section of the order prohibited the use of prime agricultural
lands for residential developments. The county board of supervisors passed the order and
land devel opers moved to the surrounding counties. Within a year, however, the adjoining
counties started passing similar orders (Vincent, 1977).

Walworth County, Wisconsin, using a 1966 soil survey as fundamental resource in-
formation, passed a sanitary code in 1968 and a shoreland and subdivision zoning order in
1971. Orders such as this help prevent disasters such as that shown in Figure 7-9.

Critical areasarethosethat either possess unique economic, recreational, historic, or
cultural values for the nation, or that pose environmental hazards. Examples of national
concerns include floodplains, virgin redwood forests, Native American buria grounds,
lakeshores, ocean beaches, groundwater recharge areas, unique wilderness areas, waterfowl
flyways, prime agricultural land, and historic trails. Soil surveys are as important for de-
lineating critical areas as they are in preparing and enforcing city and county zoning ordi-
nances and orders.
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7-4.4 Environmental Impact Statements

The National Environmental Policy Act of (NEPA) 1969 established the Environmental
Protection Agency (EPA) in the U.S. and mandated the use of environmental impact state-
ments. NEPA applies to projects that could damage the environment whether they are un-
dertaken by agovernment agency or require approval or licensing by agovernment agency
(Bregman, 1999). Projectsinvolving major soil disturbances, such as starting a new hous-
ing development, building a new highway, opening a surface mine for coal, or siting a
power plant, must be evaluated to determine how much environmental damage would be
caused and what alternatives are available. Public hearings are held where objections and
suggestions can be made. The agency or company must receive a permit that is based in
part on an environmental impact statement submitted to the U.S. Council on Environmental
Quality before it proceeds with the project.

Sixteen states, the District of Columbia, and Puerto Rico have passed laws reguiring
that an environmental impact statement also be filed with a designated state agency, and
many cities and counties have planning and zoning commissions that must approve all ac-
tions that are “unfriendly” to the local environment (Kreske, 1996).

Many other nations also have environmental protection policies. An international or-
ganization called OECD (Organisation for Economic Co-operation and Development,
1999) established a Project on Environmental Requirements for Industrial Permitting in
1993. OECD was established in Paris in 1960 with 20 member nations (mostly European
nations, the United States, Canada, and Iceland) and had grown to 30 member nations by
2002. The nationsin this organization use licensing processes to regulate various industrial
and construction activities on the basis of environmental, economic, and territorial criteria

The essentials of an environmental impact statement include an inventory of air qual-
ity, water quality, aguatic life, terrestrial wildlife, people, jobs, transportation, and endan-
gered plant and animal life. Another part of the report consists of predictions of the changes
and disturbances that will be caused by the proposed activity. Soil considerations are usu-
ally crucial in environmental impact statements because of the wind and water erosion and
sedimentation that result from land disturbance (Bregman, 1999).

Teams set up to research and write an environmental impact statement should consist
of subject-matter specialiststrained in the various environmental areasinvolved. Any such
team needs to have engineers, scientists, and planners who are concerned with soil, water,
vegetation, and wildlife in addition to those dealing with construction of the proposed de-
velopment. A forester should be a member of a study team in a forested or potentially
forested area, an urban planner in an urban or potentially urban area, and adairy specialist
where dairies exist or are being considered. Because several specialties are involved, the
average environmental impact team consists of 15 to 20 members. The team should be un-
der the direction of an administrator who will ensure that al pertinent factors are consid-
ered on their merits without bias.

SUMMARY

Soils are complex and variable. They have differences that influence their use for various
purposes. Soils, along with climate, water supplies, roads, buildings, and other structures,
are important components of land. Land use planning is applied to areas ranging in size
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from asmall garden to alarge nation. Planning needs to be based on maps that show an ap-
propriate amount of detail for the areainvolved.

Soil surveysinthe United Stateswere officially instituted in 1899. Their use has spread
to most nationsthroughout theworld. Thefirst surveyswere quite general sothat alargearea
could be covered quickly. Since then, they have become gradually more detailed. Some gen-
eralized soil surveys, known as reconnai ssance surveys, are still made, usually in new areas
that have not been mapped before, but most are more detailed standard soil surveys.

Soil survey reports are published to make the soil maps and the accompanying text
available for public use. The text includes a description of each map unit, a classification
of the soils, and soil interpretations for various uses. The original purpose was primarily
agricultural, but other uses such as land valuation and engineering uses of soils have since
been added. The original maps were line drawings, but most soil maps are now published
on an aerial photo-mosaic base. Most of the map units are named as phases of soil series.

Soil map units are classified into land use capability classes, subclasses, and unitsfor
farm planning purposes. A map colored to indicate the soil classesis useful for identifying
parts of a farm that are best suited for particular uses or that have special management
needs. Each soil map unit can beinterpreted for crop adaptations and predicted yields, land
value, drainage needs, woodland sites, wildlife habitats, recreational sites, engineering
qualities for construction, and other purposes.

Soil surveys provide a sound basis for land management for farms and ranches.
Precision agriculture is a modern method of management that subdivides fields into small
management units and applies variable rates of seed, fertilizer, pesticides, and soil amend-
ments. Soil surveys are also used as a guide for mechanizing cultivation in developing
countries, for identifying areas of nutritional deficiencies and toxicities for animals and
people, for proper disposal of wastes, and for general land development.

Soil survey reports (texts and maps) are valuable as a scientific basis for land use
planning. Such plans should be made on a sustainable basis so that the land will be pro-
ductive in the future as well as at present. The concepts of prime and unique agricultural
lands were developed to preserve productive soil for essential food, feed, and fiber crops.
Such areas are delimited only with the help of asoil survey. Town and county planning and
zoning agencies are now using soil surveys as a basis for their ordinances and orders.
Construction projects that result in major soil disturbances now require environmental im-
pact statements. Soil factors are essential considerations in the preparation of environmen-
tal impact statements.

QUESTIONS

What are the principal purposes of a soil survey?

How is soil related to land?

What is the difference between soil classification and soil survey interpretation?
Describe the contents of any recent soil survey report.

Select two contrasting soil map unit interpretations and explain their significance to natural re-
source experts in these respective subjects.

What is meant by precision agriculture and sustainable agriculture?
7. Explain the use of soil surveys as a scientific basis for rational planning and zoning.

o s~ wDN e
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CROPPING SYSTEMS

Cropping systems—that is, the crops grown and the techni ques used to grow them—should
be chosen to provide the degree of protection that the land needs to replace the cover pre-
viously provided by trees, grass, or other plantsin the natural vegetation. The usual result
of a poor cropping system is accelerated soil loss that reduces soil productivity and in-
creases environmental pollution.

Many cropping systems leave much of the soil surface exposed during part of the
year. The impact of water or wind on the soil at such times can cause high rates of erosion
and serious damage. The damage in many fields could be greatly reduced by adjusting the
cropping systems to minimize exposure of the soil to the most erosive winds and rain-
storms. Cropping systems should be designed to protect both present and future productiv-
ity by providing adequate vegetative cover to control erosion.

8-1 PLANT COVER

The first requirement for a crop is that it be adapted to the environment where it is to be
grown. Tropical fruits need warm, frost-free climates. Warm-season crops such as corn and
soybeans can evade cold winters if summer moisture is available, whereas earlier maturing
crops such as small grains are grown where the summers are dry, or the growing season is
short. Every crop hasits own limited range of climatic adaptation.

Sail factors are aso important for producing plant growth. A wet, puddied soil isgood
for paddy rice, but bad for most other crops. Blueberries, strawberries, and other iron-loving
crops do best on acid soils, but most other crops produce maximum growth in the dlightly
acid to nearly neutral range.

Poor crop growth can be a disaster to the soil and the environment as well as to the
grower. Poor growth exposes the soil to erosion by raindrop splash, runoff, and wind. The
eroded soil is deposited elsewhere, often burying plants, filling reservoirs, eutrophying
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streams, and causing other damage to the environment. The remaining soil almost always
has less productive potential than the original soil had.

8-1.1 Amount of Plant Cover Needed

The amount of plant cover needed to protect a soil depends on the erodibility of the soil and
theintensity of erosive forces. Loose soil on steep slopes needs permanent vegetationto in-
tercept raindrops and to limit the amount and velocity of runoff. Vegetation may be needed
to deflect high wind velocitieseven if theland isimmuneto water erosion. Usually the need
for cover is much greater at some seasons than at others. The soil-loss equations discussed
in Chapter 6 provide ameans of estimating the adeguacy of the cover produced by various
cropping systems in particular situations.

Environmental concerns add another reason to maintain a good vegetative cover.
Growing plants reduce both the leaching of plant nutrients and the loss of soil by erosion.

8-1.2 Types of Crops

Many kinds of crops are grown in the world. Only afew can be included here, so this dis-
cussion will be limited to groups or types of crops that cover large areas of land. The full
meaning of the term crops includes any plants or parts of plants grown for agricultural pro-
duction. Most crops are included within the collective domains of agronomy, horticulture,
and forestry. Usually some kind of management or culture is needed to encourage crop
growth so that a good yield can be harvested. The harvest may come after afew weeks or
months, or it may be delayed for years. Annual crops must be planted every year, but cer-
tain perennial crops may be planted once and harvested many times.

For discussion purposes, cropswill be divided into row crops, small-grain crops, cul-
tivated forage crops, and tree crops. Some characteristics of each group will be considered
in this section; management factors will be discussed in later sections.

Row Crops. Many crops have traditionally been planted in rows about 40-in. (1-m)
apart so they can be cultivated. Often these are afarmer’s most profitable crops and there-
fore the ones that receive the most attention. Corn, cotton, potatoes, sorghum, soybeans,
sugar beets, sugarcane, and sunflowers are examples of field cropsthat are usually grownin
rows. Truck crops, such as most vegetables and small fruits, are also grown in rows. The
rows facilitate tillage to control weeds, spraying or dusting of pesticides, application of sup-
plemental fertilizer as side-dressing after the crop is established, and finally the harvesting
of the crop.

Row crops frequently create problems for soil conservationists. An unprotected area
between the rows, as shown in Figure 8-1, may be exposed to several erosive rainstorms.
Cultivation keeps the soil loose and erodible. Rills form easily where the rows guide water
down a slope. More shest, rill, and gully erosion occur under row crops than under close-
growing cropsin asimilar environment. The frequency of growing row cropsin arotation
is often limited by the erosion hazard.

Small Grains. Rice, wheat, barley, oats, and rye are known as small grains or ce-
real crops. These crops are widely adapted and are used to produce bread, cereals, and other
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Figure8-1 The soil between these young soybean rows was puddled by raindrops and crusted
when it dried. (Courtesy F. R. Troeh.)

foodsfor people and animals. Riceisthe main staple of many areaswith warm climatesand
will grow in wet conditions that exclude most other crops. Rye, wheat, barley, and oats pro-
duce most of their growth during cool seasons. They are often the only cash crops grown
in areas where cool climates cause short growing seasons and where dry summers in
warmer areas limit crop production to the cooler part of the year. Summer fallow helpsto
extend their range into still drier climates. In more humid areas, the small grains may be
grown in rotation with row crops and forage crops.

Small grainsare usualy drilled in rows about 6- to 10-in. (15- to 25-cm) apart or else
broadcast. Their fast early growth and relatively close plant spacing provide much more
erosion control than row crops, but not as much protection as most forage crops.

Forage Crops. Cropsgrownto befedto livestock as pasture or hay are known as
forage or fodder crops. Many grasses and legumes are included either singly or in combi-
nation. Some are annuals, some are biennials, and some are perennials. Some are native
plants, some are introduced from other parts of the world, and some have been devel oped
by intensive plant breeding.

Forage crops are maintained as permanent cover on areas that are not cultivated be-
cause of soil or climatic limitations or some other reason. They are grown elsewhere as part
of the crop rotation. They may occupy the land for only afew monthsin somefields, for a
year in others, and for several yearsin successionin still others.

Forage crops are grown with close spacing between plants except in areas too dry to
support dense vegetation. Maximum cover is attained by planting crops that grow rapidly,
by planting the forage crop along with a companion crop, or by maintaining established
stands for along time.
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TABLE 8-1 NUTRIENTS CONTAINED IN TYPICAL YIELDS OF SEVERAL CROPS

Nutrients (Ib/ac)

Yield
(tons/ac) N P K Ca Mg S

Forage crops

Alfdfahay 4 230 15 176 118 25 22

Red clover hay 25 104 11 80 61 17 7

Smooth bromegrass hay 25 99 12 94 17 11 11

Sweetclover hay 5 219 24 135 144 39 41

Timothy hay 2 61 10 86 18 4 5
Row crops

Corngrain 4 113 23 25 2 9 10

Grain sorghum (milo) 3 438 18 22 2 7 6

Potatoes 9 60 9 86 2 5 4

Soybeans 15 188 19 66 10 11 7

Sugar beets 20 77 4 80 40 12 9
Small grains

Barley 15 55 10 13 2 4 4

Oats 15 57 10 12 2 4 6

Rice 15 36 10 13 2 4 1

Rye 1 38 6 9 1 2 3

Wheat 15 62 11 12 2 4 5

Source: Calculated from percentage compositionsin M. H. Jurgens, Animal Feeding and Nutrition, 7th ed., 1993. Kendall
Hunt, Dubuque, lowa, 580 p.

Forage crops are often considered to be “ soil-building crops.” This concept istruein
some ways but falsein others. Improved soil fertility is often inferred because many forage
crops are legumes, and nitrogen-fixing Rhizobium bacteria grow on their roots. Crops such
as dfafaor sweetclover have been used extensively to replenish the nitrogen supply of the
soil before growing acorn or wheat crop. A large tonnage of plant material should be disked
or plowed into the soil when a positive fertilizer effect is desired. Leaving only roots and
stubble resultsin little or no net addition of nitrogen to the soil and causes a significant re-
moval of all other nutrients. As shown in Table 8-1, forage crops remove larger amounts of
many nutrients than most other crops remove. This soil-depleting effect can be reduced by
feeding the forage to livestock and returning manure to the land.

The close spacing of forage plants coupled with theimproved soil structure and per-
meability they produce provide good protection against erosion. Forage crops are there-
fore regarded as soil conserving and are useful where the erosion hazard is too great for
other crops.

Tree Crops. Trees are grown for many purposes. They produce many valuable
products, including wood, paper, fruits, nuts, medicines, and Christmas trees. They have
many ornamental uses, and they are used to help restore fertility to tropical soils. Treesalso
help purify the air by assimilating large quantities of CO,, lesser amounts of sulfur com-
pounds such as SO,, and some nitrogen gases such as ammonia (NH). Some trees are
grown in pure stands, some are mixed with other species of trees, and some grow along with
various shrubs, grasses, and herbaceous plants. Growing trees along with grass or field
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cropsis called agroforestry. In its broadest sense, agroforestry includes settings that range
from an occasional tree in alawn or along the border of afield to strips of trees that help
control erosion and produce valuable wood and/or food products.

Tree crops are suited to a wide range of environments. Apple trees grow where the
soil freezes in the winter, oranges and other citrus fruit that are sensitive to frost are grown
in warmer climates, and coconuts require tropical conditions. Trees grow in some of the
warmest and wettest climates on earth and prevail far into the cold climates, but give way
to smaller plantsin drier climates.

Trees, combined with undergrowth and alitter layer, provide strong protection against
erosion. Raindrops seldom strike the soil surface beneath trees because they are gently ab-
sorbed by thelitter layer after having been intercepted several timesby the leaves, branches,
and undergrowth. The protected soil surface retains a porous structure and the infiltration
rate is much faster than it would beif a crust could form. Increased infiltration reduces the
runoff volume. Runoff velocity is slowed asthe water trickles through the litter layer. Most
soil loss from such settings is either by solution erosion in the percolating water or by sud-
den, rare, intenserainsthat produce enough concentrated runoff to wash away the cover and
cut agully. Even then, areas outside the main flow of runoff may be undamaged.

Not all trees provide as much protection as was outlined in the preceding paragraph.
Exposed soil in aclean-cultivated orchard, for example, is subject to erosion. Raindrop im-
pact can be damaging even under the trees because drops falling off tree branches are often
large. Erosion control requires cover to intercept these drops again nearer the soil surface.

8-1.3 Plant Population and Row Spacing

A bluegrass pasture normally has millions of plants per acre (0.4 ha), while afew hundred
trees may cover anearby acre. Most other plant populations fall somewhere between these
extremes. The number of plantsis, of course, likely to be inversely related to their size.

Increasing the population of any given type of plant per acre can improve both crop
yieldsand erosion control. Newer varieties of some crops have been developed to be grown
at higher populations than were formerly common. For example, top cornyields are likely
to require 20,000 to 28,000 plants per acre (50,000 to 70,000 per hectare) instead of the old
standard of about 12,000 plants per acre (30,000 per hectare). The older varieties do not
produce well at the higher densities because crowding causes many barren stalks and re-
duces grain production.

Increased plant population in row crops is achieved by using narrower rows, closer
spacing in the row, or both. Spacing plants equally in all directions would minimize crowd-
ing and maximize protection against erosion, but cultivation and harvesting practices often
require that certain crops be grown in rows.

Feld crops such as corn, cotton, potatoes, sorghum, soybeans, and sugar beets were
planted in rows 40-in. (1-m) apart so that a horse could walk between the rows for cultiva-
tion. The40-in. spacing survived in many placeslong after tractorsreplaced horses. Narrower
rows of 20- or 30-in. (50- or 75-cm) spacing have increased in popularity in recent decades
wheretractors have become the rule and herbicides have eliminated much of the cultivation.
Some variable spacingsare used with wider intervalsfor thewheel tracksthan for other rows.

Narrow rows are often el ected because they usually increase crop yields. The plants
are better spaced to absorb sunlight, and the more complete crop canopy keeps the soil
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cooler so less water islost by evaporation. Erosion control is also improved. Cropsin 20-
in. (50-cm) row spacing, for example, grow together and cover the space between the rows
at an earlier date than those planted in 40-in. (1-m) rows. Where the rows are narrow, fewer
raindrops are able to strike the bare soil and cause erosion, more water infiltrates because
the soil surface is less likely to crust, and less water accumulates in any one place to be-
come erosive runoff.

8-1.4 Soil Fertility and Fertilizers

Dramatic reductionsin erosion and sedimentati on can often be achieved through proper fer-
tilization. Well-fertilized crops grow more vigorously and protect the soil much more ef-
fectively than weak ones. Fertilizers are therefore as important for conserving soil as they
arefor increasing yield.

A good sail fertility program combined with the best crop varietiesand cl ose plant spac-
ing can reduce soil lossto lessthan half asmuch aswould occur under the same crop with low
fertility and wide row spacing. Higher fertility produces a better stand and larger plantsat all
stages of growth, including the critical early period when the soil is most exposed to erosion.

The proper amount and timing of fertilizer applications depend on soil, crop, and
weather. The fertility status of the soil may be estimated if one knows the nature of the soil
and its cropping and fertilizer history. Rather than rely on such an estimate, however, it is
usually better to test the soil at least once every four years. The cost of such testsis easily
regained through more accurate fertilization. Excess fertilizer is expensive and can con-
tribute to water pollution; too little fertilizer resultsin reduced yield. Variable fertility can
be managed with modern fertilizer equipment combined with GPS (global positioning sys-
tem) that make it possible to adjust fertilizer rates as needed to better optimize fertilizer use
for different parts of afield. This system, known as precision agriculture (Stombaugh and
Shearer, 2000), produces high yields while saving fertilizer and reducing pollution.

Any available sources of organic fertilizer should not be overlooked in afertility pro-
gram. Organic fertilizers such as manures and sewage sludge are likely to not only provide
plant nutrients but also increase soil organic matter and reduce erosion. For example,
Nyakataw et al. (2000) found that applications of poultry manure promoted good emer-
gence, vigorous growth, and high yields of cotton and helped control erosion in Alabama.
Thereturn of plant residues servesasimilar purpose and may be especially important in de-
veloping countrieswhere little fertilizer is used. Kayuki and Wortmann (2001) suggest that
plants from hedgerows and other areas can provide green manure for Ugandan soils and
othersthat contain little organic matter. A combination of organic and mineral fertilizersis
often best; the amount of organic fertilizer can be adjusted to supply enough of one nutri-
ent and minera fertilizers used to add whatever other nutrients are still needed.

Each crop has its own fertility needs and its own pattern of response to variationsin
the availability of essential nutrients. A few examples will illustrate this point. Legumes
such as beans, peas, and clovers normally do not need nitrogen fertilizer because they ob-
tain nitrogen from their symbiatic relationship with Rhizobium bacteria. They do need ad-
equate supplies of all other nutrients, and many legumes, especially those used as forage
crops, need enough lime to keep the soil pH near neutral. Most nonlegume crops, on the
other hand, respond dramatically to nitrogen. Large amounts of nitrogen fertilizer are used
for members of the grass family, such as corn, small grains, and the forage grasses.
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The tonnage produced and the part of the plant harvested influence the fertilizer
needs of both the current crop and the next crop to be grown. Aswas shown in Table 8-1,
a crop of 5 tons of sweetclover hay removes much larger quantities of nutrients than a
1.5-ton crop of barley or oats. The large hay crop demands a good supply of nutrients.
Also, the next crop may require extraamounts of potassium fertilizer because of thelarge
amount of K* removed in the hay.

Weather influences fertilizer use in several ways, including the choice of crop, the
rate of crop growth, the loss of nutrients by leaching and erosion, the availability of nutri-
ents that remain in the soil, and the ability of the soil to support a truck loaded with fertil-
izer. Even an adapted crop may suffer if the weather is cooler than usual in the spring or
warmer than usual in the summer.

Weather that is cool enough to retard growth is often wet enough for poor drainage
to further limit growth on wet soils, or for leaching to deplete the supply of available nu-
trients in drier soils. Intermittent wetness leads to the loss of much available nitrogen by
denitrification. Warm, dry weather also can limit nitrogen availability as capillary move-
ment and evaporation at the soil surface combine to concentrate nitrates in a surface crust
where there is very little root activity. A good rain can wash this nitrogen back down into
the root zone and cause the crop to turn green again.

Wet conditions can seriously hamper potassium absorption by plants. The absorption
process requires energy because potassium isusually more concentrated inside theroot than
in the soil solution. Excessive wetness reduces aeration and slows the oxidation processes
that provide energy for nutrient absorption and root growth. Extra potassium is therefore
needed in wet years and in poorly drained soils.

8-1.5 Seasonal Changes in Plant Cover

Seasonal variations occur in both the amount of plant cover produced by a crop and in the
amount of protection the soil needs against erosive forces. A storm that causes disastrous
erosion when there is little plant cover on the ground might cause very little damage later
in the season when plants are larger and offer more protection.

The most hazardous periods occur when the soil is exposed by tillage before a new
crop is planted and during the early growth stages while the plants are too small to ade-
quately protect the soil, as shown in Figure 8-2. The erosion hazard diminishes as the per-
centage of bare ground remaining between plants decreases. Such changes are considered
as components of the cropping factors in the soil-loss equations discussed in Chapter 6.

Seasonal changes are most significant where annual crops are grown because the soil
often has little cover during a cold or a dry season between crops. Some soils suffer exces-
sive erosion, for example, when the land is plowed after harvest in the fall and | eft exposed
until aspring crop is planted. The exposuretimeis even longer where ayear of summer fal-
low isused. A period of bare soil may sometimes help control weeds, insects, and plant dis-
eases, but it greatly increases the erosion hazard. Usually, there are cropping and tillage al-
ternatives that provide cover most of the time in the form of either growing plants or plant
residues. For example, one of the advantages of winter wheat over spring wheat isthe cover
that afall-planted crop provides during the winter and early spring. The sameistrue of other
small grainsin areaswhere either awinter or aspring variety may be planted. Similarly, fall-
planted chickpeas are replacing some of the spring-planted varieties in the Mediterranean
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v I
Figure8-2 Theerosion hazard is greatest while plants are small and diminishes as the growing
plants cover the soil more completely. (Courtesy F. R. Troeh.)

region (Singh et a., 1997). The fal plantings of chickpeas average 70% better yield, give
more consistent results, and provide winter and early spring cover that the spring plantings
cannot provide. Tillage practices that leave plant residues on the surface can also help hold
the soil and conserve moisture for the next crop, as discussed in Chapter 9.

Perennial crops also have seasonal changesthat should not be overlooked. The cover
inahay field isgreatly reduced for atime after the hay is cut. Even a pasture may be grazed
heavily enough to permit storms to cause erosion. Overgrazing is especially serious when
it occurs along with trampling damage during a wet season, or while the vegetation is not
growing because of drought or cold weather.

8-2 MANAGING MONOCULTURES

Cropping systems that aways grow the same crop on the same land are known as
monocultures. The advantages and disadvantages of monocultures and crop rotations have
been long debated without either system being eliminated. Each system isimportant in its
own time and place. Monocultures will be discussed in this section and crop rotations in
Section 8-3.

A monoculture permits afarmer to specialize in acrop and to manage the land for the
benefit of that crop. Usually the chosen crop is highly profitable and well suited to the soil
and climate.

Sometimestheland on afarm justifiestwo or more monoculturesrather than arotation.
For example, afarmer in ahumid region might grow arow crop continuously on level land,
hay on sloping land, and pasture or treeson steep land. Another farmer inadrier climate might
use large areas for rangeland, grow wheat on the most productive nonirrigated land, have an
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orchard on permeable sloping irrigated land, and perhaps use a crop rotation on the flatter ir-
rigated terraces. Wet bottomland might be used for pasture. With these systems, each crop is
grown where it fits best rather than over the whole farm in arotation.

8-2.1 Annual Cash Crops

Arguments against monocultures usually center on the effects of growing annual cropssuch
aswheat, corn, or cotton year after year on the same land. Farmers often grow these crops
on as much land as possible as a source of cash income. Monocultures put the most prof-
itable crops on the best land every year rather than aternating them with other crops.

It was long assumed that certain monocultures, such as continuous corn, would ruin
land. Indeed, yields from such systems soon dropped to low levels when they were tried
without fertilizers. But later it wasfound that well-fertilized continuous corn could produce
high yields, though probably not as high as that grown in rotation (Crookston and Kurle,
1989). Theyield results satisfied some people, but others argued that the soil structure was
deteriorating and the rate of erosion was excessive. The argument continues even now,
partly because each side has situationsthat illustrateits point, and partly because some peo-
ple worry more than others about erosion and soil structure.

Cornasamonocultureisnow considered acceptable on certain soils, but other soils
are damaged by such treatment. The damage is either excessive soil erosion and sedi-
mentation on rolling land or breakdown of soil structure and poor drainage on level land.
Users of monocultures and other intensive-use cropping systems should be alert to such
problems. Sometimes an intensive rotation is worse than a monoculture. For example,
Van Doren et a. (1984) found erosion from a corn-soybean rotation to be 45% more than
that from continuous corn. They concluded that soybeans predisposed the soil to water
erosion. It should be noted that a corn-soybean rotation consists of two row crops and
that both are grown as annual cash crops. As such, it lacks the regenerative features of
the older corn-oats-meadow rotations and is described by some as continuous row crop
rather than as a rotation.

Severa things can be done to reduce the detrimental effects that may occur with in-
tensive cropping systems. First, such systems should be limited to suitable soils. Next,
crops should be planted in narrow rows and provided with all the lime, organic and mineral
fertilizers, improved drainage, and other factors the crop needs to grow well. Then, cover
should be provided during the off-season by leaving crop residues on the surface to protect
against erosion while there is no crop growing and to return as much organic matter to the
soil as possible. Or, where feasible, growing a cover crop during the off-season is an ex-
cellent way to control erosion and add organic matter to the soil.

8-2.2 Summer Fallow Systems

Large areas of semi-arid land are fallowed every second or third year, or on a variable
schedule depending on weather and other factors. Much of thisland produces wheat or per-
haps barley or rye whenever it is cropped, so the system is a monoculture that sometimes
has long intervals between crops. The purpose of the fallow is to accumulate water in the
soil to increase the supply for the next crop, as discussed in Chapter 13 (Section 13-8), or
sometimes to combat noxious weeds.
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Weeds and volunteer plants must be controlled if water is to be conserved during
the summer fallow period. Traditional summer fallow was often called black fallow or
clean fallow because tillage with plow and disk implements buried al of the crop
residues. Sometimes the residues were burned to make it easier to plow thefield. There-
sult was exposure to erosion by both water and wind during the 15- to 18-month period
between crops. One response was to substitute alarge disk for the plow. This was called
trashy fallow because it left some residues on the surface, at least for the first few
months, but excessive erosion was still common. Chisel plows have also been used for
this purpose, but any tillage that penetrates very deep causes water to be lost by evapo-
ration from deep cracks. Newer implements that kill weeds with minimal soil disturbance
by undercutting at shallow depths with wide sweeps or rod weeders are discussed in
Chapter 9 (Section 9-3). Another alternative, known as chemical fallow, isto use herbi-
cidesto kill the weeds.

Many people question the value of fallow for increasing production. Crop yields are
often higher than they would be with annual cropping, but thereisno yield at all during the
fallow year. Nielsen (2001) discusses the use of short-season annual legumes in rotation
with winter wheat in areas of the Great Plains that have traditionally used a wheat—fallow
system. He suggests that early-planted chickpess, field peas, or lentils can mature and be
harvested in time for summer rains to replenish the soil water so winter wheat can be
planted in September. This system provides a crop every year, nitrogen fixation by the
legumes, and improved control of weeds, insects, and plant diseases.

Fallow systems are also questioned on the basis of long-term sustainability. Organic
matter islost both by decomposition during the long fallow period and by erosion, and the
crop residues returned are not nearly enough to replace it. Consequently, both the fertility
and the physical condition of the soil deteriorate, especially under intensive tillage sys-
tems. Schillinger et a. (1999) found that a no-till system helps slow the decomposition
and reduce erosion losses, but there still are not enough crop residues to offset long fal-
low periods. They suggest that a no-till system may conserve enough water to make an-
nual cropping possible in many areas and that this would be more sustainable than fallow
systems.

8-2.3 Forage Crop Monocultures

Close-growing perennial grasses and legumes are often used for hay or pasture on land that
is too steep for row crops and small grains. These forage crops are often combinations of
grassesand legumes, so they are not strictly monocultures. However, the same crop remains
ontheland year after year, and it is convenient to group these mixed forages with the mono-
cultures.

Good management of land in forage crops can increase profit and reduce soil loss at
the sametime. Three main factors areinvolved: soil fertility practices, good grazing or har-
vesting management, and occasional reseeding where it is feasible and needed. Some pas-
turesin humid regions al so need to be clipped (mowed) once or twice ayear to keep weeds,
trees, and brush from invading the pasture.

Fertilizer and lime can be used not only to increase forage production but also to help
control the composition of mixed forages. Liming to near neutral pH combined with ade-
guate phosphorus, potassium, and any other deficient nutrients will help maintain legumes
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inthe stand. Nitrogen applicationsfavor the grasses and are often omitted where the grasses
might crowd out the legumes.

Managing the livestock in a pasture and the haying equipment in a hay field are the
most important means of controlling erosion on these lands. Enough plant growth should
be left on the land to protect the soil and to maintain vigorous plants. The plants should be
allowed to reseed periodically, especially on land that is never tilled. Late-fall and early-
spring grazing should be avoided or limited to avoid weakening the plants.

Systems of rotation grazing usually result in more forage production and better uti-
lization than uncontrolled grazing. Large pastures may be managed like rangeland as dis-
cussed in Chapter 12. Smaller, more intensively managed pastures are sometimes subdi-
vided into daily pastures by means of a movable electric fence. The livestock are
concentrated in asmall pasture so they eat all theforagein oneday. This system causeslive-
stock to eat forage that they would | eave untouched if they had more room to roam. Rotation
grazing thereby achieves rapid and compl ete forage utilization and along regrowth period.
These are normal characteristics of awell-managed hay field.

Much land in forage crops is too shallow, stony, rough, wet, or otherwise limited to
ever be tilled. Some land, however, is used to produce hay or pasture because of a steep
slope, dry climate, or some other factor that does not prevent occasional tillage. It is some-
times worthwhile to till such land and reseed it to improve the forage composition. Often
thelegume component isincreased by reseeding, and the dominant grasses may be replaced
with more desirable species. A small-grain companion crop may be grown with the new
seeding. Erosion is limited because the sod from the previous forage crop helps hold the
soil until the new crop becomes established. The fast-growing grain crop also hel ps control
erosion, and the harvested grain hel ps defray the costs. Alternatively, arange or pasture may
be renovated without plowing. An herbicide or perhaps shallow tillage with a disk may be
used to kill part or all of the old vegetation before reseeding.

8-2.4 Tree Crops

Forest management is discussed in Chapter 12, but crops such as orchards and Christmas
treesareincluded here. Agroforestry, where trees and cultivated land are intermixed, is dis-
cussed in Section 8-5.2. Tree crops provide income and erosion control in many places
where other crops are less desirable. The scale of tree-crop enterprises ranges from a back-
yard tree or two to large orchards covering many acres. Some enterprises consist entirely
of tree crops, whereas others use them only in odd corners, on steep slopes, or in other prob-
lem areas. Tree crops are versatile and could be useful to many people who do not presently
grow them.

Tree crops occupy land for years at atime. The harvest usually extends over aperiod
of years either as an annual fruit harvest or by selective tree-cutting. The crop may be ex-
tended indefinitely by planting new trees when old ones are removed.

Properly managed tree crops provide excellent erosion control, even on steep land, if
they cover the soil with alitter layer. Treesin an orchard usually need a grass or legume
cover crop between the trees. The needs of both the tree crop and the cover crop must be
considered when applying lime, fertilizer, and irrigation water. A hay crop is sometimesre-
moved from between fruit trees before the fruit is harvested. The cover crop helps protect
the soil from erosion and from the traffic that passes through the orchard. The drastic
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amount of erosion that can occur where there is no cover crop shows in some orchards
where each tree stands on an island of soil surrounded by eroded aress.

Some crop rotations in the tropics use trees as soil-improving crops in the slash-and-
burn system of shifting cultivation (Section 20-3). This makes agriculture possible in places
where soil fertility is difficult to maintain and currently sustains some 300 million people
(Kleinman et al., 1995). The treesimprove both the soil structure (through the effects of their
root systems) and the soil fertility (through their ashes after they are burnt) that deteriorate un-
der annual crops. The system works where there is enough land so that one to three years of
annual crops can be rotated with 10 to 20 years of forest. Unfortunately, increasing popula
tion pressure is making the forest period too short in many areas. The forest no longer has
enough time to reestablish itself and renew the soil before it is burned again. The increased
burning that results adds a large amount of CO, and other greenhouse gases to the atmos-
phere, thus contributing to global warming. Commercial fertilizers can be used to help main-
tain the soil fertility, but they do little for the soil’s physical condition and its need for erosion
control.

8-3 CROP ROTATIONS

Two or more crops alternating on the same land constitute a crop rotation. A rotation may
control erosion, plant diseases, and other problems on land whereas a monoculture of the
most profitable crop might be disastrous. The soil-conserving crops not only protect the
soil while they are growing but also have a carryover effect that reduces erosion while
the next crop is growing. The soil loss from afield of cotton, for example, might be only
half as much following a forage crop as it would be if the cotton followed cotton.
Rotations can also break insect and disease cycles, control persistent weeds resulting
from monocultures, and avoid allelopathic toxins such as those that reduce the yield of
corn following corn.

A crop rotation often provides more continuous cover than is possible when the
same annual crop isgrown year after year. For example, growing a warm-season row crop
two years in succession often leaves the soil without any crop during the winter. However,
a cool-season forage crop might be grown to conserve and improve the soil during that
time if the winter is not too severe. Some forage crops are plowed under as green manure
before planting a row crop; others are |eft for one or more years of hay or pasture in the
rotation.

A crop rotation may also help by providing a good supply of plant nutrients through
decomposition of various types of organic matter. Sanchez et al. (2001) found that a mix-
ture of organic residues decomposed faster and released nitrogen faster than the residues
from a corn monoculture.

Crop rotations necessarily differ from one part of the world to another in response to
climatic conditions, crops grown, soil properties, and the kind and severity of erosion prob-
lems. The crops and management suited to tropical areas with wet-dry seasons, for exam-
ple, differ from those adapted to the warm-cold seasons of temperate regions. But both of
these climates have a season when the soil may be unprotected because the weather is un-
favorable to the primary crops of the area. Rotations that provide cover during these dry or
cold seasons help control erosion.
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TABLE 8-2 FIELD PLAN FOR A CORN-CORN-OATS-MEADOW CROP ROTATION

Years
1 2 3 4 54
Field1 C C (0] M C
Field 2 C o} M C C
Field 3 o M C C o
Field 4 M C C (0] M

aThefifth year is the same as the first. Succeeding years are repetitions of the second and later years.

8-3.1 Planning a Rotation

The sequence of crops in many rotations is fixed and repetitive and can be projected as
many years into the future as desired. Such rotations are designed to produce nearly con-
stant amounts of each crop each year asabasisfor planning and managing crop production.
Planning such arotation begins by dividing the land into as many parts as there are years
in the rotation. A four-year rotation, for example, requires four fields or groups of fields of
fairly equal productive capacity.

Asan example of afixed rotation, consider afarmer using a corn-corn-oats-meadow
rotation (CCOM). Six fields on thisfarm are to be rotated. These fields contain 54, 48, 45,
18, 18, and 15 ac, respectively. The three small fields are equivalent to one field of 51 ac,
so the rotation can be applied on the basis of four fields containing 54, 48, 45, and 51 ac.
Each field can be assigned to a specific crop each year, as shown in Table 8-2. With this
arrangement, there are always two fields in corn, one in oats, and one in meadow.

A farmer using a three-year rotation on the example farm could match each small
field with one of the larger fieldsto form three pairstotaling 69, 66, and 63 ac, respectively.
Or, two 99-ac field groups could be formed for atwo-year rotation.

If two or more rotations are used on the same farm, each should have its own set of
fieldswith balanced productive capacities. Thetotal production of thefarm isautomatically
balanced when the individual rotations are balanced.

Fixed rotations allow productivity and erosion control to be adjusted to the capabil-
ity and needs of the land, but such scheduling is not always possible. Variable wesather, for
example, may requirethat plans be adjusted sometimes. Rotations can still be beneficia un-
der variable conditions, but their effects and benefits are less predictabl e than those of fixed
rotations.

8-3.2 Companion Crops

A small-grain crop and a forage crop are often planted together as companion crops. The
small-grain crop growsrapidly and is harvested within afew months. Theforage cropis of-
ten alfafaor a clover and/or a perennial pasture grass. It becomes well established about
the time the small grain is harvested. The forage crop is used for hay or pasture for one or
more years (and/or for green manure as discussed in Section 8-3.4).

The small-grain member of companion crops has sometimes been called a “nurse
crop.” This erroneously implies that the tiny grass and legume plants need protection from
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the elements. Actually, the forage crop planted al one becomes established more rapidly and
often produces a better stand. Companion crops compete for water, plant nutrients, and sun-
light, causing the forage crop seedlings to develop slowly. It is usually wise to plant less
small-grain seed per acre when there is a companion crop than would be used for maximum
grainyield.

Fertilizer can be used to help control the growth of companion crops. Nitrogen would
favor the grain crop and should be used sparingly. Most other fertilizer elements and lime
should be applied at rates determined by soil tests to encourage growth of the forage crop.
Grass-type forages can be fertilized with nitrogen after the grain crop has been harvested.

Companion crops help control soil erosion and sedimentation. The small grain starts
fast and provides reasonable protection within a short time. It covers the soil during the es-
tablishment period for the forage crop. Harvesting the small grain leaves bothitsresidue and
the growing forage crop to protect the soil. Later, the close-growing forage crop provides
excellent protection, and its soil-conserving effects carry over into the succeeding crop.

8-3.3 Cover Crops

Cover crops protect the soil by filling gaps in either time or space when the other crops
would leave the ground bare. Cover cropsin rotations are grown during cold or dry seasons
that are unfavorable to the cash crops. Cover cropsin orchards are grown between and be-
neath the trees. Some of them are harvested, but their main purpose is erosion control. Dry
climates limit their use because they use soil water that is needed for the main crop.
However, in humid climates, the use of soil water by cover crops is helpful for reducing
leaching. Wyland et al. (1996) found a 65 to 70% reduction in nitrate leaching when cover
crops replaced winter fallow on avegetable farm.

Hardy plants are needed to withstand the cold or dry conditions when cover cropsare
grown in rotations. Some of these are slow-starting plants that can be seeded as companion
crops along with the preceding crop or interseeded between the rows before arow crop gets
toolarge. Abdin et a. (1998) interseeded several different cover cropsinto cornwhenit was
6- to 12-in. (15- to 30-cm) tall. Vetch, severa clovers, and black medic provided erosion
protection and organic matter without reducing corn yield, but crimson clover wastoo com-
petitive and stressed the corn.

Fast-growing plants that can become established rapidly can be used as cover crops
by planting them after the previous crop is harvested. Fast-growing types include Austrian
winter peas, rye, oats, and ryegrass. Timing is critical to allow the fast-growing types to
grow enough between harvest and the cold or dry weather so they will protect the soil.

Small grains such as rye or wheat are good choices for cover crops when long-lasting
residues are needed for erosion control; hairy vetch, sweet clover, red clover, crimson clover,
or some other legume may be chosen when anitrogen contribution is considered particularly
important. Several studieshave shown higher yieldsof corn or other main cropswhen acover
crop wasgrown during thewinter, but cornyields can al so be reduced when acover crop uses
too much of the available water. This problem is sometimes averted by using a cover crop
that winterkills or by using a herbicide to kill the cover crop before the critical period.

Cover crop competition can provide assistance for weed control. Fisk et al. (2001)
found that using an annual medic or a clover planted as a cover crop in no-till corn sup-
pressed weed growth by as much as 80%. The weed control and nitrogen fixation provided
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by legume cover crops may be especially significant for organic farmers who are avoiding
the use of pesticides and mineral fertilizers. Hively and Cox (2001) found that interseed-
ing annual medics or clovers in a soybean crop resulted in higher yields of the following
corn crop.

The fertilizer needs of cover crops must be considered along with those of the other
crops. Otherwise, yield decreases may occur, especialy if a nonlegume is used without
adding nitrogen. However, a cover crop used for green manure (discussed in the next sec-
tion) can protect nitrates and other available nutrients from leaching and other losses and
release them when the next crop needs them (Meisinger et a., 1990). Herbicides are some-
times used to kill or stop the growth of cover crops so that a no-till crop can be planted.
Such a system gives maximum erosion protection for growing row crops.

Perennial forage crops such as alfalfa and/or grasses are often used as cover cropsin
orchards and vineyards. A mixture including one or more grass species produces the thick-
est stand and provides the best erosion control. Legumes in the mixture help to reduce the
nitrogen fertilizer requirement of the crops.

A vigorous cover crop helps control erosion in an orchard or vineyard, but it may in-
terfere with harvesting the fruit. Two alternatives are available: the forage crop may be har-
vested and removed, or it may be beaten down into a mat before the fruit is harvested.
Another problem in dry climatesisthat the cover crop competes with the fruit crop for wa-
ter (Gomez et al., 2001). Thiswater usage may be partially offset by the higher infiltration
rate and reduced runoff effects of the cover crop.

8-3.4 Green Manure

Plowing or disking agrowth of forage into the soil as green manure benefits a soil’s organic-
matter content, structure, and permeability. Either the growth produced by a cover crop or
the last growth of a forage crop may be used in this manner. A crop destined for failure
caused by unfavorable weather in amarginal cropping zone also may be used for green ma-
nure. The more growth there is, the better, but young succulent growth contains a higher
concentration of plant nutrients and decomposes faster than older material.

Green manure easily adds more tons of organic matter per acre to the soil than would
likely be added in manure or other organic materials spread on the soil. The fresh organic
matter decomposes readily and the soil microbes multiply. Thismicrobial activity produces
cementing agents that have a strong positive effect on soil structure. Soil permeability and
aeration are often increased by new root channels, by tillage channels that are held open by
the plant residues, and by improved soil structure.

A legume cover crop can fix significant amounts of nitrogen that will be available for
asucceeding crop if it isworked into the soil as a green manure. Sainju and Singh (2001)
recommended hairy vetch for such use in Georgia because its residues decomposed rapidly
enough to provide nearly all the nitrogen needed when the vetch waskilled afew weeks be-
fore planting a corn or tomato crop. The decomposition processis also good for soil struc-
ture because active microbes produce exudates that stabilize soil aggregates.

Green manure crops are often followed by impressive crop yields attained with little
or no fertilizer. Part of this effect can be attributed to the nitrogen fixed when alegume is
used for green manure. But the effect al so occurs with nonlegume green manures and when
nutrients other than nitrogen are needed. The release of nutrients from the decomposition
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of the green manure is the key to this enhanced fertility. Nutrients that are normally re-
leased slowly from the soil can often be made available fairly rapidly by decomposition.
The green manure crop thus serves to accumul ate available nutrients for release to the next
crop.

8-3.5 Crop Residue Utilization

Crop residues are much too valuable to be ignored. Sometimes they are used to feed live-
stock, either by allowing the livestock to graze in the field or by hauling the straw, stalks,
or other residues to them. Other uses are sought by researchers seeking ways to make plas-
tic or an energy source such as alcohol from theresidues. But, to asoil conservationist, crop
residue utilization means using residues either as mulch to protect the soil or as raw mate-
rial for soil organic matter. Using the residues to protect the soil is important enough to
claim priority. Enough residues should be left to control erosion and maintain satisfactory
soil physical conditions.

The soil protection afforded by crop residuesisroughly proportional to the percentage
of the soil surface that they cover. Residues that have been plowed under no longer provide
soil cover. Leaving residues on the soil surface is an easy way to conserve soil and water.

Different crops produce different kinds and amounts of residues. The stubble and
straw from a small-grain crop usually provide good erosion protection if they are simply
left in place; neither wind nor rain is able to exert much erosive power on the soil surface.
The coarser residues left from a corn crop may need to be beaten down or chopped into
smaller piecesto cover the soil between the rows.

Any tillage performed on the residues will affect their value as a mulch. Plowing
will cover most of theresidues and leave little or no soil protection. Disking covers about
half of the residues but still leaves considerable protection. Chisel-type implements of -
ten leave about 80% of the residues on the surface. The practice of leaving significant
amounts of residues on the surface during periods between harvest and planting, as
shown in Figure 8-3, is known as stubble mulching.

Negative feelings toward stubble mulching and other crop-residue utilization prac-
tices arise when residues plug tillage implements. Many older implements plugged easily,
but newer models have been greatly improved with straw cutters and large open frame-
works so they can work through the residues without plugging. The old practice of burning
wheat stubble or other crop residues has been mostly eliminated in the United States and
many other countries by using these machines and adding fertilizers that help decompose
residues. Aulakh et al. (2001) found that the same principle worked in Southeast Asiawith
awheat-rice rotation; wheat residues supplemented with nitrogen fertilizer and disked into
the soil were good for both the soil and the succeeding rice crop. Using the residuesin this
way instead of burning them also reduced air pollution.

Plant residues mixed with soil decompose at various rates depending on the nature of
the residues, the supply of available nutrients (especialy nitrogen), and the soil tempera-
ture, moisture, and aeration. Half or more of the residues will decompose during the first
few months if conditions favor microbial activity. The remainder is more resistant and de-
composes more slowly. The last remaining organic material is resistant enough to be con-
sidered humus. Humusisfinely divided, and plant partsare no longer identifiable. Probably
lessthan 20% of the original residue weight remains, and most of that ismicrobial residues.
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Figure 8—3 Stubble mulchlng protectsthe 30|I with both crop residues and cI ods. ( ourtesy
Washington State University.)

The time required to convert residues into humus ranges from a few months in a well-
drained tropical soil to many yearsin acold climate or centuriesin a swamp or bog.

Soil humus decomposes much more slowly than does fresh plant residue, but it does
decompose and release plant nutrients. Humus decomposition needsto be offset by new hu-
mus formed from residues to maintain the organic-matter content of the soil. The microbes
that carry out decomposition produce exudates that help hold soil aggregates together and
stabilize soil structure. Decomposing organic material s thus contribute to both soil fertility
and to a desirable soil physical condition. Organic materials that are not in the process of
decomposing contribute relatively little to soil fertility and soil structure but may increase
permeability and reduce erosion and sedimentation.

Decomposition is often slowed by an inadequate supply of nitrogen. Many crop
residues such as straw, stalks, and leaves are high in carbon but low in nitrogen. Microbes
decomposing these residues use nitrogen from the soil. A deficiency of available nitrogen
at this time slows both decomposition and plant growth. Under such conditions, crops re-
spond dramatically to nitrogen fertilizer. Enough fertilizer should be applied to meet the
needs of both the microbes and the crop.

Crop residues provide shade that keeps a mulched soil cooler than a bare soil. The
temperature difference on a hot day can reach 10 to 20°C (18 to 36°F) at a depth of 1 cm
(0.4in.), athough average differences are only 2 or 3°C (3to 5°F). The cooling effect of the
mulch isbeneficial intropical climatesand during hot summers. It is detrimental, however,
in the spring when awet soil needsto dry out and warm up before it can betilled and acrop
can be planted. Mulching in temperate regions is therefore most desirable on well-drained
soils. Fortunately, the well-drained soils usually coincide with the sloping areas that most
need mulching for erosion control.
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Crop residues may be even more important for their contribution to soil organic mat-
ter intropical climatesthan in temperate climates (Buerkert et a., 2000). The kaolinite and
oxide claysthat are prevalent intropical soilscontributerelatively little cation exchange ca-
pacity, so that provided by organic matter may be critical. The nitrogen, phosphorus, and
sulfur contents of the organic matter are likewise very important nutrient reservoirsin a
tropical setting.

8-4 MULTIPLE CROPPING

Multiple cropping includes sequential cropping (two or more crops a year in sequence)
and intercropping (two or more crops intermixed on a field at the same time). Multiple
cropping isrelated to crop rotationsin that the same land is used to produce more than one
crop.

One objective of multiple cropping is to increase the total production from the land.
Work done with intercropsin CostaRicaand El Salvador showed yields of individual crops
ranging from 30 to 107% of monoculture yields (Table 8-3). The intercropping systems
were considerably more profitable than the monocultures, asthe additional crops morethan
offset the reduced production of the primary crop. Even so, it is sometimes advantageous
to delay planting a secondary crop so that it will not compete too strongly with a primary
crop. Hesterman et al. (1992) found in Michigan that frost seeding either alfalfa or red
clover into established wheat (seeding in late fall after a hard frost) or interseeding these
legumes with oats at planting time had no effect on the grain yield. In addition, thelegumes
provided significant amounts of nitrogen for the next corn crop. The system increased corn
yields by 4 to 62% when moisture was adequate, but decreased corn yields by 3 to 27%
when precipitation was below normal.

Soil conservation is an important bonus from multiple cropping. Two or more crops
grown together cover the ground better and/or longer than asingle crop. Moreraindropsare
intercepted, runoff is slowed, and erosion is markedly reduced. Erosion data are scarce, but
the difference is often obvious without measurement, especially in comparison to a row-
crop monoculture.

TABLE 8-3 RELATIVE YIELDS OF INTERCROPPED, SHORT-STATURED CROPS
EXPRESSED AS PERCENTAGES OF MONOCULTURE YIELDS

Fertility level
Crop Low Medium High
Percent of monoculture yield
Rice (January planting) 32 38 46
Rice (May planting) 14 30 29
Beans (bush-type) 87 91 78
Beans (climbing-type) 56 64 78
Soybeans (January planting) 107 70 84
Soybeans (May planting) 54 52 50
Sweet potatoes 93 92 86

Source: Soil Science Department, North Carolina State University, 1974.
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Sequential Cropping. Sequentia croppingislikeacrop rotation al in oneyear.
Many tropical areas have favorable growing conditions the year around that permit two or
even three crops to mature, one after the other. Many such areas have wet and dry seasons,
so they might grow, for example, rice in the wet season and cassava in the dry season.
Sequentia cropping in warm climates can often increase annual production by using a
longer growing season than that of any one crop (Radulovich, 2000).

Sequentia cropping in which only two crops are grown in one year is also known as
double cropping. Double cropping extends into the warmer parts of temperate regions such
as southeastern United States, where soybeans are sometimes grown in the summer after a
winter wheat crop has been harvested (Blevins et al., 1994). Double cropping in temperate
regionsis facilitated by using no-till planting (Chapter 9) to save time. Such a system pro-
vides continuous ground cover that is excellent for erosion control.

Intercropping. Intercropping is closely related to crop rotations involving com-
panion crops and to monocultures such as orchards with a cover crop. The differenceisthat
intercropping overlaps the main growth phases of two or more marketable crops. The crops
involved include a variety of annual crops and tropical tree crops. At least one crop is
planted in rows that are wide enough for another crop to be grown in between.

An example of acombination of intercropping and sequential cropping used in some
experiments in Peru is shown in Figure 8-4. Jeranyama et a. (2000) call this type of sys-
tem relay intercropping and report that planting cowpeas or sunnhemp between the rows of
28-day-old corn caused no reduction in corn yields with fertilizer rates normally used by
farmersin Zimbabwe, but did reduce yields at higher fertilizer rates. Residues from the in-
tercropped legumes improved the yields of the next year’s corn crop by 8 to 27%.

Intercropping is most common in the humid tropics. Many such areas have small
holdings that are intensively used, mostly to produce food for families and local markets.
Intercropping produces a more varied and nutritious diet than monocultures or ordinary
crop rotations would provide. Intercropping is similarly used in gardens anywhere in the
world, and some studies have shown potential for combinations such as wheat and peas
(Murray and Swensen, 1985), or corn or sorghum with oats or rye (Helsel and Wedin, 1981)
in temperate regions.

Many tropical crops are intercropped in various combinations. Multiple benefits are
obtained, for example, by growing bananas along with coffee. The banana plants quickly
grow above the coffee plants and produce an abundance of leaves that protect the coffee
from sun and wind, cover the soil, and control erosion (Constantinesco, 1976).

Figure 8-5 shows intercropped upland rice and banana plants. The annual rice crop
provides soil cover while the banana plants are young.

| Jan Feb | Mar | Apr | May | June July | Aug | Sep | Oct | Nov | Dec

| Corn |
| Soybeans |

Cassava |
[ Cowpeas |
Figure84 A multiple cropping schedule used in some fertility and row-spacing experimentsin
Peru. (After Soil Science Department, North Carolina State University, 1974.)
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Figure 85 Bananas and rice being intercropped in The Gambia, West Africa. (Courtesy Roy L.
Donahue.)

Alley Cropping. A promising variation of intercropping known as alley crop-
ping has been tried in some tropical countries. In Nigeria, Kang and Ghuman (1991)
planted crops in aleys 2- and 4-m (80- and 160-in.) wide between hedgerows produced
by planting two woody legume species, Leucaena leucocephala and Gliricidia sepium.
Trimmings from the hedgerows were used as cover and green manure to protect and fer-
tilize the soil on slopes of about 7%. Corn and cowpeas were grown in the aleys. Corn
yields were highest from the 2-m (80-in.) alleys (Figure 8-6), whereas the cowpeas did

Tilled control

No-till control

2-m Gliricidia

4-m Gliricidia

2-m Leucaena

4-m Leucaena

t/ha

Figure86 Cornyieldsin Nigeriaasinfluenced by alley cropping. Hedgerows were planted with
two woody legume species with 2- and 4-m alleys between them. The left part of each bar repre-
sents the grain yield and the remainder represents the stover yield. The yields were highest with al-
leys 2-m wide even though this took the most land out of cultivation. (Source: Based on data from
Kang and Ghuman, 1991.)
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best in the 4-m (160-in.) alleys—probably because shading from the hedgerows caused
some reduction in cowpea growth. Thetilled control plotslost much more runoff and soil
than any of the other treatments. Soil analyses made after six years of cropping showed
higher organic matter and nutrient contents in the alley-cropped plots than in the tilled
plots.

Alley cropping is aform of agroforestry. Another form will be discussed in the sec-
tion on buffer strip cropping (Section 8-5.2).

8-5 STRIP CROPPING

Strip cropping resembles a widely spaced version of intercropping. It divides a field into
long, narrow bandsthat cross the path of the erosive force of water or wind. The stripswith
more vegetative cover slow runoff, reduce wind velocity, and catch soil eroded from the
more exposed strips. Thus, the average soil loss may be reduced to as little as one-fourth of
what it would be without the strips (see Section 6-2.5).

Some applications of strip cropping have permanent vegetation in designated protec-
tive strips and use the remaining areafor either a crop rotation or a monoculture. More of -
ten, the protective vegetation is one of the crops in arotation that shifts annually from one
strip to the next. Such systems combine the favorabl e effects of crop rotationswith contour
tillage (Chapter 9, Section 9-7), and often include the use of cover crops, green manures,
and crop residues. Such a combination of practicesis very effective for reducing erosion.

Strip cropping is an inexpensive means of reducing erosion and is usually very ef-
fective. Nevertheless, it is used less now than it once was. The decline resulted partly
from many farmers changing from crop rotations to monocultures and using larger im-
plements. Other factors limiting its use are the susceptibility of the long exposed borders
to disease and insect attacks and to the desiccating effect of hot, dry winds in semiarid
climates.

8-5.1 Contour Strip Cropping

Contour strip cropping isone of the most effective means of controlling water erosion while
growing cropsin arotation. It works well where the slopes are long and smooth, as shown
in Figure 8-7. Variable slope gradients and rolling topography make it less practical to use
contour practices of any kind.

One of the most important design factors of contour strip cropping isthe width of the
strips. Row crop strips must be limited in width to avoid excessive runoff and erosion.
Forage crop strips must be wide enough to at least afford adequate protection and capacity
to filter sediment from the runoff water. Recommended strip-width limitsaregivenin Table
8-4. Rainfall intensity influences the maximum slope length that can be protected in this
manner. These limits assume a deep soil of average erodibility where the relief (elevation
difference) is about 15 ft (4.5 m) where the rainfall factor (as shown in Figure 6-2) is 250,
or 25 ft (8 m) where therainfall factor is 150. The relief may be determined from a contour
map, measured with a surveying instrument, or calculated if the slope length and gradient
areknown. For example, a5% slope 300 ft long equals 15 ft of relief. Terraces may be used
to divide the slopes into segments where the relief is excessive.
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Figure 8-7 short segments to control erosion.
(Courtesy F. R. Troeh.)

TABLE 8-4 RECOMMENDED LIMITS FOR STRIP WIDTHS FOR CONTOUR STRIP
CROPPING

Forage crop strip Row crop strip

minimum width maximum width
Slope (%) ft m ft m
2 25 8 120 36
5 30 9 100 30
8 40 12 90 27
12 50 15 80 24
18 100 24 50 15

The strip widths chosen for afield should be exact multiples of the width of the row
crop equipment to be used. Thus, a farmer planting, cultivating, and harvesting six 30-in.
(75-cm) rows at atimewould use amultiple of 15 ft (4.5 m) for strip widths. On a4% slope,
for example, the forage strips would be 30-ft (9-m) wide with 90 ft (27 m) of row crop.
These widths would fit a five-year rotation including three years of row crop, one year of
small grain, and oneyear of hay. Each year intherotation is assigned a30-ft (9-m) strip and
the three years of row crop together total 90 ft (27 m). The small-grain strip would be in-
cluded in the layout as shown in Figure 8-8 but is omitted from the cal cul ations because its
soil losswill be near the average of that for the other crops.

Contour strip cropping on slopes up to 2 or 3% may not alwaysinclude forage strips.
Instead, the small-grain strip may berelied on to provide the needed protection. Such strips
should be about three times as wide as a hay strip would need to be and should include a
winter-cover green-manure crop.

The row crop may be left out of a strip-cropping system on very steep slopes. Strips
of small grain may then be grown in rotation with aforage crop. The small-grain strips can
be about as wide as row crop strips on a slope that is only half as steep.

Contour strips necessarily deviate from the exact contour where slopes are variable,
but the slope along a strip boundary usually should be less than 2%. Small deviations are
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Figure 89 A contour strip cropping design for asmall field. The solid lines are contour lines
with elevations shown in feet above an arbitrary base level. The dashed lines are strip boundaries.
Thefiller areas are crosshatched. The stippled areais grassed waterway.

acceptableif the flow of water along the rowsis slow enough to be nonerosive and the flow
istoward aswalerather than aridge. An accumulation of water on aridge would flow down
the side of the ridge and probably erode a gully. Such flow can be avoided by making the
contour strips dlightly straighter than the true contour lines. This effect will usually result
if aninitia guidelineislaid out along a contour line near the top of the dope. Strip bound-
aries are kept paralel to the initial guideline as long as the deviations from contour lines
are small. Small filler areas of permanent vegetation can be used to avoid excessive devia-
tions, as shown in Figure 8-9.

Grassed waterways are needed where enough water accumulates to cause erosion in
the swales of contour-stripped fields. The waterways catch silt and raise the elevations of
the swales rather than allowing gullies to form.
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Contour strip cropping slows the velocity, although it may have little effect on the
amount of runoff from afield. Slower velocity causes soil lost from the row crop stripsto
be caught in the forage strips and grassed waterways. The effectiveness declines, however,
as water accumulates on the lower part of along slope and becomes too much for the for-
age strips to control. Slopes longer than a few hundred feet often need a diversion terrace
to remove excess water from the middle of the field. (See the relief criteriain the forepart
of this section.)

Contour strip cropping usualy increases the number of point rows and odd corners
in afield. Point rows occur where the strips meet field boundaries at angles such as those
around the edges of the field and at the waterway in Figure 8-9. Point rows reduce opera-
tional efficiency—more turning is required and small irregular areas may not be cropped.

Odd-shaped areas like the upper corners in Figure 8-9 may be planted to permanent
vegetation or, since these are relatively flat, they can be planted to the same crop as the ad-
joining strips. Another possibility is to relocate the field boundaries to better match strip
boundaries and thus minimize point rows and odd corners. The reverse has aready been
done on the right side of Figure 8-9, where strip boundaries parallel field boundaries that
nearly follow contour lines.

The vegetation in filler areas may be harvested as hay along with an adjoining strip.
Another good alternative is to manage filler areas and odd corners for wildlife purposes.
Appropriate grass, shrub, and tree plantings can provide both food and cover for animals
and birds. Some such areas are used as sitesfor bee colonies or for growing Christmastrees.
Any of these uses are preferable to annual crops in such locations. Crops are seldom prof-
itable on small irregular areas and do not provide the erosion control that results from per-
manent vegetation.

8-5.2 Buffer Strip Cropping

Buffer strip cropping isdesigned to work on rolling topography with irregular slope gradients
that make contour strip cropping impractical. It lengthens the filler areas into continuous
buffer strips that separate the crop strips. The crop strips are uniform in width, but the buffer
strips have variable width to allow for slopeirregularities. The buffer strips are positioned to
includeany rocky areasor other problem spotsthat occur inthefield, asshownin Figure 8-10.

Buffer strips are planted to permanent vegetation to slow the runoff and to catch sed-
iment eroded from the next-higher crop strips. Perennial forage crops that can be used for
hay or pasture are often grown on buffer strips. Planting trees and shrubs on them makes
them into contour tree buffer strips that are a form of agroforestry (Countryman and
Murrow, 2000). Agroforestry may provide good long-term profits from areas planted to
trees that produce valuable wood products such as oak or walnut. A grass understory may
be needed for erosion control, at |east until the trees are large enough to produce a contin-
uous litter layer. Alley cropping, as discussed in Section 84, is aform of agroforestry that
uses lines of leguminous trees and shrubs planted on the contour in tropical countries.

The effectiveness of buffer strips for reducing erosion depends on the nature of the
protective vegetation, the crop and buffer strip widths, and the topography, soil, and climate
of the area. The P factor for contour strip cropping can be used in calculating soil loss
(Chapter 6) where the crop and buffer strip widths meet the requirements of Table 8-4.

Sloping land with buffer strip cropping gradually forms terraces as sediment settles
out of the runoff water and is deposited at the bottom of the cropped strips and in the upper
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Figure8-10 A buffer strip cropping design on a contour map. Elevations are shown in feet above
an arbitrary base level. The X's represent uncroppable rocky aress.

part of the buffer strips. Poudel et a. (1999) noted that the fertility and productivity were
considerably higher on the lower part of each terrace where sediment was deposited. Thapa
et al. (2000) found that buffer strips combined with ridge tillage worked exceptionally well
for conserving soil and producing high yields on steep Oxisols in the Philippines.

8-5.3 Field Strip Cropping

Field strip cropping is sometimes used on land that istoo rolling even for buffer strip crop-
ping. It consists of straight rectangular strips laid out parallel to one side of afield. These
strips crossthe general slope of the areabut do not follow contour lines. The systemisman-
aged like contour strip cropping but is less effective where the deviations from the contour
aretoo large. Grassed waterways are usually needed in low areas because water flowsalong
the sloping rows and accumulates in the swales.

8-5.4 Wind Strip Cropping

Strip cropping designed to control wind erosion crosses the path of the prevailing winds
rather than following the contour. Wind strip cropping islaid out in straight lineslike field
strip cropping, but the cropsare different. Wind strip cropping isused in semiarid areas such
asthe Great Plains of the United States and the Canadian Prairies.
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The soil-conserving vegetation in wind strip cropping needs to be dense enough to
catch saltating sand particles and prevent them from jumping again. The protective strips
need to be wide enough to keep saltating particles from jumping completely across a strip.
Several feet would suffice, but cropping considerations make widths of 150 to 250 ft (50
to 80 m) more practical. Because crops shift yearly from one strip to the next, each strip
should be wide enough to be cropped conveniently. The chosen width is normally a mul-
tiple of the width of equipment used in farming operations. The maximum width is lim-
ited by the increased saltation resulting from avalanching where exposed areas are too
wide.

Close-growing vegetation such as bluegrass can stop saltation even when the grass
is only a few centimeters tall. Bunchgrasses, however, are common in climates where
wind erosion is most likely to be a problem. Bunchgrass vegetation will protect open ar-
eas between clumps of grassif it isat |east astall as the width of the open areas. Tall veg-
etation gives a windbreak effect in addition to its ability to catch and hold saltating sand
particles.

Wind strip cropping is often used with awheat-fallow rotation. The wheat strips con-
trol saltation quite effectively after the wheat is 4- to 6-in. (10- to 15-cm) tall. The wheat
stubble continues to protect the soil after the wheat is harvested and can even provide some
protection during the fallow year if it isleft standing on the surface.

Strips that catch soil particles in the summer can also catch drifting snow during
winter. Holding snow on the fields contributes to the soil moisture supply and increases
productivity.

8-5.5 Barrier Strips

Narrow strips consisting of afew rows of small grains, grasses, or other crops can provide
significant protection from wind erosion. These barrier strips must be spaced fairly close
together to compensate for their narrowness. Even so, they occupy much less land than do
the protective strips in wind strip cropping.

Fryrear (1963) found that two rows of either sudangrass or grain sorghum made ef-
fective barriers for Texas conditions, because they grew when protection was most needed.
He recommended a 23-ft (7-m) spacing for sudangrass strips or 13 ft (4 m) for grain
sorghum to protect against winds up to 40 mi/hr (65 km/hr). The highest-cut stubble af-
forded winter protection even after harvest.

Hagen et al. (1972) aso recommended two-row barrier strips on the basis of their
work in Kansas. Single-row barriers used the land most efficiently but sometimes broke and
failed when wind speeds exceeded 30 mi/hr (50 km/hr). They found that winter wheat bar-
riers 4-in. (10-cm) tall were 20% effective for trapping soil particles from a 30 mi/hr wind.
Sudangrass barriers 1-ft (30-cm) tall were 60% effective under the same conditions. They
calculated that atwo-row ryebarrier 8-in. (20-cm) tall could protect astrip about 100-ft (32-
m) wide against a 30-mi/hr wind.

8-5.6 Border Strips

A border strip of grass or other close-growing vegetation can help keep soil from being car-
ried into streams and ponds, living areas, or other sites that need protection. Border strips
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may be used to control movement of soil by wind after the manner of wind strip cropping,
or they may be designed to restrict water transport. Their main purpose is often to control
air and water pollution; reducing erosion may be secondary.

Lush grass growing between afield and a body of water is very effective for catch-
ing sediment and reducing eutrophication (Chapter 17). The grassfilters soil particlesfrom
the runoff water and absorbs dissolved nutrients from the water. The low nutrient content
in the purified water limits the growth of algae and other plantsin ponds and streams. The
water, nutrients, and fertile soil caught in the border strip help produce a lush growth that
catches even more sediment and nutrients.

The dimensions of border strips vary with the situation but should usually be at |east
as wide as strips serving a similar purpose in fields. Most strips controlling water purity
should be at least 30-ft (10-m) wide and must be wider where the water flow is large or
wherethe slope gradient exceeds 1 or 2%. Wind-erosion control usually requireswider bor-
dersto keep the air clean—often 150- to 300-ft (50- to 100-m) across—with exact dimen-
sions depending on topography and wind direction and velocity. These areas are often large
enough to be used for pasture or hay production.

Robinson et a. (1996) measured the effectiveness of a bromegrass border strip for
catching silty sediment on 7 and 12% slopesin lowa. A 60-ft wide strip of Fayette silt loam
soil above the strips was fallowed so that soil losses of 12 ton/ac (26.5 mt/ha) on the 7%
slope and 29 ton/ac (65 mt/ha) on the 12% slope occurred during the year-long trial. They
found that the first 10 ft (3 m) of the border strip caught 70% of the sediment on the 7%
slope and 80% of that on the 12% slope, and that a 30-ft (9-m) wide grass strip filtered 85%
of the sediment from the runoff on both slopes. The particlesremaining in the water beyond
30 ft of filtration were very small and difficult to remove. Daniels and Gilliam (1996) sim-
ilarly showed sediment removals of 60 to 90% by grass border strips 20-ft (6-m) wide in
North Carolina. They also measured approximately 50% reductionsin thetotal N and Pcar-
ried in the runoff.

8—6 EVALUATING CROPPING SYSTEMS

A satisfactory cropping system must meet several standards. Economics, erosion control,
pest control, physical and chemical effects on the soil, and environmental concerns are all
important. Evaluation of all these factorsis seldom more than a reasonable estimate based
on extrapolation of long-term trends.

Economic considerations require a cropping system that produces a profit for the
user. Adequate crop yields must be attainable on along-term basis. Some economic aspects
of soil conservation are discussed in Chapter 18, but much of the economics of cropping
systemsis beyond the scope of this book.

8-6.1 Cropping Systems and Soil Loss

The soil-loss prediction equations discussed in Chapter 6 are useful for selecting appropri-
ate cropping systems. Several possibilities can be analyzed and their results predicted be-
fore a choice is made. The more intensive cropping systems usually give larger profits but
arelikely to result in larger soil losses. Continuous row crops and other intensive cropping
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systems are therefore commonly preferred where conditions are favorable, but they should
be avoided where they would cause excessive erosion.

Erosion naturally varies according to soil and topographic conditions. A decision
must therefore be made regarding which cropping systems are suitable for specific condi-
tions. The most erodible part of the field (not just the average) needs to be checked before
the system can be rated as satisfactory. The hazards of averaging can be illustrated by an
example wherein the annual soil loss from a 40-ac (16-ha) field averages 2 tong/ac (4.5
mt/ha) from most of the field, but 40 tons from one acre (36 mt from 0.4 ha). Thefield av-
erageis 3 tons/ac (7 mt/ha) and is less than the specified tolerable rate for most soils. The
system nevertheless would rapidly ruin the one acre of highly erodible land. This one acre
should be taken out of cultivation or farmed with aless erosive system.

Adjusting land use and cropping systems to the most erodible land is usually impracti-
cal. Rather, these calculations help identify problem areas that need different treatment than
therest of the field. A cropping system suited to the 39 good acres in the preceding example
could be used if field boundaries were changed to place the erodible acre in an adjoining
pasture or woodland.

Changing field boundaries solves some problems but does not work where the erodi-
bleland is surrounded by land suitable for intensive use. Terracing can help where the ero-
sion hazard results from a steep slope. Another approach isto use a dual cropping system.
For example, if the best land is suitable for continuous row crops, the part needing protec-
tion might have arotation of row crops, small grain, and hay. The grain and hay crops must
be handled separately, but the row crop will cover the entire field some years. Such systems
permit different parts of thefield to be used in accordance with their potential and their need
for protection asindicated by the soil-loss prediction equations.

8-6.2 Maintaining Productive Potential

Maintaining the productive potential of soil over thelong termisafundamental purpose of
soil conservation. Evaluation of the productive potential, however, is difficult. Crop yields
depend on weather and management as well as soil potential. New crop varieties, coupled
with improved management and increased use of fertilizer, have often produced larger
yieldseven whilethe soil was becoming shallower and harder to work. Thus, the cropyields
can be increasing while the productive potential is decreasing.

Some items that influence productive potential are much easier to measure than the
potential itself. Soil depth is one such item. The total soil thickness is important and the
thickness of the A horizon is also likely to influence soil productivity. The importance of
A-horizon thickness depends on the nature of the subsoil—subsoil that is too dense or
otherwise unsuitable for root devel opment increases the importance of topsoil thickness.

Another negative effect of erosion on soil productivity occurs through reduced soil
fertility. Erosion has sometimes been called “the great robber” because small mineral and
organic particles are carried away along with their associated fertility, while the less-fertile
coarse particles areleft behind. The largest differences occur when fertilizers areleft onthe
soil surface and are eroded away with the soil. Additional fertilizer to compensate for the
nutrient losses may maintain nearly equal yields, but the costs are considerable. The profit
obtained from crops grown on eroding land therefore declines, even if theyield isheld con-
stant by fertilization.
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Cropped soils generally contain less organic matter than similar uncropped soils be-
cause (1) most cropping systems return less organic matter to the soil after a crop is har-
vested, (2) tillage increases the rate of organic matter decomposition, and (3) erosion car-
ries away significant amounts of organic matter. Smaller amounts of soil organic matter
mean there is less cation exchange capacity to store cation nutrients and less organic mat-
ter to release plant nutrients as it decomposes. Also, soil structure is generally less stable
with lower organic matter, so the pore space and permeability decrease and the soil crusts
more readily. It is therefore worthwhile to adjust the cropping system in ways that will
maintain as much soil organic matter as possible. Fertilization to maximize crop yield will
also help maximize crop residues. Adding acover crop that isused for green manureisvery
beneficial. Reduced tillage that |eaves more residue on the soil surface helps by both slow-
ing decomposition and reducing erosion losses.

The removal of fine particles by erosion makes many soils gradually become more
sandy, gravelly, or stony. The increased percentage of coarse material makes these soils
more droughty and lowers the productive potential of many of them.

8-6.3 Maintaining Soil Structure

Tillage, erosion, and reduced organic-matter content weaken the structure of intensively
cropped soils. Destruction of soil structure into a puddied condition is favorable for paddy
rice production but is undesirable for other crops.

Significance of Soil Structure. As soil structure weakens, the sail tilth be-
comes poorer, thelikelihood of crusting increases, and the soil permeability decreases. Soil
tilth refers to how easily the soil can be tilled and cropped. Tilth is most important in soils
high in clay because clay soils with poor tilth form hard clods when they dry, especialy if
they are tilled when wet. Poor tilth increases the power required to till the soil and some-
times increases the number of tillage operations required to prepare a seedbed.

Stable structure within the various soil horizonsis important for maintaining perme-
ability inall but the very coarse-textured soils. Permeability depends on pore space between
the soil peds. New pores areformed as roots and other living things force their way through
the soil. Shrinking and swelling caused by moisture and temperature changes help form
new aggregates and soil peds. But, tillage breaks aggregates and peds and blocks pores if
the soil structure is weak. Permeability then declines, aeration and pore space are reduced,
and the soil becomes less favorable for root growth.

Structural stability depends on soil texture, soil organic matter, and soil chemistry.
Soil humusand clay particles, especially those with high ion-exchange capacities, can bond
together into aggregates. Such bonding is strengthened by the presence of divalent cations
like Ca2* and trivalent cations like AI3*. It is weakened in akaline soils where sodium and
other monovalent ions are rel atively abundant on the cation exchange sites. Humus associ-
ated with clay is somewhat protected from decomposition, so humus contents are usually
correlated with clay contentsin soils of uniform climate, drainage, and vegetation.

Crusts form where raindrops beat on the soil surface and break down its structure.
Structural stability and degree of exposure to raindrops determine how long it takes to
loosen particles from broken soil aggregates and plug soil pores. Crust formation often re-
duces the water infiltration rate to a fraction of itsinitial value. Runoff, erosion, sedimen-
tation, and pollution increase. After the rain, the surface hardens into a crust that may
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(A) (B)
Figure8-11 Soail structure differences resulting from a corn—wheat—hay rotation (A) and two
years of corn—soybeans (B). (Courtesy Maryland Agricultural Experiment Station.)

markedly reduce seedling emergence and crop stand. Crust formation and reduced seedling
emergence are the most readily observed symptoms of weak soil structure.

Strength of Soil Structure. The terms weak, moderate, and strong are often
used to indicate the distinctness of soil structure, athough it is difficult to measure the
strength quantitatively. Aggregate stability isarelated property that can be evaluated as de-
scribed in Note 8-1. Such procedures can be used to measure changes produced by differ-
ent cropping systems and management practices. The soil in one field might be compared
with that from a nearby field or with the less-disturbed soil in a fencerow. Such compar-
isons often reveal large differences in aggregate stability accompanied by observable dif-
ferencesin porosity and crusting, as shown in Figure 8-11.

NOTE 8-1
MEASURING STRUCTURAL STABILITY

Several methods are used to evaluate the structural stability of soils. The
two outlined here involve inexpensive equipment and can be used to
compare differences resulting from contrasting treatments such as crop-
land versus pastureland, or fields versus fencerows.

The percentage of water-stable aggregates can be determined by
placing a weighed soil sample on a sieve with 0.01-in. (0.25-mm) open-
ings. The sieve is then dipped 50 times (or some other standard num-
ber) in a container of water. The material remaining on the sieve is dried,
weighed, and corrected for sand content to calculate the percentage of
water-stable aggregates.
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Figure8-12 The volume of water required to wash a soil sample through a screenisan indica-
tion of structural stability.

The structural stability of soil clods can be compared by dripping
water onto them from a buret as shown in Figure 8-12. The volume of
water required to wash the soil through the screen and into the beaker
is an indication of structural stability.

Effect of Crops on Soil Structure. The fine fibrous root system produced by a
dense growth of grass helps form stable aggregates in soil. Deep taproots such as those of
afafahep open channelsin thelower soil horizons. Theseimprovementsin soil structureare
important reasons why an afalfa-grass mixture is widely regarded as a soil-improving crop.
Most forage crops have similar effects but to different degrees.

Row cropssuch as sugar beets, cotton, corn, and beans usually weaken the soil struc-
ture and contribute to erosion and sedimentation. Narrow rows and high yields cause these
crops to cover the soil faster and permit their root systems to penetrate more uniformly
through the entire soil volume, thus reducing, but not eliminating, the soil deterioration.
Each combination of soil, cropping system, and management practices has an equilibrium
of organic matter (Fenton et al., 1999), structural stability, and of many other properties as
well. As time passes, the soil properties shift toward equilibrium. The rate of change is
roughly proportional to the difference between the present condition and the equilibrium
condition.

Small-grain crops produce more cover and generally stronger soil structure than row
crops, but less cover and weaker structure than forage crops. Tree crops are much like row
crops in their effect on soil structure, unless there is a cover crop or other vegetation be-
tween the trees.
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Most crops can be related to one or another of the groups aready discussed. A good first
approximation isthat the effect of acrop on soil structureis closely related to how thoroughly
its roots permeate the soil. The effect of companion crops on soil structure is often more fa-
vorable than that of either crop grown by itself. The effect of a crop rotation is an integration
of theeffectsof al cropsintherotation. Some properties such as soil-aggregate stability change
fast enough to exhibit noticeabl e differences from one crop to another during a rotation.

Weakened soil structure is sometimes a reason to modify an intensive cropping sys-
tem. Low permeability resulting from weak soil structure causes runoff and erosion prob-
lems on slopes and wetness and sedimentation problems on flat lands. The remedy is usu-
ally to shift toward a system that includes more close-growing vegetation and/or reduces
the amount of tillage. After a period of adjustment, achange to no-till may significantly in-
crease the organic-matter content and structural stability of asoil that has been degraded by
cropping with conventional tillage (Bayer et al., 2001). Inclusion of more cover crops and
green manure in the cropping system also helps.

8-6.4 Environmental Effects of Cropping Systems

Most cropping systems accel erate erosion by wind and water in comparison to the rates un-
der native vegetation. Eroded soil contaminates air with dust particles and water with sed-
iment. The sheer mass of the eroded soil and the chemical and biological entities carried
with it are significant. For example, soil carries plant nutrients that contribute to eutrophi-
cation (Chapter 17).

The early emphasis of the soil-conservation program was to protect land from exces-
sive soil loss. Environmental concerns have made water and air pollution strong additional
reasons to control erosion. Pollution caused by soil erosion extends far beyond the eroding
area, making it apublic aswell asaprivate concern. Several states have responded by pass-
ing laws that require the use of soil-conserving practices under certain conditions, as dis-
cussed in Chapter 19.

Environmental considerations cause some cropping system changes that protect air
and water rather than soil. Border strips of close-growing vegetation to keep sediment out
of streams and ponds are a good example of adjustments that reduce water pollution.

M ost soil-conserving practices benefit both the land where erosion is reduced and the
environment where the eroded soil would have gone. Cropping practices such as rotations,
cover crops, and strip cropping reduce air and water pollution and protect soil productivity.
Mechanical practices such as terracing and conservation tillage also protect both soil pro-
ductivity and the environment. Recognizing the environmental values of such practicesin-
creases the incentive to apply them.

Reducing erosion and its polluting effects to minimal valueswould be relatively sim-
pleif land were not needed for growing crops. However, the world's popul ation needs to
be fed, clothed, and housed. Cropping systems, therefore, need to be carefully designed to
meet needs without causing excessive erosion and pollution.

SUMMARY

Native vegetation normally providesenough cover to control erosion, but many cropping sys-
tems leave the soil surface exposed periodically. Poor crop growth can allow disastrous
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erosiontoruintheland and pollute both air and water. Properly adapted cropsand well-planned
cropping systems limit erosion to acceptabl e rates and hel p reduce environmental pollution.

Most crops can be classified into four groups. Row crops usually produce the most
profit and the most exposure to erosion. Small-grain crops give more protection because
the plants grow fast and are usually close together. Forage crops produce still thicker cover
and provide excellent erosion control. Tree crops with undergrowth and alitter layer on the
soil surface almost eliminate erosion.

Practices that increase crop yields usually reduce soil erosion. Crops in narrower
rows cover the soil sooner and protect it better. High soil fertility also increases both yield
and soil cover. The use of organic and mineral fertilizersto supply deficient nutrients also
helps conserve soil, but excessive fertilization can cause pollution.

Monocultures permit farmersto specialize and grow each crop whereit is best suited.
Fertilizers and lime may make it possible to maintain yields under continuous cash crops,
but the soil structure may deteriorate and erosion, sedimentation, and pollution increase.
Summer fallow systems increase erosion and reduce soil organic-matter contents in com-
parison to annual cropping. Land that istoo steep for row cropsand grain crops may be used
for hay, pasture, or tree crops.

Crop rotations often provide more continuous soil cover than monocultures and help
control erosion, plant diseases, and insects. Companion crops and cover crops help to keep
the soil covered almost continuously, and sometimes provide material that is worked into
the soil as green manure. This contributes to soil organic matter, soil structure, and perme-
ability. Some crops produce carryover effects that reduce erosion while the next crop is
growing. Crop residues can be used for soil cover when no crop is growing.

Multiple cropping includes sequential cropping and intercropping. It isused in many
gardens and in tropical areas to increase variety and total amount of production. Its contri-
butions to soil conservation are a bonus.

Contour strip cropping is effective for controlling water erosion; buffer strip cropping
and field strip cropping are useful where the land includes small uncroppable areas or the
topography is rolling. Wind strip cropping is laid out across the prevailing wind to catch
saltating particles. Barrier strips consisting of one, two, or afew rows of tall, close-growing
crops are a so effective for reducing wind erosion if the exposed area between them is not
too wide. Border strips are single strips of close-growing vegetation that are used to reduce
pollution by filtering soil particles out of air and water.

The soil-loss prediction equations are useful for selecting appropriate cropping sys-
tems and for identifying areas that need special treatment. Appropriate cropping systems
maintain adequate soil depth, fertility, and water-holding capacity to conserve the produc-
tive potential of the soil. Stable soil structure is needed to resist crusting and maintain ade-
guate permeability. Forage crops usually have favorable effects on soil structure, whereas
most row crops cause soil structure to deteriorate. The effect of any crop on soil structure
isrelated to how thoroughly its roots penetrate the soil.

Cropping systems need to protect the environment as well as the soil. Pollution re-
sulting from soil erosion contaminates air and water far beyond the eroding area. Well-
designed cropping systems produce food and fiber for the world's popul ation without causing
excessive erosion and pollution.
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QUESTIONS

How can aforage crop be both a“ soil-building crop” and a “ soil-depleting crop” ?
. What effects do rows and row spacings have on soil and water conservation?
. Why do many farmers grow crops as monocultures rather than use crop rotations?

. Under what conditions would the use of a companion crop for the establishment of aforage
crop increase erosion? When would it reduce erosion?

5. Why do many farmers prefer to plow crop residues under rather than |eave them on the soil
surface?

6. Explain the differences between crop rotations, sequential cropping, and intercropping.
. List five different types of strip cropping and distinguish them from one another.
8. How can the use of fertilizer: (a) reduce water pollution? (b) increase water pollution?
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TILLAGE PRACTICES
FOR CONSERVATION

Tillage is “the mechanical manipulation of the soil ... to modify soil conditions and/or
manage crop residues and/or weeds and/or incorporate chemicals for crop production”
(Anonymous, 1997). Tillage was probably the first and most important innovation that our
primitive ancestors developed in their attempt to grow crops for asufficient and stablefood
supply. The amount of tillage gradually increased as new implementswere invented and an-
imal power was used to pull them. Still more tillage was used on larger areas after tractors
were invented. The tillage implements became bigger and more rugged while the tractors
becamelarger and more powerful. Over time, though, tillage has cometo be seen asamixed
blessing—necessary at times, but capable of causing considerable damage to the soil and
to the environment. Current trends are to use much less tillage than has been customary.
Optional tillage operations are likely to be omitted, and chemicals are often substituted for
tillage that would otherwise be needed.

Dense, perennia vegetation, such as grass and trees, provides excellent protection
against erosion. When native vegetation is destroyed in preparing land for cultivated crop pro-
duction, the protection provided by perennia cover is lost. Often the land is exposed to de-
structive action of water and wind. Other means must be found, then, to protect theland. Every
effort must be made to ensure that cultivated crops and their residues provide as much protec-
tion as possible (Moldenhauer et a., 1983). Some tillage practices bury residues and expose
the soil to the erosive forces of water and wind for extended periods, but others curtail expo-
sure by leaving crop residues on the land surface, and some help by making the soil more per-
meable and/or by giving it arough surface that holds water and traps loose soil particles.

9-1 OBJECTIVES AND EFFECTS OF TILLAGE

Three major objectives of cultivation are to prepare seed and root beds, to control weeds,
and to establish surface soil conditions that favor water infiltration and erosion control.
Undesired effects a so occur, including soil compaction, accelerated decomposition of or-
ganic matter, and increased susceptibility to erosion.

242
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9-1.1 Preparation of Seed and Root Bed

Surface soil condition should favor effective seed placement, germination, and early emer-
gence, and should permit unrestricted root growth and plant development. Cultivation to
ensure these conditions ranges from simply stirring with the planter or grain drill to con-
ducting many operations with avariety of implements. Often the soil isloosened and then
partially recompacted to achieve desired seedbed conditions. In the process, clods are bro-
ken down into small enough sizes to provide good seed-soil contact after planting.

9-1.2 Control of Weeds

Weeds compete with crop plants for moisture, nutrients, space, and light. Tillage buries
weed seeds and kills seedling and mature weeds. Chemical herbicides control many, but not
all, weeds. Where herbicides are used, some tillage may be necessary to prevent resistant
weeds from devel oping and competing with crops.

Tillage in excess of that needed to control weeds does not benefit crops on most fri-
able medium- and coarse-textured soils. On these soils, weed control by scraping the soil
surface or by applying chemicalsis generally as effective astillage. Crop growth does ben-
efit, in the short term, from more tillage than is needed for weed control on some soils that
have low permeability and low organic-matter contents.

9-1.3 Soil and Water Conservation

Tillage that stirred the soil after every rain to form adry soil mulch (dust mulch) was rec-
ommended for moisture conservation in the early years of the twentieth century. Field tests
failed to show increased moisture storage or improved crop growth, however, and because
the smooth, dry surface increased susceptibility to wind erosion, the practice lost favor and
was abandoned.

Cultivation to break up a crusted soil surface and to produce arough, cloddy soil con-
ditionincreasesinfiltration and reduces erosion, but the effect isusually short-lived because
rain and wind soon smooth and compact the surface.

Crop residues on the soil surface reduce both water and wind erosion. Accordingly,
tillage that | eaves straw and stubble on the soil surface, instead of turning it under, has much
to recommend it. This usually means minimizing the amount of tillage and seldom or never
using plows that invert the soil. Most of thetillage that is used is likely to be delayed until
near the time to plant the next crop.

Contour tillage that produces ridges across sloping land reduces runoff and thus hel ps
to conserve both soil and water.

9-1.4 Tillage and Soil Movement

Tillage has both direct and indirect effects on soil erosion. Indirect effects relating to soil
erodibility are related to soil organic matter contents and surface cover and will be discussed
in the next section. The direct effects involve soil movement by tillage implements. These
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effectsrangefrom negligiblefor most hand tool s and some narrow-tined implementsto shift-
ing awhole plow layer, forming a backfurrow with increased soil thickness where plowing
begins and a dead furrow left empty where plowing ends.

Some farmers have used their plows to offset erosion by beginning at the top of the
hill or slope and going back and forth across the slope with a two-way plow, so the plow
always throws the soil upslope. This approach is most often used on terraced land as a
means of rebuilding the terrace ridges each time the field is plowed.

Most often, tillage causes a net downsl ope movement that has sometimes been called
tillage erosion. Gerontidis et al. (2001) found that a moldboard plow set 40-cm (16-in.)
deep on a 22% dlope threw soil as far as 97-cm (38-in.) downslope when the plow was
pulled straight down the slope, and as far as 69-cm (27-in.) downslope when it was pulled
along the contour. Reducing the plow depth to 20 cm (8 in.) reduced the soil movement by
about 75%. They found that chisel plows can also cause major downsl ope soil movement,
especially when set deep. Lindstrom et a. (2000) made similar measurements showing that
moldboard plows, chisel plows, and disks all caused downslope soil movement in the
Palouse area of Washington state. They devel oped a prediction equation for such soil move-
ment and showed that tillage movement away from convex hilltops sometimes exceeds the
T value for tolerable soil loss. Van Oost et al. (2000) point out that the average distance of
soil movement depends greatly on the slope gradient, and that this causes a net loss of soil
from convex hilltops and a net gain of soil on concave footslopes.

9-1.5 Effects of Tillage on Soil Properties

Tillage generally aerates the soil and accel erates the decomposition of soil organic matter.
Additional organic matter is often lost by the sorting action that results from increased ero-
sion. The significance of these losses in organic matter varies greatly with the soil texture,
structure, and initial organic-matter content. Generally, they cause a deterioration in soil
structure, an increased tendency to form crusts, reductions in soil permeability, and some
lossin nutrient storage capacity. For example, Elliott and Efetha (1999) compared plotsthat
were managed with no-till to otherswith conventional tillage for 11 years. They found sig-
nificantly higher organic carbon contents, larger and stronger soil aggregates, and higher
infiltration rates in the no-till plots. These changes are the reverse of those commonly ob-
served during the first few years after afield of sod istilled and cropped. No-till allowsthe
soil to returnto acondition more nearly likeitsvirgin state, even though it isbeing cropped.
Power et al. (1998) showed that the increased soil organic matter resulting from returning
crop residuesto the soil had residual effectsthat increased corn grain yieldsin Nebraska by
as much as 16%.

It usually takes several yearsfor asoil to recover from the effects of long-term tillage
(VandenBygaart et al., 1999), partly because it takes time for the earthworm population to
rebuild and for the earthworms and plant roots to produce numerous macropores for water
transmission. Even occasional tillage can disrupt these macropores.

Tillage also influences soil crusting, runoff, and erodibility through its effects on sur-
face cover. Implements such as a moldboard plow that bury the residues |eave the soil sur-
face exposed to raindrop impact that tendsto produce acrust and leaves the surface exposed
to either runoff or wind erosion. The timing of such tillage is also important. For example,
fall plowing for a spring-planted crop leaves the soil exposed for a much longer time than
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spring plowing for asimilar crop. This difference islarge enough to affect the C factorsfor
the soil loss equations, as shown in Table 6-7. Tillage implements that leave crop residues
on the soil surface (see Section 9-3) leave the soil in better condition to resist crusting.

9-2 TYPES OF TILLAGE IMPLEMENTS

Hand tools have been used to cultivate land and plant crops since the beginning of arable
agriculture. They are till the primary tools used in many parts of the developing world
and are the predominant implements used in most family gardens in developed countries.
Hand tools and power equipment generally perform the same tasks, but power equipment
works faster and often is used to stir or mix the soil deeper and to bury more vegetative
cover and plant residues. Hoes, such as those shown in Figure 9-1, are used to “plow” the
land, to prepare a seedbed, to open the furrow or hole for seed placement, to weed the
growing crops, and even to harvest some crops. Hoes (A) and (B) are made in developing
countries and are effective agricultural tools where capital is scarce and labor is plentiful
and cheap. Many individuals in developed countries also use hoes. A hoe with along han-
dle that allows the user to work from an erect position is used by most home gardenersin
Europe and North America to accomplish the same tasks that the farmers in the devel op-
ing world perform. These hoes are also used in many commercia orchards and vegetable
gardens.

Brochures from agricultural machinery companies are replete with pictures and de-
scriptive names of many specific tillage implements, but there are relatively few distinctly
different tillage tools. There are a variety of types of plows, several kinds of disk imple-
ments, a number of different tine tools, and some other miscellaneous machines.

9-2.1 Plows

The origina animal-drawn plow was a sharpened spike drawn through the soil. It did not
invert the soil and it killed few weeds. In Europe, its soil-penetrating part was modified and
a soil-turning part, originally made of wood, was added. It became the moldboard plow.

(A) (B)

Figure9-1 Hoesarethetraditiona tillage tools where hand labor is used for agriculture. The
large hoe (A) isused to “plow” the land. Its blade is approximately 12-in. (30-cm) wide by 24-to
30-in. (60- to 75-cm) long. The small hoe (B) is ageneral purpose tool called alalanya in Nigeria.
It is used to control weeds, rebuild ridges, and harvest crops. The blade is roughly triangular with a
cutting edge about 6-in. (15-cm) wide. (Courtesy J. A. Hobbs.)
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Figure9-2 A single moldboard plow unit. The sharpened plowshare on the bottom cuts the fur-
row slice free from the soil. The curved moldboard, above the share, slides the furrow sliceinto an
inverted position. The small, curved trash board guides the standing stubble and other trash beneath
the furrow dice asit isinverted. Theflat disk in front of the share is a coulter that cuts through crop
residue and trash and partially cuts the side of the furrow slice. Not shown, because it is hidden be-
hind the moldboard, isthe landside—aflat, vertical plate—that presses against the side of the fur-
row and prevents the plow from sliding sidewise asiit is drawn through the soil. These units can be
joined together along a heavy beam to make anything from a two-bottom plow to a 10-bottom plow
(or even larger). (Courtesy Deere and Company, Moline, Illinois.)

L ater, the wooden moldboard was changed to iron and then to steel to enhanceits ability to
turn the furrows cleanly and use less power. Moldboard plows (Figure 9-2) lift and turn all
the soil in the plow layer, depositing the inverted soil in the space that was occupied by the
adjacent furrow. The soil is left rough and cloddy, but not ridged. Plowing requires much
more power than most other types of tillage.

Repeated plowing in the same pattern causes a noticeable accumulation of soil in the
backfurrow area, wherethefirst furrow falls on top of unplowed soil, and aloss of soil from
the deadfurrow area where the last furrow isnot filled. Some farmers, therefore, vary their
plowing pattern from one year to the next so the backfurrows and deadfurrows will fall in
different places each time. Some have used this lateral soil movement to build terraces by
plowing back and forth along the terrace, always moving soil toward the ridgecrest.
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Figure 9-3 A four-bottom rollover (two-way) moldboard plow. The plowshare or cutting edge,
the curved moldboard, and the landside are visible on the unitsin the air. The “two-way” feature
makesit possible to turn all furrowsin one direction, an excellent feature in a soil conservation pro-
gram. The soil behind the plow has been inverted and crumbled. (Courtesy Massey Ferguson, Inc.,
Des Moines, lowa.)

Farmers plowing land for surface irrigation prefer a two-way plow (Figure 9-3) that can
move soil either to the left or to the right. They can then plow back and forth across afield
without leaving a deadfurrow in the middle. This is the same feature that can allow farm-
ers on sloping land to always move soil upslope as they plow.

Disk plows with very large sloping disks were developed for use on stony land and
on soilsthat did not scour cleanly off moldboards. Disk plows, like moldboard plows, bury
nearly all of the plant residues.

A lister plow loosens and moves soil into ridges on each side of the working unit. It
uses either small back-to-back moldboards or disks to excavate the furrow and build the
ridges. Vegetation under the ridges is buried, but the soil thereis not cultivated.

9-2.2 Disk Cultivators

Disks are tillage implements with a number of saucer-shaped, steel components mounted
on one or more axles. Two sets (gangs) of disks are usually joined to make a single unit;
sidedraft is eliminated by facing the disks of one gang in the opposite direction to that of
the disksin the other gang. The angle between the axles and the line of travel is adjustable;
increasing the angle causes the disks to cut deeper and mix the soil more thoroughly. A
tandemdisk, also called adoubledisk, (Figure 94) hastwo gangs of disks mounted in front
and two mounted behind. The first set turns the soil out from the center and the following
set movesit back. These disks are typically used for light or secondary tillage with a pene-
tration depth of about 3in. (8 cm).
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Figure9—4 A tandem disk. The front disks turn the furrows out from the center, the rear disks to-
ward the center. Such implements produce arelatively smooth surface and cover part of the crop
residues. This unit is equipped with a*“floating” central small disk that cuts the ridge left by the
front disk gangs. (Courtesy Deere and Company, Moline, Illinois.)

A one-way disk plow consists of aseries of large disksthat are 20 in. (50 cm) or more
in diameter, all saucered in the same direction. It replaced the moldboard plow as the pri-
mary tillage tool on vast areas of the Great Plains in the 1930s and 1940s. It requires much
less power than the moldboard plow and it covers land more quickly. It is used less fre-
guently now because it buries too much crop residue and leaves the surface relatively
smooth and open to erosive forces.

An offset disk, shown in Figure 9-5, has disks mounted in tandem, single gangs that
move soil in opposite directions. Disks are larger than those on the tandem disks previously
described—Ilarge enough that offset disks are sometimes used for primary tillage.

9-2.3 Tine Cultivators

Some primary and much secondary tillage is performed by implements with points or
blades mounted on aframe or on shanksfastened to the frame. The simplestisthedrag har-
row. Older models had rectangular frames with crossbars carrying fixed spikes about 8-in.
(20-cm) long. Several frames are mounted side-by-side across the direction of travel so that
units many feet wide can be pulled across afield in asingle pass. More recent models have
spring spikes mounted on atool bar or on frames attached to the tool bar (Figure 9-6). This
tool may be used after plowing and/or disking to break clods, smooth the soil surface, and
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Figure 9-5 An offset.disk. This heavy-framed, large implement has replaced the moldboard plow
and disk plow as an initial tillage tool on many farms. (Courtesy Wil-Rich Manufacturing Co.,
Wahpeton, North Dakota.)

Flgure 9—6 A spring harrow mounted behmd apl anter The sprlng tines can be set at dlfferent an-
gles to accommodate the purpose for which the implement is to be used—smoothing the soil sur-
face, spreading straw, etc. (Courtesy Bourgault Industries Inc., Minot, North Dakota.)
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Figure 9—7 A chisel plow equipped with narrow points. Shanks are mounted on the framein tiers
so that any bunched crop residue will flow through the machine easily. (Courtesy Wil-Rich
Manufacturing Co., Wahpeton, North Dakota.)

uproot and kill small weeds. It was formerly used one, two, or even three times for the
final preparation of a seedbed, but is less commonly used now that people are looking for
ways to reduce tillage.

A chisal plow is aripping implement that can be used with narrow points (2 in. or 5
cm), wider points (3 in. or 7.5 cm), or with attached blades up to 12- in. (30-cm) wide. The
implement has several tiers of shanks on the frame, as shown in Figure 9-7. It usually pen-
etrates 8- to 12-in. (20- to 30-cm) deep when narrow points are used. Wide blades are set
to overlap 2to 4 in. (5to 10 cm) at the depth needed to cut weed roots.

A rugged heavy-duty chisel, shown in Figure 9-8, is used for soil ripping and is
designed to penetrate 12- to 16-in. (30- to 40-cm) deep.

A subsoiler is a still more ruggedly-built chisel implement designed to penetrate 24
in. (60 cm) or more.

Sweep and blade cultivators haveindividual bladesthat arewider than 20 in. (50 cm);
some are more than 5-ft (1.5-m) wide. Most have V-shaped blades mounted on very rugged
shanks at the point of the V (see Figure 9-9), but some have straight blades with shanks at
each end. Several of these cultivators can be pulled behind a single tractor. They operate at
ashallow depth (about 2 in. or 5 cm ) to cut weed roots.

9-2.4 Miscellaneous Cultivators

A rotary tiller has a series of knives or blades mounted on a rotating shaft set transverse
to the direction of travel. It is powered by its own engine or by a power takeoff from the
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Figure 98 In-Line Ripper. Thisimplement has stout shanks and tips that are strong enough to
penetrate 12- to 16-in. (30- to 40-cm) deep. The flex coulters that run ahead of each chisel cut crop
residue to reduce the likelihood that bunched straw or stover will hang up on the chisel shanks.
(Courtesy Thurston Manufacturing Co., Thurston, Nebraska.)

¥ il f et X AWA LF 'I.a\- e B ':'.E_L L1 ® & e
Figure9-9 A Noble™ blade implement with rugged construction and large clearance between
adjacent shanks and between blades and frame. This model has nine 6-ft (1.8-m) “V” blades for a
total working width of 49.5 ft (15.0 m). The frame isflexible so that each blade will conform to the
land surface and work at a uniform depth. (Courtesy Cereal Implements[Vicon], Portage la Prairie,
Manitoba.)
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tractor. The shaft and blades rotate at a high speed. The blades incorporate all surface
residue into the soil and pulverize all large clods. Small sizes of these tillers are used to
“plow” home gardens.

The rotary hoe has many rimless wheels mounted about 4-in. (10-cm) apart on an
axle located transverse to the direction of travel. The spokes are dlightly curved and are
pointed. They penetrate easily into the soil, but they lift and throw the soil, crop residues,
and small weeds as they exit. The rotary hoe is used to break soil crusts, smooth the soil
surface, and kill small weeds.

Atreader, really arotary hoe pulled backwards, has spokes curved so that asthey en-
ter the soil they press residues and surface soil into the soil. The spokes leave the soil
cleanly without disturbance. Thistool tendsto pack the soil rather than loosenit. It is some-
times used in stubble mulching to anchor loose straw in the soil. Figure 9-10 shows the
spoke shapes of rotary hoes and treaders.

A skew treader has its axle mounted at an angle rather than perpendicular to the di-
rection of forward movement. Two treaders can be hooked up in tandem (like a tandem
disk) by joining their axles with along chain or bar on one side and a short chain or bar on
the other side. Skew treaders are sometimes used in tandem with other implements such as
chisel plows, as shown in Figure 9-11.

The rod weeder (Figure 9-12) has a backward-rotating bar or rod that runs below the
ground surface. It cuts off and liftsweeds and firms the soil under the rod. It cannot be used
successfully in soilsthat contain stones or large pebbles. The bar needs to be equipped with
cultivator poi