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Foreword
 

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

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

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

Samir A. E1-Swaifv, Chairman, 
and Klaus W. Flach, Past Chairman 

Subcommission C: Soil Conservation and Environment 
International Society of Soil Science 
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Preface
 

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

One scm )l ol,comprised of c-cologists and environmentalists, believes 
that accelerated erosion is a cancer on the land that rapidly is 
depleting the soil's produCti e capacity and causing the pollution and 
mitt rophication of natural waters. In support of their claim, adherents 

of this school (ite the fact that the annual loys of agricultural land 
(iue to soil ersion anld desertification is as high as 3 million hectares 
aimd 2 million hectares, respectively. At this high rate of agricultural 
land loss, ticy fear that the world may lose from one-fifth to one
third of its agricultral land by the year 2000. The annual global 
discharge of sedinient intl the oceans has increased, presumably, from 
2 billion tons before the development of settled agriculture to 24 
billion tons now. 

''le other sehool believes that the effects of soil erosion aredrastically exaggerated, though thev accept that excessive soil ero
sion can be a problem. Sonic soil scientists sincerey believe i:bat -he 
loss of tol):"oil can be compensated for easily by adding a few kilo
grams of aldditional nitrogen to the soil. They further argue that on
site crop yield reductions may be oipensated for by increased yields 
at the site of' deposition. The development of most fertile valleys, 
afterall, they contend, is attributed to erosion in the upper reaches 
)f the catchment. The pro)ponents of this school believe that the "cry

ing w()lf attitude" can be counterproductive. 
The effects of soil erosion on this resource specifically and the en

vironment generally are easily exaggerated when factual informa

xi 
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tion is scarce. Despite the voluminous literature on the global,
regional, and national problems of soil erosion, quantitative and 
reliable data on the magnitude of problem are iadeed scarce. Fur
thermore, there are few if any checks to verify the validity of available 
statistics on the magnitude of soil erosion. Most available informa
tion, especially that from the tropics, is based on reconnaissance 
surveys or on experiments that lack a standardized methodology. Such 
an information base inay be of some use in creating public awareness,
but it is of little value in developing and implementing strategies to 
prevent or control erosion. Whatever quantitative data are available, 
particularly from the tropical countries, usually are obtained withunstandardized methodology. The size of runoff plots, the method 
of collecting runoff and sediment samples, use of a partitioning or 
iultislot system, design of storage tanks, and other factors differ 

among researchers. EjuipjmcP1 design and the size of the field plots 
are dictated more by budgets aid the available manpower than by
the need for scientific precision and data accuracy. A survey of the 
e(uipment and methodologies used in field plot experimenlts would 
indicate a wide range of techniques used in evaluating soil erosion. 
The results thus obtained are methodology-specific and cannot be 
compared among widely scattered experimental sites. 

The belief that "'some data are better than no data" has produced 
erroneous results, NOhich have led to costly ministakes ii: des-igning
ineffective erosion control measures. Erosion research, although
capital- and labor-intensive, is not expensive. There is indeed a pau
city of results produced from well-designed and properly equipped
erosion experiments. It is precisely that data from such experiments
that scientists and policymakers require for developing appropriate 
resource manageinent strategies. 

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

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

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

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

Rattan Lal, Editor 

January 1988 
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1 
R. Lal 

Soil erosion by wind
 
and water: Problems
 

and prospects
 

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

Judson (8) estimated that river-borne sediments carried into the 
oceans increased from 10 billion tons a year before the introduction 
of intensive agriculture, grazing, and other activities to between 25 
billion and 50 billion tons thereafter (1). Dudal (4) reported that 
the current rate of agricultural land degradation worldwide by soil 
erosion and other factors is leading to an irreversible loss in produc
tivity on about 6 million ha of fertile land a year. According to the 
United Nations Environmental Program (15), crop productivity on 
about 20 million ha each year is reduced to zero or becomes uneco
nomic because of soil erosion and erosion-induced degradation. On 
the basis of information available worldwide on soil erosion, Higgins 
and associates (7) reported that cop yields in rainfed areas might
decrease 29 percent over the next 25 years. Since the beginning of 
settled agriculture, soil erosion has destroyed about 430 million ha 
of productive land (9). Buringh (2) estimated that the annual global
loss of agricultural land is 3 million ha due to soil erosion and 2 million 
ha due to desertification. Of the total annual sediment load of 1 
billion tons carried by rivers from the continental United States, about 
60 percent is estimated to be from agricultural land (10, 11). The 
off-site damages caused by sediment in the United States are estimated 
at $6 billion annually (3), including $570 million for dredging several 
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million cubic meters of sediment from U.S. rivers, harbors, and reser
voirs (12). 

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

The need for improved data 

These frightening statistics leave many questions unanswered ondata sources, methods of data collection and extrapolation, and data 
accuracy and reliability. Soil erosin research is a capital-intensive,
time-consuming exercise. Global extrapolation on the bas3is of few
data collected by diverse and unstandardized methods can lead to gross errors. Erroneous and unreliable information is worse than hav
iig no information because it can lead to costly mistakes and mis
judgements on critical policy issues. 

There is an urgent need for standardizing methodologies to increase the reliability and accuracy of data on soil erosion. The in
formation should be factual and devoid of emotional rhetoric. Some
basic I)rohlenis wiih data collection are as follows: 

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

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

Rather than quantitatively measuring soil loss, field assessment 
often iPv:)ives a qualitative evaluation of soil erosion. Soil movement
is visually judged to be none, slight, moderate, or severe. Assessment 
of soil erosion by this technique is rather selective and depends upon
personal judgement. It is also difficult to relate quantitively erosioncaused effects on soil properties and crop yields to soil erosion. Infor
mation of this nature, though i',efu!, is only of relative importance.
Unless supported by data on soil profile characteristics, such quali
tative information is hard to generalize. Slight erosion may have 
severe effects on crop yields in a maiginal soil, whereas severe ero
sion iav have little effect on crop yields in a deep, fertile soil. 

Standardizationof methodology and datareliability. A wide range
of plot dimensions and runoff and crosion collection systems are used 
to monitor the severity of erosioij in different ecologies. The equip
ment used is often insufficient for expected runoff; overflow thus is 
a com-mon pro'lem. A range of multidivisor systems, storage and
siltation tanks and reservoirs, and sediment collection and filtration
methods makes soil erosic research more of an art than a science. 

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

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

lRecord durationand data cotinity l)ata should be obtaiped with 
standard equipment alicl for a reasonable length oif time to provide 
lonr-term trends. Soil e(rodibilitv and detachal)ility ar- time-depend

functions.'lnt Bain and wind erosivitv assessments should be made 
liasi-d onl long,- erin trends ini rainfall or wind velocity. The sediment 
t)ad in ri st-s is subject to seasonal and annual fluctuations. The 
interatnual variability of these lai-ameters can only be ascertained 
from long-term data obtained using standard methods. Spot mca
sirelocits of, crodibility. crosivitv. 01r load can be misleading. 

Toward standa rdiza tion 

.iC!)i]crcsioc is amlmitl thcl st critical environmental hazards of 
i1MI'I1 (illi's, \ast areas (II"]li1 in\V being cultivated may be ren
It-rc( iiiilprodlcetiv.( or at least (cunoni.icalh ,lnl)ro(ictive if erosion 

ci-ctiuctcies ',auatcd,. Althouglh ac(elerated erosion and erosion-caused 
smil dhgratdtiot at, onullitiatd evils, ciiantitative data oa the rate 
()f s()il erosio n or difft-rnt ell'virtnfiiints and land rises are not 
as;ildltlc illflcan\' r(c(i cus. ( Iies,-, eimotioial 'tatencic is,and qtal
ikti\s axsssllcets shmld ,erIwt blayeI, facts and figii-cs sil!portud 
)\vXrifial)e (hita. '[,I-r- a nicted for liis ct, basic rcseiarch to generate 

data tiat is accri at(,, T-lial)he, aiil obtained bv staidardized illethods. 
'[litrv is iellh talk about the s(-v1ritv of (-rfosion. vet little is known 
au t (quantilative raiths ()f soil crosiOli. What the criteria toare 
e"il!(late ti- dt(,'rt( (J soil I-t'l-adatioll (allsed by erosioll? Ilow can 
(imo assess the imipact )f s,,il (crosili in eeolloi ie tcrins,? 

For results U-(b (,-olrlparal)h, and for tlieir ext raliolatiom from one 
region to lit hi., it is inipiortant that methodologies be standard
izc. This \ttltiit is tatemtpt to d(efin standard ililthods and 
t(('lni(pietls t std for siil (e)osiil and setlit-ntatioi reseal-cl. The em
phasis is (m basic lata colhet-tit,,ii llxisilig iodels also are explained,
arid thost- that tall bt- isc-cf as t()ls to idh-utifv the knowledge gaps 
ald ti extriptlat- th(- data to ()tihr regiins ar diis-csstd. 

iiIi t'itHFNC IS 
1. Brow n. I. HI., and E. ( \\V t . 1 ,'-I. Soil i-reniou: (ui)t crisi. in the.- wnrld 

t(conomlq. Patlr No. W). \V lt.i a-t.h mt. a t..tic \Vcshintv I) ( L 50 pp. 



6 R.LAL 

2. 	 Buringh, P. 1981. An assessment of losses and degradation of productive
agricultural land in the world. Working Group on Soils Policy, Food and 
Agriculture Organization, United Nations, Rome, Italy.

3. 	 Clark, E. H. 1985. The off-site costs of soil erosion. Journal of Soil and Water 
Conservation 40: 19-22. 

-1. Dudal, R. 1981. An evaluation of conservation needs. In R.P.C. Morgan [editor]
Soil Conservation, Problems and Prospects. J. Wile' & Sons, Chichester, 
England. pp. 3-12. 

5. 	 Forirnie;, F. 1960. Clinmat et erosion. Presses Universitaires de France, Paris. 
6. 	 Fournier, F. 1962. Map of crosion danger in Africa south of the Sahara. 

Commission for Technical Cooperation in Africa, European Economic Com
m tnitv, Paris, France. 

7. 	 Higgins, G. M., A. H1.Kassari, and I,. Naiken. 1982. Potential population
supporting capacities oJ land in d'retlopingworld. Project INT/75/P13. Food 
and Agriculture Organization. United Nations. Home, Italy.

8. 	 Judson, S. 1981. What \ happening to our continents. In B. J. Skinner [editor]
Uwe and ,\1i.vis(w of Earth\ Surface. \Viliam Kaufman, Inc., Los Altos, 
California. pp. 12-139. 

9 	 Kovda, V. A. 1983. loss of productitc land (ic to salinization. Ambio 12: 
91-93. 

10. 	 larson, W. E-. F. J. Pierce, and H. 11. )owdv. 1983. The threat of soil ero
,rio to long-teryi crop produc'tion. Science 219: 458-465. 

11. 	 National Academn of Science. 197-4. Product e agriculture and a qualityell( 	 i-ir llen t. \Vashingtoll, D.C3. 189 pp. 
12. 	 Piiental, I)., J. Allen. A. Beers, L. Guirand, H1.Linder, P. McLaughlin, B. 

Meer, I). Mlissonds, I). Perdue, S. Poisson, S. Siebert. K. Stoner, R. Salazar,
and A. Hawkins. 1987. World agriculture anrd soil erosion: Erosion threatens 
world food production. BioScience -37(4): 277-283. 

13. 	 Strakhov, N. M. 1967. Principles of lithogenes-is (volume 1). Oliver & Boyd, 
Edinburgh, England. 

1.. 	 United Nations Educational, Scientific and Cultural Organization and Inter
national Association of Ilydrological Sciences. 1975. Gross sediment tranport 
into the occans. Paris, France. 

15. 	 United Nations Environmental Program. 1980. Annual Review. Nairobi, 
Kenya.

16. 	 Walling, 1). E. 198.1. Tt sediment ields of African rivers. Publication 144. 
International Association of Hydrological Sciences, Wallingford, England. pp. 
265-283. 



4L1' 

A; . 

~.,.now 



2 
C. K. Mutchler, C. E. Murphree, and K. C. McGregor 

Laboratory and
 
field plots for
 

soil erosion studies
 

Soil erosion research must be based on experimental results of some 
form. Often, laboratory and field plots are ,ised to obtain experi
mental data for predicting and evaluating soil erosion and sediment 
yield. 

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

A project outline 

The first step in any research project should be a working outline 
that gives specific instructions for performing, and completing the 
experiment. First is a set of ol)jeetives and justification for doing the 
research. These elements are necessary for two reasons: to obtain 
money and materials for the research and to guide the research 
through tle lift of the project 

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

Thpprocedures part of the outline describes in detail the instrunen
tation reqpuired and data collection methods. No single part of the 
outline can stand alone, except perhal)s the objectives and justifica
tion. The procedures section in particular must support all other parts 
of the research outline. 

The last pa.rt of the outline is a plan for analysis. Experiments using 
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erosion plots generally are exIpensive. Therefore, researchers must 
take care that all the needed data are collected to complete the anal
ysis. Also, the plan for analysis helps to ensure that questions in tile 
objectives will be an',wered. 

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

Physical modeling of the soil surface with or without plants must 
always be done in full scale. Sand, silt, and clay particles cannot 
be scaled for reduced-scale experiments. Agricultural soils have many
chemical and physical properiies, particularly those of cohesion, that 
differ for each soil type. Also. land invariably has some runoff chan
nelization tendencies that are modified by cropping patterns. These 
factors require plots to be full size. Likewise, plants are difficult to 
use except in a full-size model. Most important, rainfall cannot be 
scaled. Every raindrop has its own shape and velocity, depending
1pon its size. Consequently, plot size is important to represent prop

erly the soil and plant situation being sampled. The research outline 
should ensure correct use of the plot. 

The erosion process 

The term "erosion- often is used as an all-inclusive word to describe 
the wearing down of a landscape. However, we prefer to define ero
sion as the detachment or entrainment of soil particles, thus distin
guishing it from deposition or sedimentation and sediment transport.

elerein, we use the term sediment yield to refer to the amount of 
eroded material that passes a designated point at the outflow end 
of a plot, field, channel, or watershed (catchrncnt). The term soil 
hss, expressed as a quantity pr unit area and time, often is used 
fir small phls. Even in the most erodible situiations, soil loss or sedi
ment yield is limited by the transport capacity of the runoff. As ruincff 
flows through a watershed, changes in topography, vegetation, and 
soil characteristics often reduce this transport capacity. There are 
various opportunities for deposition a result. Gross erosion in aas 
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watershed, as predicted from plot results, must be reduced by a sedi
ment delivery ratio (unique for each watershed) to obtain an expected
sediment yield for a watershed. 

Basically. aNy thin depth of water on a slope concentrates as it
flows downhill lecause of the surfaee tension prol)erties of water. 
The result of this )hellomenon can be seen after landscapes have 
eroded i ider the flow cmncentrations. Rlesearchers have devised var
ious systems of stream orders to study the results of runoff concen
trations on the !and. Although firm operators are more concerned 
with the farmable areas )etween stream channels, the same general
effect of flow concentrations is observable in areas between chan
nels that cannot be crossed in a farming operation.


Raildrop impact erodes the land surface between 
 rills and also 
initiates transport of detached soil particles to the rills. The corn
p)lete transport system involves the initial movement of soil from the 
)oint of riiindrop impact to small rills, to larger rills, to ephemeral

channels, and to continuously flowing rivers. Erosion and sedimen
tation can occur at any point in the system. This process is called 
geologic erosion when it occurs without human influence. Alterna
tively, the process is called accelerated erosion when activity by
hi a iis cau ses increased erosim, sulch as land disturbed for crop 
)roductioin.

l)uring agricultural operations, clltivatiomn, row direction iin plant
ing, aiI(l water .alina ie t lractices designed to convey runoff
 
withoit allowing excessive er sio(n all change the natural rill system.

In ro w-crop agricilt ir .e rills generally form in tillage paths. espe
ciall where the crip is cultivated. For ui-and-down.hill rows, the
 
rills enlarge as runoff amounts and rill erosion increase. For con
tour rows, rill enlargement is slower because of lower runoff veloc
itics. Ilowever, 
 the capacity of rills parallel to ' he rows often is ex
eted(. imler large storms, and rills parallel with the slope are 
forin,'d. Terraces )uilt across a slope interr pt do\ nslope rill pat
ternis and kvp rill formation at the elementary stage.

Knmv ledgt, of theieosion process is necessary because erosion stud
its use plots that are saml)les of this -big picture." To be valid, results 
of sich re;earclh uist be from a representative sail)le of the land
wape. fiesearchers, of couirse. use various plot types to study soil cro
sion. The major comc-ern is that an\, plot is a samlple of the landscape,
and it must furnish data that can be analyzed and formulated for 
iis. on the land. 
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In summary, then, a land area is comprised of rills and channels
and the land between them. More specifically, farmland can be 
described as rill and interrill areas and the erosion processes as inter
rill erosion, rill transport, rill erosion, and deposition. Plots can repre
sent full-size areas of iriterrill erosion or rills separately, or they may
represent areas that include all of the processes. Thus, erosion plots
fall into three categories: small plots, USLE (universal soil loss equa
tion) plots, and large plots. 

Small plots 

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

71 

Fig;,re 1. A labora'.orV !2rosion plot used to study the effects of crop residue placement oii soil eiosion. The 46-em x 4 6-cin plot is surrounded by a border 23 cmnwide. Runijoff enters a sluit at the lbottomn of the smnall plot and iscollected in a containetr for mecasurement and sediment analysis. Rainfall is applied with a nozzle
type rainfall imnulator mounted .3 in over the plot. 
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Small plo;ts lisillv ise rainf al siln u latiori (see Chapter J).
There is extenlsive literatutire ill soil plhysics )n the use of small soil 

plots. lere., we disciuss, mly tihrse )rinciples that are importalt to 
croso ri)Iresar1(c1. 

()Ojctirs. (enr(llly. i'(\Irelrsr l,, small phitts to s:tudv' basic 
(c)si'ol phases that are difficllt to study ill(etail (:lIiarger plots, 
ft)r exarl)le . mIltau seaIiIg, itagetr'C stalbiIoV, rai it(lr ) detaoch

c(i,1 aidrsp~lash trari)osprt. Notte that these topics deal with pro
cesses ill the interrill arec. 'xperiments xwithI rill proc,,',sses require 
p)lm itr cirourgli h) dje\ clop) sufficienit rimoff. M\eyer s studies of rill

111i(d iwic('rill ri(()SirIl c t, allpls ()fsmall 1)l()ts tis5cd iiithe field under 
Ni lilatc( rainlfall.
 

Sma)llrlr tpexperilills shir()11 
 have ()bj(ectives C'(l)pleientarv to 
lid plh)t ,,)Jriuieiltationl m- ap)lication. lolleilhaier. for exam)l
pIk. lised >;rvll plods to, stll(lv ic ,fc, s (of soil characteristics on 
'o()3il)ilit ). Ic lesed laloratoi-r )l) to isolate certailn pha(ses 
,ofthe (')sil pr),t,. thenl e.xa iitcd a idverified the results with 

fillfl. cli i at,. and s(il ill th( field. 
A c(l'rrenrtlv pIpular ()j(t iv, is to d (lop a ruadremati,-al m1odel 

(ftHoc ensilur Siur,ws.,,. l ph)rts tiln ae tsed to dleveh )por verify 
balir()rera tiilL rcuy rtl that g ryr.-'ni ll e phv;ical lr, vs o)f soil 

.11stifi,'(tin,The rcatest ju stificatiori for sr11all )l()ts is their utility
ill stud(hiir the basic as)ets of s()il ro)siolr il d(etail. A researcher 
cair coritrrl the harirters o)f the erosion pnw','ss riore clo)sely onl 
srmall i)h)ts thlr :o)r large 1)l()ts. l;Xpherilm ',nts :isiiiL : nnall plots are 
more, justifiabl, if'ti( auticil)ateld resrilts have a planted applica
tio,n Ittll rst cases, these ex)eriments pr)ovidh basic coerrpts and 
krrr wledpge reqisired for efficient dccloprrrent0W r(Seardji
 

PrVoc'edures. IProllrs that irifltrirce studyv l rocedlures on smrall p~lots
include th()Se r(elrted to sic andrl duplicatiol ()fthe Soil as itisfound 
illt field. 

J.(,g ef e.ct. ,thich - rust,i be cosiderei in all plots, are rmagnified
,vith smiall 1j()1s. lEdge effects include the Ilrovenrent ()f splash into 
or out of'a pl)t,t ire addition (o trmled soil to a plot treatmen-t froln 
a it err rdible soil ridge., a barrier effect on soil water and plant root 
move t). and (othrholi nclarv effects caused hv the restriction ()f 



14 C. K. MUTCIII.EI, C. NUIWIIREE, K. C.E. and MC GCEGOI 

splash or runoff on a plot. Laboratory plots also have a boundary 
under the soil plot.

Edge effects can be minimized by collecting all or almost all of
the splash, suitable generally for single-drop experiments using a soil 
target as exem p lified by AI-Durrah and Bradford (1) or by using a
)order of thin metal, for example, to delineate the plot and main

taining a border area around the plot in the same condition as tile
plot area. For v'ery small plots in the field or laboratory, a 1-in border
is desirable to ensure that as much splash will enter the plot as leavc3the plot. Splash from raindrop impact is greatest from a surface 
covered with a very thin layer of water. Thus, results from any small 
plot will be biased if the surface water is not maintained in a conditio: representative of the treatment in the field. This thin layer is
best described as the amount of water on an interrill surface when
runoff is initiated. The phenomenon is demonstrated by examining
records of runoff and sediment concentration from a plot under
simulated rainfall, invariably, the concentration values at tile begin
ning of runoff are higher than at any other time in the test. 

Small laboratory plots must have a bottom to hold the soil. The
design of a bottom depends, of course, upon the objective of the ex
periment. F'or erosion experiments where runoff and soil loss are the
primary indicators of differences in the treatments, an open bottommade of screens overlain by cloth often is used to allow free passage
of soil water. This is representative of an extreme condition of layered
soil, such as loam underlain with a much coarser material. 
Moldenauier (13) found that using suction tinder a plot caused con
siderable variation, esp ially with thin layers of soil. Consequently,

he used a 15-cm-deep soil layer with free drainage. Use of such 
a
 
systen is sulporte(d by considering the events that occur 
during a
simulated rainfall experiment. Most simulator storms are 30 to 60
min utes long, and surface saturation must occur before runoff begins.
Ilydrographs from field plots often show a constant runoff rate (and
constant infiltration rate) after 45 to 50 minutes for initial dry runs
arid after 5 to 15 miniuites for wet runs made 4 to 24 hours after the
dry run. The point is that the time required for infiltration and satura
tion of a 15-ema soil profile is longer than the time used to evaluate 
erosivitv with ia rainfall simulator at 6.4 em/hour. Of course, lower
rainfall rates change these tinies, and there are some unique volcanic 
soils with cxtremely high infiltration rates. 

Another problem in simulating a field soil occurs because soil in 

http:MUTCIII.EI
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the laboratory plot has been disturbed. One solution is to use soil 
only from the plow laxer in the field, air dry it for storage, sieve 
it through a large screen before placing it in the plot container, and 
pack it into the plot container in layers (13). All soil must be )repared 
uniformly to minimize differences between rel)1icates. 

Many tproblen; with plot preparation can be avoided by cover
ing field locations to allow only simulated rainfall to fall on tile plats. 
Thus, field cultivation, rainfall compaction, and other events need 
not le sill)uIIated. 

.,tild!sis. It is difficult to dtiscuss particular analyses of data from 
small plots because they are used for a variety of objectives. The same 
i a" be said of the objectives and justification statements discussed 
earlier. Most important, researchers must consider analysis when 
planning the experiment as well as use of the results either in field 
research or in application of the research by conservationists or land
owners. 

USI i
plots 

The second type of cr sion research plot is large enough to repre.. 
sent the comnpete proess of rill and interrill erosion (Figure 2). A 
go(d examiple arc plots iised to develop the USLE (27). These plots 
in('asure erosion from the top of a slope where runoff begins. They 
are so fficientlh wide to minimize ecdge or border effects and large 
er)iigh for deveh.lopinnt of downslope rills. The plots are limited 
to rows parallel to the slol'e. The top)ographical parameters of slope 
length and dteepness. as used in the USIE,. are determined from plots
of( different lengths and steepnesses. Slope irregularity effects are 
studied with concave an convex plots. Surface roughness, residue 
(over. plant canopy, antecedent cropping effects, and other crop
ping and management effects are evaluated using specific crops and 
tilage seqll wce; on standard plots. Predicting soil loss from other 
locations is made possible by an erodibilitv evaluatioin of each soil 
tyl)e and a rainfall erosivity estimate. To expand the ise of data col
lected to field-size areas, a factor is isedl to reduce the erosion estimate 
for contouring, stripero)ping, or terracing. 

The USLE plot exemplifies a representative slope length. The 
ISLE, (27) is A = RKLSCP, where A is soil loss per unit area, R is 

the rainfall factor. K is the soil erodilhility factor, L. and S are the 
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Figure 2. The standard USLE plot is 22.1 rn long and, in this case, 4 m wide (4crop row widlths,). The plot is 1)ordered with sheet steel strips driveni into the groundand an endpla'te at the hottom endl of plot thant also holds a runoff collecting trough.
IRtoff is nieasuredl with an Il-flume andl water-stage recorder. An aliquot sample
o)fst(i-,ni noff is taken with a ( .osloetoni wheel sam~pler. 

slope lengcth and steepness factors, (Cis the cover and management
factor, and I) is the stpport practice factor. Only A, II, and K have 
dime_,sions. lIi rdst r- English units, A is in tons per acre Iper 
year, lIi,iii Idr(,lid o)ffoot -ton-inches per acre-hour-year, and 
K isiii ()l- ir- hon rs per hunitdreds of loot-ton-inch-acres. In SI 
un its'. ...is ili t ha.)'. 1I1is;in MJ'nim/(hah-y), and K is in 

ha*, h (1 a .\ iJ.,), where t ismetric tons. Note that H customarily 
represet ts thle averag itlll accuan, dieulated storm erosivity index (EI). 
For a eropst age, the El'terriinolog), is retained. For a cropstage,
the soil loss eqluatii is A (crupstage) --(El ) KIS(SLR)P, with the 
same time unit u~sed for A and El. Also, SLIIl (soil loss ratio) is used 
instead of (Cfor tilne lperiods iot edital to 1 year. Referring to data 
from a plot. His, atccum)ulated rainfall El that produced the soilthe 

Tlhe IS!. .E ,h.,(,hiled using U.S. (u st~,lI.rv uunits. (ojuver,,orys f units to thehiiternatjiimjl S'.steu o)fIuiuits arc 11sed according to foster alid assoceiates (5). U.S.
eulstoluurv aiuits au. iv'mu in parentheses where it is thomigot helpful to avoid 
en ii s inlif. 

http:st~,lI.rv
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loss, A, on a 9 percent slope, 22.1 in (72.6 feet) long, in continuous 
cultivated fallow. K, then, is the ratio of A/R. In practice, slopes 
of 9 percent for all soil types are not found, so the S factor is used 
to adjust the soil loss value to that expected from a 9 percent slope. 
Likewise, the L factor is used to adjust the soil loss to that from a 
22. 1-m length if some other slope length is used. 

Objectives. The general objective for field t)lots in USLE-related 
research was to develop a soil loss prediction equation for conserva
tion planning, which requires an average anmual soil loss estimate. 
This is what the unmodified USLE furnLjhcs. The equation, like the 
plots used for gathering its data base, is suitable only for estimating 
erosion along an up-and-down-h ill profile; that profile must stretch 
from the top of a hill to the bottom, until the slope steepness decreases 
to the point that deposition occurs or a drainageway is encountered. 
C(oservatioinists use the equation to design conservation plans on 
a worst-case basis. F(or example, the most erodible portion of a field 
in qtestion is either cut out of the tillable area, used to control the 
farming practices in the entire field, or used as the basis for a com
promise plan that may include such practices as terraces. 

Justificatiom. The major reason for early research leading to devel
opment of the USL.I was to gi'e working soil conservationists a means 
of (luantifying soil losses on land treated with conservation practices 
in comparisom with untreated land. Landowners are more easily per
smiae(ld to) utse soil conservation methods if, for example, a scientific 
estimate shows soil loss of -10 t/ha'y, which exceeds an allowable 
11 t/ha "v,rather than saying that terraces are "good." Also, the USLE 
assuires landowners that their respective fields are being evaluated 
oi the same basis. Soil conservation )romotion is difficult because 
significant soil loss rates of 20 to ,40t/ha'y are not noticed easily, 
even by trained observers. Gross mismanagement of land that causes 
a soil loss of 80 t/la'v or more almost invariably restlts in large 
(10 to 12 cm deep) cropland rills and badly eroded drainageways. 
Erosion from channels cannot be estimated with the USLE, but chan
nels can readilv be observed in the field. 

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

Researchers also have employed the USLE to estimate sediment 
yield. the procedure uses a sediment delivery ratio (SDR) to account 
for deposi;io of eroded material as estimated by the USLE. The 
dissimilarity of .vursheds has made formulation of sediment delivery 
ratios difficult. 

The CREAMS model, designed to estimate storm sediment yield
from small agricultural \vatcrsh(.s (22), also uses USLE factors. This 
model greatly extends the USLE by considering runoff, rill and inter
rill erosion, sediment sizes and d:nsities, erosion of channels, and 
deposition of detached soil in parts of the watershed, including areas 
of ponded water. The justilication for this model, in addition to that 
for the USLE, is to provide a storm model oi sediment yield from 
the field or small agricultural watershed. 

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

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

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

Experiments to acquire data for the L, S,and C factors do not
require as much time as the 11 and K Co. relations. Such experiments
can, therefore, be delayed. Of prime importance is the fact that one
set of plots is only a sample of the climate and land conditions atthat particular site. Oata from a :ingle location must be combined
with data from otler locations to permit researchers to make ero
sion predictions over a large area. If such data are not available fromother locations, field data must beI used to verify a soundly based
theoretical prediction method. Of course, a compromise usually is
Made. Thxre arc never enough funds to sample everv specific climate
soil Com)ination, and every theoretical equation should be verified 
across the r;ange of its uie to enable interpolation, which is much 
safer than extrapolation. 

Following are more detailed guidelines for evaluating each of the 
LSI. E fai'tors: 

Rainjall (rosiviti, and soil c'rodibility. These variables bemust
evaluated together because they are essentially the cause and effect 
of soil erosion, 

We leave to others th, argunent of whether the best parameter
to represent rainfall erosivity is F I used in the USLE, kinetic energy,
lomentul, (orsome other iulslreient. Sonic )arameter must be

used to simplify the highly variable nature of rainfall distribution 
over even relatively small areas of 25,000 to 50,000 ha. For instance,
the I factor (average annual accumulated El) increases from 5,100

MJ 'mm/(ha 
 h)to more than 9,300 MJ "mm/(ha h) in the State ofMississippi in the United States over a north-south distance of 480

kil. In general, I changes more
even where major elevation differences occur. Furthermore, rainfall initiates erosion, so erosion can
be predicted only as well as one can predict rainfall and its param
eters. Thus, a fairly intensive, vell-distributed system of raingages
throughout a country is essential for developing a reliable system of
assessing the erosion hazard. 

For the USLE, the standard erosion surface for measuring the effect
of rainfall is a continuously cultivated fallow plot, 22.1 m (72.6 feet)
long, that allows development of rill and interrill erosion patterns.
This surface was specified in "Instruction for Establishment and
Maintenance of Cultivated Fallow Plots," a letter to field workers 



20 C. K. MUTCILE, C. E. NI/IPIIIIEE, and K. C. MC GRECOR 

from D.D. Smith, dated January 1, 1961. The instruction said, "Plow 

plot to normal depth and smooth imimediately by disking or culti

vating two or more times except for fall plowed plots in areas where 

vind erosion during thc winter may be serious. Ib such cases delay 

disking or culdvation until spring. Plowing shall be done each year 

at the time continuous row crop plot:, are plowed, Cultivate at row 

crop planting and cultivating times. in the fall at small grain seeding 

time, and at other times when necessary to eliminate a serious crust 

formation. Chemical weed coutrol may also be necessary." The let

ter also emphasized the requirement that the fallow plot used for 

computing K be operated according to a "standard plan" by each 

research location having erosion plots. These plots served to allow 

national analysis of erosion data from all locations as well as for deter

mining K for the soil on the plot. 
Farmers in the United States plow much less than they did in 1961, 

and the plowing referred to is not used at all in some parts of the 

world. I lowever, the rc:quirements of a standard treatment and plot 

to establish K factors and allow convenient comparison of erosion 

data fron different locations rem.ins fully justified. 
Measu rements ol runoff and sediment concentrations from aliquot 

samples are used to conitIre soil loss. Samples to det,-mine sedi

ment concentration in the runoff aic collected after each storm or 

each group of closely spaced storms if there is not time to collect 

samples before the next sOorni. 
Concurrent rainfall measurements arc made for each segment of 

erosion data using a recording raingage. The raingage chart gives 

rainfall amount per time iiterval, which is tbe basis for calculating 

storm El. 
Slope length (L)and .stepness(S). These two factors represent 

plot topography. For experimental purposes, the plot used for deter

mining the L and S factors, as well as the K factor, should be a plane 

surface. Such sites may be difficult to find. Also, it is desirable to 

collect data on slopes of 9 percent for L and slope lengths of 22.1 

m (72.6 feet) for S to avoid adjustments in slope data from slope 

lengths different than 22.1 in long, etc. However, such ideal plot 

sites are almost never available, especially considering the need for 

uniform soil conditions. 
Slope length experiments must be conducted on plots of several 

different slopes because 1,is a function of slope length, A, and slope 

steepness, 0.Because slope lengths (as defined for use in the USLE) 
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in nature are relatively short on stee) slopes and longer on less steep
slopes, some study of the land's topography in an area or country
should be made. Terraces and other structures must be used to pre
vent destruction of soils on slo)es exceeding 10 to 12 percent.
Therefore, slope length on steel) slopes is further restricted. Slope
lengths on less steep slopes are much shorter than first appearance
would indicate because typical slope irr: gularities may pond water 
and invalidate the USI.E. Conversely, flatlands often are smoothed 
or land-planed to a iniform slope. In such cases, slope lengths can 
exceed 300 in. 

Farmland slopes generally are restricte to those that can he farmed 
vith in achinery or that will not produee excessive soil loss. There 

are, of cour';e, notable exceptions to this rule, such as the steep Palouse
r(gion in the northwestern United States and mon ntainside slopes 
farmed with hand took. 

T() repeat, slope lengths and steepnesses of concern must be doler
r ied fre 1a stuidv of the location tol)ographv and research needs. 
Plot widths should be the same for all plot lengths or slopes. The 
dhfficultv (if finding the same soil conditions on different slope steep
nesses re(:uires cith,,cr slope st idies within a relatively small range
of steepness or an adlustment of soil loss ineasirements using K for 
the soil oin the plot. 

Slope factors can h,e , idied with plots using any cover. However, 
a fallow sil, face resil ts in larger amounts of soil loss, which are easier 
to nieasure accuratelv. Use of rainfall simulators is convenient for
 
experiments to detcrmie the 1, and S factors. As is always the case

with rainfall simulation, care niust be taken that the simulated storms

adequately represent rainstorms received thIroughout the year at the
 
locations 
where the research results arc to) be applied.

Cocerand management. The C factor is "the ratio of soil loss from 
an area with specified cover and management to that from an iden
tical arez, in tilled continuous fallow" (27). C factors are measured 
most accurately u]sing the experimental treatment paired with a stan
dard fallov plot. If previous research has establisb.ed confidently the 
values of K, L, and S, the soil loss ratio and C factor can be com
puted by solving the USLE (P is alvays unity for a standard plot)and the fallow plot is not needed. lowever, i! the research uses sim
ulated rainfall, the fallow plot should be used to reduce the impor
tance of verifying the accuracy of similated storms. 

Cover, canopy, and tillage differ throughout the year. Dividing 

http:establisb.ed


22 C. K. MUTCI II .E. C. MURIPIItEE., ,nd K. C. %1C(GRF(OH 

the year into cropstages allows the use of an average soil loss ratio 
to replace a relatively small range of values. As a result, the term 
"C factor" is reserN ed for the average annual soil loss ratio, and 
cropstage values are called soil loss ratios. This procedure requires 
vear-around neasuremeats of cover, canopy, l d tillage operations. 
Also, to allow better use of the soil loss ratio at other locations, 
researchers should measure the cover and canopy of weeds in the 
treatment. Effects of weeds then will be introduced at the location 
of the USILE estimate. 

Cropstagt: soil loss ratios and average annual El for each cropstage 
are used to compute expected averalre annual soil loss. This requires 
research values of the same paraneters, except Ei values are mea
sured. 

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

Support practiccs.T1,lse varia)les cannot be evaluated on the stan
dard USLE plot. All rows on standard plots must be parallel to the 
slope because plot ,vidths are too small to allow the natural runoff 
concentration and row bieak-over found in fields. 

We have use(d contour rows on 1,000-m 2 plots, 22-m slope length, 
and -16-in row length across the slope. In this case, the topography 
in the area was such that a 46-in contour length allowed a sufficient 
distance to approximate the spacing between rills resulting from row 
break-over. Concrete lining ,vas necessary to prevent deposition in 
the .16-rn-long channel leading to the runoff measuring apparatus. 
Four of these plots on a 5 percent slope, two on a 2.5 percent slope, 
and two oi, c, 10 percent slope were instrumented in 1957-all but 
the 10 percent plots are still in use. These plots were difficult to locate 
and required some land shaping to achieve the desired plane surface. 

In general, it is expensive aid difficult to establish experiments 
using terraces, stripcropping, or other cropping practices. Because 
of the space required and the variability in topography and soils, 
such research sites defy efforts to make statistical replication. The 
support practices, in most cases, are evaluated better on small water
sheds. 
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Anai'lysis. Outlining the lrol)osed analysis of plot experiments can 
raise (u esti(ns t hat ca ise a revision of procedures in a research 
(,lthlie. 

R factor. Several e, jitatiims; are available Ir describing the erosivity
()I rainfall..\h C(;reg r anl Mutehher discussed rainfall energy char
act.rist 1s (S'. 10) and Lgographieal differences in rainfall (19).
\\islriejer anll"rrSith (27) truncatedt lhe energy-intensity equation
torinrrlatecl by I.awvs aid Parsons (6) to read: 

KE 91; + :331 hg, I: for I < :3 [1] 
itnd
 

KtE' = 07.I fo I > :3 
 [2] 
where KE is kinetic enerry ill foot-tons per acre-inch and I is inten
sit , ill iches 'hotir. Thus, the KE values dependent upon rainfall 
illtensit\ are close to those based oii the equation derived by
.\I(( ;rcimZr a ,d Mitehler (S): 

KI l ,35 1- 822 e-xp( - 1.22 1)- 1.56- etxp( - 1.83 1) [3] 

ll;rtioll 1. 2a;r1t :3 canl be coivertect to metric units as described 
by lo;.ster ani assciates (5). 

The. Illama" point ,of the .liitehler and McGregor st;dy (19) was 
that ro k on errsim study had distinguished between the storm 
types that wtiir thro,4lout the \',ar at aiiv location. The magnitude
Of stormir '<riations at a heation and alirong locations is sufficient 
to ji stifv the lise, f a lIi ruped annual data set, such as that used by
L.aws and Parsons (6) or Mc(regor and NI utchler (8).

lainfall relationshitps pro vided by Wischmneier and Smith (27) in 
Ariculturc llandto,)k 5.37 ,:.iow coml)arison of new research data 
with data )reviously co0lleted and iised as a basis for the USLE. Our 
('01lparison of ejrations 1 and :3 using 19 years of data from 15 to 
3.1 raingags restulted in alimost identical annrial average El valties. 
The restriction of euat ion 2 had little effect on average El for our 
rainfall conditit ns. 

Because of large variations in storm El, magnitude, and time of 
year. 11 should be measured for every soil loss measurement. For 
the same reason, at least :3 years of data shoild be used to evalrate 
soil loss from al experimental treatment. If the aggregate El is not 
representativye in magnitrde and distribution of the values in 
AgI, ricultureHandbook 537, the project should continue for another 
year. At locations vxithoit established El (listibutions, an analysis 
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of measured rainfall distributions can be made with somewhat lesser 
confidence to determine the representativeness of tile rainfall dur
ing the experiment. This same problem is magnified when using rain
fall simulation to evaluate soil erodibility because soil loss is affected 
by time of y'car (temperature, antecedent moisture, etc.) in addi
tion to storm El. 

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

The K factor is a Imeasulre' of the effect of rainfall a ud runoff on 
soil erosion, as measulred throughout the y'ear. A particular soil may
rill more easily thaza another. Rain may arrive at different times after 
tile prescribed tillage on the standard USLE plot. It may arrive at
 
different antecedent vater contents of the soil. 
 It does arrive overof varying.ear temperature. 1o e factors affect tile amount 

of erosion resulting from a unit of El. Thus, K is not entirely a 
measure of the inher'nt erodibility of soil. K is pro)erly computed 
as follows: 

SI, = a + K (El) [4] 

where SL is storrm soil loss, El is the storm parameter of energy com
l)uted with equations I and 2 and maximum 30-minute intensity,
and a is a constant that represents primarily the effect of soil water 
content and temperature at the beginning of rainfall. The restric
tions on E and I given in Agric ldture Handbook537 (27) and outlined 
below attempt to reduce a to zero to attain the proportionality of 
A, R, and K. 
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A storm is defied arbitrarilh as one rain separated fron another 
rain by more than 6 hours with Ilss than 1 mm (0.04 inch) of rain. 
Stormis with less than 13 min (0.5 inch) of rain generally do not cause 
alppreciahle soil loss. defined as greater than or equal to 0.02 t/ha
(0.11 ton/acre). I I wevter, short, inteiIse bursts of rainfall less than 
13 min (ofteni excccd the infiltration rate of a plot soil and cause 
iiwasrrrablt soil loss. Therefore. rains of less than 13 ml but with 
a 15-iimit, intenisity of 25 mn/h (I inch/hour) (r greater are in
cided ill the EI/SI. relationship. Also, 130 in El is limited to 64 mm/b 
(2.5 iirc1 es/I ,ir). I hwever. we always use small El data if there 
is anN riieasnrabh soil loss fror the storm.
 

"ll.. ,ri, :.:-::::j ',.I, f'r r rn :FFii 
 .at ion of the USLE. 
Ilmw ver. the. should I v'rific( at any locAtion or situation out

Y"i tite dam' base of thecI ISILE. 
Il 1[ rexj ari,lwi"tat ion, we consider the above criteria as factual 

\ii!
ilnd ise, (ie foli i ('juat ii ll 
K = 1),-;' FlEE [51 

wilere h rttlj i t.cts IlIc other factors if tlie US ILE that are not unity.
Hccal,se K-fitor (valiration is a tiiie-corsmin l)rocess, few soils 

Ila\ I rccevkl iat ed lising rainfall. Instead. rainfall-evaluated soils 
ha\, I( ,ilised isa basis for evaluations using rainfall simulators. 
A Ihalliw pht is relatively easy to prepare, but a careful correlation 
od sil ,iLitd(rainfall (ldta with rainfall must be made to obtain con
fi hr a,,, Ill Ilci!i leasilred K factors. \isch meier and associates (25)
15,(1 i xvtightilg proichire for aecintilating the results of rainfall 
siiiLitr stor, of 0.5, 1. 1.5. and account2 hours to for storm 
pattcrn, of n(diral rainfall and antecedent soil water conditions in 
the 1U.. Coirn lelt. ()ther researchers have msed different methods,
hint any K-fac r evaltiat io with sirainlated rainfall must consider 
rtinf'all (list ribi it ion at a location. 

[_sing sirmlatcd rainfall is complicated by the fact that the K factor 
is not a (', ristat but varies tirou.hotot the year (16). The K factor 
of a i ississippi soil aries from a Ioxk of :31 1percent of annual average 
on .\_rut 5 to a highi of 169lircent on lFebrurary -1. For this reason, 
it is (hesirahli to hi\i K-factor plot data to corre'late simulated rain
fall rveislts. 

1. [ator. 'lhc,slope length factor "is the ratio of soil loss from the 
ficlI shpe leng h Io that fromi a 2 2.1-.1 (72.6-foot) length under 
idhcntical ('(ditini" (27). To the researcher, this definition of L 
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also means that the plot widths of slope-length plots should be the 
same. 

Past research has shown the L-factor relationship to be 

L = (A/22.1)'" [6] 

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

m = f(O) [7] 

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

A(A) = aA' [8] 

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

L = A(A)/A(22.1) [9] 
However, results from a 22. l-in-long plot are not required because 
m can be evaluated from equation 8 with other plots of various 
lengths. 

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

m = 1.2(sinO)' [10] 

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

Although crops can be grown on slope-length plots, a fallow sur
face tilled similarly to the continuous fallow treatment is best. The 
higher rates of erosion under fallow conditions are advantageous 
)eeause they are easier to measure accurately. This same observa

tion a)plies to slope-steepness plots. 
Foster and Wischmeier developed a procedure (4, 27) to evaluate 

slope lengths that are slightly irregular. 
S factor. The slope-steepness factor "is the ratio of soil loss from 

the field slope gradient to that from a 9 percent slope under other



LABOFIATORY AND FIILI) PLO()TS 27 

wise identical conditions" (27). Evaluation or verification of the S 
factor is done most easily on standard plots with a fallow surface. 
Erodibility will be near the K value of the soil, C will be near unity,
and L will be unity. Thus, data from the slope plots can be used 
to fit the parameters of 

A(0) = (0)[11]
 
and
 

S = AW)/A(9 %) 
 [12] 

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

S - 65.41 sin0 +,-.56 sin0 + 0.065 [13] 

This equation evolved from Smith and Wischmeier (20): 

A = 0.13 + 0.30 S + 0.043 S2 [14] 

\Vlicrc this .Sis percent O',pe. Elluation H, was normalized by dividing
b\ tlie value of' soil loss, A. for S = 9 percent. Later, researchers 
h'.i(led to stihstitoite sinO for S because pereent "1ope is 100 tan 0 

and taii 0 gav'e minrealistic valtics at high angles. This change was 
)ritiarily theoretical because the sine and tangent are not much dif

ferent for the shioe where the USLE has validity. 
The above slo pe UItuation was developed using data generally from 

:3 to 18 p)reent shopes. Murphree and Mutchler (14) found that equa
tion 1:3 overestimated soil loss from slopes less than 3 percent. They 
t rop()se(l a shpe factor coefficient of 

S, = (//2) + .5 [15] 
whjere 

l = 1 - 0.67 xj) (- 160 sin 0) [16] 

to mlodify the S factor al low slopes. The experimental work was 
done by grading a 0.2 percent slope to slopes of 0.1, 0.2, 0.5, 1, 2, 
and 3 percent whie preserving the A horizon (about 8 inches deep) 

nIall plots. They used the rainulator (11) to produce runoff and 
erosion from the plots. It is, of course, preferable to use plots without 
any grading: snioothing is usually a necessity, especially on less steep 
slopes. 
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McCool an associates (7) developed the following equation: 

LS =(J 1<3)(T2 [17] 
where s is I)erceit slope for slopes of 9 to (30 percent in the dryland
grain region of tie northwestern United States. They used data from 
field ob:;ervations and erosion plot data to formulate the equation.

Experiments to collect data for a generalized S factor are difficult, 
primarily because the same soil cannot be found on different slopes.

C factor. The cover -and management factor -is the ratio of soil 
loss from an area with specifeCd cover and management to that from 
an identical area in tiller, ')ntimuous fallow" (27). Evaluations of 
cropping systems can be n .1-e using erosion plots under rainfall or 
simulated rainfall. In both cases, the best method is to compare a 
cropping treatment and a fallow treatment on identical plots. Thus, 

SLIB = A(treatment)/A(fallov) [18] 

The C factor for a particular cropping system is computed from 
soil loss ratios (SLR) that are computed using equation 18 for a 
cropstage that is a period of time when 'cover and management
effects may be considered approxinately uniform" (27). Cropstages 
are defined in Agriculture Handbook 5.37. The researcher measures 
SLR for the numbers (n) of cropstage periods, and the USLE appli
cation uses the followinIg: 

C = I (El, x SL.,) / Y El, [19] 

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

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

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

Use of a rainfall simulator to determine SLRs requires careful 
analysis to represent properly the El and crop growth of a particular 
crol)stage. 

()utdoor tise of rainl simulation is limited to the warm seasons of 
the year:, simulat( s do not operate well in cool, wet conditions and 
not at all in freezing temperatuires. 'We ha'e used a rainulator 
primarily for slope studies, C-subfact(,r experiments, and related 
experiments on the mechanics of erosin. 

Use of a fallow plot t) evaluate SLts with equation 18 requires 
that the fallow plot be prepared at least 2 years prior to the com. 
parison with treatment plots to eliminate the effects of previous crop
ping. Also, fallow plots must not he used too long because the soil 
will deteriorate from excessive erosion and., hene, will not prop
elr re)resent the soil used for adjacent crop)ing treatments. There 
are two solutiois to this problem: either use the fallow plot only long 
enoulgh to( determine K for the soil or use the SLIts for a carefully 
evaliated crop that will not significantly change the soil erodibility. 

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

SIJl = , [20]K S 1)PEI 

If a standard ploi is used, I.,and P are unity (S usually is not unity). 
The SLR is cminpulled by dividing the accumulated soil loss by the 
accumulated 1l for the particular cropstage (replicated by years) 
and hr a constant re)resenting K and S. 

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

7- SL(treatnienti_ SLR(cheek)
SLE = - - x< [21chckS SL(check) 1 [21] 

In our research, we use a check plot to increase confidence in our 
results even if we know the soil erodibility. 

Pjactor.The support-practice factor "is the ratio of soil loss with 
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a support practice like contouring, striperopping, or terracing to that 
with straight-row farming up-and-down the slope" (27). As discussed 
earlier, support practices cannot be evaluated using standard USLE 
plots. 

Th effectiveness of su1)port practices are difficult to evaluate. Con
sequently, there are few data available for this purpose. P factors 
must be evaluated on slope widths that will evaluate row break-over. 
Ihe proposed analyvsis of )inr slope-segment plots (Figure 3) depends 
ulpon dat a from standard plots with the same crop on both types of 
plot. Thus, 

1) (contoiiring) A(plot) -_ [22] 

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

Tillage trcatments, ranging from relatively smooth surfaces to row 

~:i. 

Figure 3. A contour segment plot (46-in contour rows and 22. 1-m slope length) used 
to determine the reduction in soil loss due to tilling and planting on the contour. 
The plot is bordeied on the sides and top by earthen ridges. A concrete-lined chan
nel along the bottom of the plot carries runoff to the runoff collector and H-flume 
-quipped with a water-stage recorder. Sediment concentrations in the aliquot sample
taken with the Coshcton sampler are used with measured runoff to compute storm 
soil loss. 
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ridges, impose various surface configurations on a field. The com
bination of these configurations with slope length, steepness, and 
topography makes it almost impo:;sible to design a research program 
to evalate coitouring comprehensively. The same is true of strip-
Crpping. (onsequently, present-day P-factor values for these prac
tices have systematized and evaluated l)rima-,iy iy group areeaeeg 
Ineit aiioi)ll researchers and USLE users and with very little data. 

A contomi plot, like our slope segment, should carry runoff out 
of"the enId (if the rows (side of the piot) for smaller rains and through 
tw interior of the plot at somw low tpoint in the rows for a storm 
s11fficientlv large to cause row break-over. After row l)reak-over, most 
r0110t would exit at that point until subsequent tillage rebuilt the 
row ridges. Solviwh the row slope design problem would, of course, 
provide the answer or bias the answer to the contour problem. The 
1est solhutio n to this dilenima is to use well-described watersheds and 
ad(]le(1 uia aiuniual replicatioihs to compare contom and up-and-down
hill tillage. 

Iarge plots-unit-source watersheds 

The thilrd type of erosilm research plot is a small catchment or 
waterslied large enough to include at least one natural drainageway. 
Thlese often are called -unit-soturce watersheds," which also implies 
that only a single crop is groxwn ol the entire catchient. This plot 
would contaii interrill areas, rills, and sinall ephemeral channels 
that inav or inax i ot be cultivated or planted to the same crop as 
the remainder of the catchment area. Also, terraces or other prac
tices ma'y be included in this large )lot. The attractive feature of 
this plot is that it may combine the results of all the erosion pro
cesses id coniser\'atioin measures in a single measurement. IHowever, 
tise of' large p)1()!s affords little opportunity to learn about the dif
lerent parts of' th erosion process. Also, natural catchments are not 
replicated easil to increase confidence in he results. 

Somue sliipport practices affecting erosion require so much space 
(hat they are difficult to evaluate on any plot smaller than a small 
unit-source watersled of 2 to 4 ha. Contouring and stripcropping 
aire among suchlpractices. Terraces can be evalhated on watersheds, 
but because the\, concentrate and control runoff, they are evaluated 
better as a simple terrace interval unit. Smal watersheds have a major 
attrilute--farmers are more willing to believe res-llts from larger 
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sca!e experimentation. They also have a major disadvantage
research results on one watershed are difficult to apply to other 
watersheds. 

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

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

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

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

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

recorded, including estimates of residue cover, weed cover, and crop 
canopy, at sufficient times during the year to allow a description 
of changes. The USLE factors can be used as a guideline for describing 
the characteristics of the farmable part of a watershed. The efficiency 
of sediment transport from interrill areas and the erosion of rills and 
s5iall channels beconIes more important for water';heds. Thus, 
researchers should pay particular attention to drainage and 1ilpat
tern characteristics. 

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

Most data collection problems arise because the equipment is not 
ready to operate when runoff occurs. Therefore, gaging stations 
should be inspected at least once a week. Operability of the samplers 
should be verified after a storm. I lowever, seemingly unexplainable 
problems can arise between storms. All of our watershed equipment 
is an tom atic, bU there is no substittite for the attention of a good 
technician to keep the e(ltipmnent operable. 

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

Small watersheds usually have a high SDR. Little eroded mateal 
is deposited in depositional areas. Therefore, small watersheds may 
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be used to evaluate factors of the USLE with little error. The SDR can be estimated by inspecting the watershed for evidence of deposition. SDR also cal be estimated by analyzing the primary particlesize of the watershed soil and of the sediment yield. By assumingthat sediment is ero(ded unifornilv from the watershed surface andthat all clay leaves the watershed in the runoff, the amount of siltand sand deposited within the watershed (an be com)uted. This ap
proach is feasible only where the SI)R i-,about 90 percent or greater.Researchers can use several proccdures on small watersheds toevaluate conservation practices. Asingle vater.;hed can be operatedwith a calibration treatment for several years, then subse(luently withsoic treatmnci, such as contouring. The(change in sediment yield.adjusted for rainfall differences, then is the treatment effect. Also,two watersheds with different treatments can be paired and operate(]several more years. Both of these procedures are time-consuming,

and sole Clanuges illwatershed performance due to previous erosion mlst be accountedt for. A better system is to use a single watershed to verify a ul1odel. Use )fa model is quicker and often enhances use of the experimental results on unmeasured areas. Inherent in themodeling approach is the re(luirement of some experience to use asthe basis for forming a concept of the watershed sediment yield 
process. 

Conclusions 

Erosion research includes studies using plots representative of thelandscape or part of the landscape that isof interest. A carefully written research outline ensures that the study focuses on a well-defined 
part of the erosion process and that an analysis of the data can provide either basic knowledre useful for further research or for applica
tion to erosion problems in the field.


Three types of erosion plots are useful-sm all plots used primarilyfor studying interrill erosion; USLEI standard plots that include bothrill and interrill processes; and the small, unit-source watershed thatincludes rill, interrill, deposition, and small channel processes.
Small plots probably are most useful for establishing principlesand accumulating knowledge about rainfall-induced erosion forfurther use in appplied research. Experiments using small plots canbe controlled more tightly than experiments with large plots. Thisallows studies of isolated variables. Some problems with research 
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using small plots are created bv the large spatial variability of soil 
and rainfall. 
The USLE standard plot is perhaps the most important plot 

because of the extensive U.S. data base collected generally in a uni
form manner and the lrovcl useful ness of the USLE to soil conser
vationists. Also, USIE plots are coi\enient for use as a reference 
in 	discussing the pril.,iples of field-plot experinientat ion.
 

Small, inif-source watersheds are 
 the only type of plot large 
enough to evaluate cmsservation structures and practices, such as con
tour rows. Being difficult to replicate, they are most uuseful for v'eri
fication of runoff and sediment yield models. 
These three t.vpes of plots are by no mans all thoe uised for the 

1iiany diverls objectives ()f research iii soil erosion. 
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D. E. Walling 

Measuring sediment
 
yield from river basins
 

I nft rmation oil the sediment yield at the outlet of a river basin can 
provide a useful lerspect ive on the rates of erosion and soil loss in 
the watershed upstreaim. Many countries undertake such measure
ments of sediment translort as part of national hydrometric programs 
or more specific research investigations. Therefore, some background 
data are often available. In nearly all cases, these mieasurements refer 
tohe Sl)t(hed Se(iienlt lo(ad of the river. The )edload compo
iieit is llt incl led because of the practical difficulties in obtain
ing Such nastircim-nis (26). Where data are unavailal)le, measure-1(,I 
inent progra.nis can be initiated using standard eluilpment and pro
cedllres (40). 

A global perspective 

()n a global basis, documented s1uspended sediment yields include 
miniuinm values \vell below 2 t/km 2 /vr, l.or example, Douglas (21) 
cites VieldIs of 1.3 t/kin/yr for the Brindal)ella catchment (26. 1 kin2) 
and 1.7 t/kuiW'/yr for the Qzeanbevan River (172 kin2 ) in the Southern 
lablelands alnd lighlands of New South %Vales, Australia. Values 

(,f less than 1.0 t/km-'/vr have been reported for several rivers in 
Poland (11). 

Improved availabilitv and global coverage of sediment yield data 
in lecellI years have significantly changed the iperception of the il)
per ounds of" sediment yield. Valties in excess of 10,t)00 t/km2/yr 
nave been reported for severa. rivers (Table 1). The highest value 
shown in table I is for at sinall, unnamed river in northeast Taiwan 
included on a map prodlced by Li (49). 1lovever, some uncertainty 
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surrounds this value. A ieading contender for the global maximumvalue must thebe Dali River in North Shaanxi in the People'sRepublic of China, with a yield of 25,600 t/km2/yr from a basin areaof 96. 1 km2 and 16,.300 t/lkmrlyr from a 3,893-km2 basin (60). TheDali, a tributary of the middle reaches of the Yellow River, drainsthe gullied loess region, an area known for its severe erosion problems. Converted to local rates of soil loss, the sediment yields of theDali Ri'er represent soil erosion rates on the order of 250 t/ha/yr.Sediment yield data are available for many areas of the world,but the global coverage is inadequate to produce a reliable anddetailed world map of sediment yields. Figure 1 nevertheless represents a tentative map I )repared of the global pattern of sedimentyield from river basins on the order of 1,000 km 2 to 10,000 kin inarea. The pattern, discussed in detail elsewhere (99), reflects the interaction of climatic, topographic, geologic, and other physiographiccontrols and l)rovides some indication of the global distribution of 
fluvial erosion. 

There are, however, several major problems with an),attempt touse sediment yield data to provide meaningful information about 

Table 1. Iecentlh reported values of sediment yield in excess of 10,000 t/km'/yr. 

Drainage AMean Annual
 
Location . Area Sediment Yield
irer (kn2) (t/km 2/yr) Source 

Shaanxi, (China l)ali 96.1 25,600 (60)
Dali 187 21,7(10
Dali 3,893 16,300

Kenya Perkerra 1,310 19,520
Taiwan (unknown) (unknown) 31,700 (49)
ava Cilutung 600 12,000 (42)

Cikeruh 250) 11,200New Guinea Aure 4,360 11,126 (71)

North Island Waial m 1,378 19,970
New Zealand Waingaromia 175 17,340 (37)HIikiwai 307 13,890
Sooth Island llokitika 352 17,070
New Zealan(d Cleddal, 155 13,300 (36)

Haast 1,020 
 12,736
Uniublished rnoort from "IT.I)un.ne Departenun t of Geological Sciences, University of was lingtol, Seat tle, 
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Figure 1 A tentative map of the global pattern of suspended sediment yield. 
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on-site rates of erosion and soil loss within a drainage basin. File 
first relates to the processes of sediment deliver), or conveyance in
terl)osed between on-site erosion and downstream sediment yields
(78, 95). Only a fraction and perhaps a ra.' er small fraction of the 
soil eroded within a drainage basin reaches the basin outlet and is 
represented in the sediment yield. Deposition and temporary and 
permarent storage may occur on the slopes, particularly where gradients decline downslope: at the base of a slope: in swales; on the 
floodpl,'in: and in thlchannel itself. The relative magnitude of this
loss tends to increase with increasing basin size. [ladley and Shown 
(41), for examph,, indicated that only 30 percent of the sediment 
ero)ded in many of the small tributary basins (0.5-5.2 kn2 ) of the 
Ryan (ulch Basin in northwestern Colorado reached the main valley.
Inturn, only :30 percent of this sediment is transported to the mouth 
of the 124.8- ki: basin. Similarly, a countrywide study of 105 agri
cultural production areas in tie United States by Wade and Heady
(92) docu mented a range of sediment ou tput between 0.1 percent 
and :37.8 percent of gross erosion. 
The concept of a sediment delivery ratio (S1)R) has been introduced 

as atmeans of (uaritifving these effects (33, 53, 7.9). SDR is the ratio 
of sediment delivered at a basin outlet (t/km 2 /yr) to the gross ero
sion within the basin (t/kmn/yr). SDR values as lov as 0.05, or 5 per
cent, frequentlv are cited. Ilowever, considerable uncertainty sur
ro(nds the methods available for calculating or estimating SDR for 
a drai nage basin. 

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

Suspended Sediment FA() Estimate 
lainj Area Yield of Soil Loss 

l i,'r ... ComIri (km-) (t/k,-/,yr) (1/kiO-I/t r) 

Watari Nigeria 1. 150 483a 1,000-5,000
 
Bunsuru Nige-ia 
 5,900 .438a 1,000-5,000
Semveal Mali 14.61157,400 1.00(-5,000
l"alhme Mali 15,1)(0 .101) 1,000-5,000
Slamninamn Altgeria .485 198C 1,000-5,000

Kvbir ()hnet Algeria 92c
1. 130 1,000-5,000 

EtlhiopialelII 150 1,680d 5,000-20,000 
*Hlportled )v (a) ( )vebaial, (70), (b) ( A lite lnterAfrican d(Lbtudes hydrauliques,

(c) Denunial: (16), (d) Virtgo and Miunro (91). 

sedinent stored in tlie valv deposits was remobilized. Meade de
scribed a similar situation for other rivers in the eastern United States 
(57). 

A third l)rollen in rt latin) sediment yield downstrean to soil ero
sion ulpstream derives froi the fact that the sediment transported 
by a river represents material derived from a variety (If sources other 
than upla d soil erosion. These sources include channel anr! gulley 
erosion and mass movements reaching the channel network. For ex
ample, in a study of tile Ader I3utchi Massif region in Niger, Ieusch 
(44), using plo studies, estamated local soil erosion rates at about 
8 t/ha/yr within a I 17-kmn" watershed. On the other hand, sediment 
yield fron the basin, estimated from reservoir surveys, was about 
.1o t/ha. Ilteuseh concluded that abott 75 percent of the sediment 
reaching tile basin outlet was derived from channel erosion and gully
ing. If the SDIR associated wvith soil erosion from the sl)pes of the 
%vater:hedwas less than 100 percent, this value of 75 percent may 
itself be a underestimate of the contribution derived from the addi
tional sourtces. 

Data in table 2 effectively exeniplify the nagnitude of the prob
lemns involved in relating sedinient yield data from river basins to 
rates of soil erosion in the watershed upstream. Table 2 compares 
measured sediment yields from a nummber of African river basins with 
the estimates of contempolrary soil erosion rates within these basins; 
this information isdepicted on a United Nation's Food and Agricul
ture Organization map of current rates of soil degradation by water 
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erosion in Africa north of the equator (31). In all cases, the estimates 
of soil erosion rates are about an order of magnitude greater than 
the reported sediment yields. This discrepancy could be explained
in terms of SDI being of the order of 10 percent in these drainage
basins. Ihis would be consistent with current views on the likely
magnitude of such ratios in sizable river basins. It also suggests that 
the sedinent delivery problem probably represents the major dif
fieulty in any attemript to relate downstream sediment yields to local 
erosion rates iii the watershed utpstream. 

Reliabili of existing sedinent yield data 

Il sonie !ocatiotns, a)propriate sediment yield data ma' be avail
able from existing monitoring programs. Ilowever, before researchers 
or others uise s ,l(lata for f'tiher research or planning, careful con
sideratii iioninst be g'ivenl t( the data's reliability. A useful, although 
perhraps extremme. cxanllIe of the potential magnitude of this problhm is provided It recei wo)rk omi the suspended sediment loads of
New Zcalanl! rivers by Criffiths (35) and Adams (2). Both workers 
lised the sarli tasic discharge ad ()cneen tration data collected by
the New Z'ealand Ministry of Works to estimate the mean annual 
suspendd sedimint load of the Cleddau River, which drains it
155-kii basin in the southwesern part of Sol th Island. 3oth used
rating curve procedure to calculate the loads, but their published
loads of i3.300 t/kinl12\, - and 275 t/km 2/vr differ by nearly two orders 
of iiiag itul. 

In some instai(s, several different estimates of sediment yield may
be available from existinig sources as a result of the use of different
load calculation tech niques or different periods of record. For ex
ample, ,,v(ral researchers have attempted to estimate the suspend-

Cd sedimecnt yield of tlie Upper Tana River il Kenya over a period
of 20 y ears (FP'igu re 2). These estimates range over an order of 
mnagnitud( . E'stimates A-1 were derived using essentially the same
basic flow and seliment concentration data. ELstiniates F and G vere 
based on a n ew sa rapling program. Comparison of their load esti
mates for the main with forriver those the upstream tributaries 
promitpted Duiinnt and Ongwen' (23) and Ongweny (68) to suggestthat the forrmer w()'e underestimates. They produced revised esti
mates (I1 and I) b).\ sumrning and extrapolating the estimates for the 
indiviinal iipstream tributaries. More recent surveys of sedimenta
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I RIVER SAMPLING A Acros!ILACO (1) 
A B Gibb (32)

C Edwards (24) 
3( D Dunne and Ongwony, (23)

~f BE Dunne (unpublished)
C( F.G Ongweny (68) 

H Dunne and Ongweny (23) 
I Ongweny (68) 

J Moorhoad and Sims (59) 

fl SUMMATION 0) IRIBLJrARY LOAIS 

[IIIIII-I 17-I;-I.iI.I;I I L I .. --,?...I. I......... 

EI RESERVOIR SIJURVEYS 

I . ......... 

O 2 5 6 7 8 £ 10 
Estlirateti Ifrell a1)111a4 suspended sedLment load (tX 10 year 1) 

l'gtire 2. Estimates of te allan anllU:1 suspended edimlent load of tie Upper Tana 
River, at Kamburn, Keva. pro(due(I by different workers. 

tion rates in Kamburu Reservoir by Moorhead and Sims (59), coupled
with an estimated trap efficier-y fior the reservoir of 75 percent, pro
vide an alternative basis for ,-stimating the sediment load. Current 
opinion would, in fact, ind cate that the actual mean annual sus
pended sediment load of th.s river probably no"-' exceeds 5 million 
t/yr, although it is likely to have increased markedly over the past 
20 years as a result of la'id use change. 

Walling and Wcbb (98), Dickinson (18), and Allen and Petersen 
(4) have discussed factors involved in assessing the reliability of sedi
ment yield data. These include the representativeness of the sus
pended sediment samples collected from the river channel and the 
efficiency of laboratory techniques used to determine the concen
tration of individual samples. Many measurement programs take sam
ples at or near the water surface. Such samples probably underesti
mate the sediment load of a river, perhaps by as much as 25 per
cent. Conversely, from a study on Oklahoma's Washita River in the 
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United States, Allen and Petersen (4) suggested that equal transit
rate sam)ling (collection of a composite sample by depth integra
tion at several equalIy spaced verticals across a stream) by operators
with limited experience could lead to iverestimation of the long-term
load by 30 percent Although national and international standards
relating to sampling equilpmevit and techniques as well as laboratory
procedures have now been established (39, 45, 105), sediment sam
pling still involves mainy tproblenis and uncertainties; careful attention mu1st be given to the likely reliability of the methods used in
the l onitoriri g progranis associated with existing data.

Greater poblems surroumind the methods used to assess long-termsediment loads and annual sediment yields from intermittent mea
suremients of instntaneris sIis.l)ended sediment load. These problemscenter around the markcd and rapid f!uctuations in suspended sediment conc.rtratiou exhihited by Iln:ny rivers. Accurate assessment
of suspended sedllment h 'ads for specific periods necessitates detailed
records of se(liment conceyitration that may be combined with therecords of water discharge. Continuou s records of stream discharge
are availa'Ible at most rcasuring stations. Bit an equivalent record
of sedimrent concenitratiou may b( difficult to obtain by a progam
of manural sampling. On large rivers, it may be possible to collectsliien urnlIanual samnples to define meaningfully the record of sedi
ment concenlration during periods of flctuating concentration, and 
proceduhres are available to establish the trend between individualSaniil)les (73). On smaller streanis, concentrations fluctuate more
rayiliy during flood events, and operational constraints may limit

the frequney aI[ which inanual samples can be collected. Attempts
haVe herI madle to resolve these difficulties by developing equip
ment and iustrinients capable of automatic collection of data on sediiient (oncentration. Many researchers have used automatic pump
sampling eluil)rment (90. 97). Continurors-recording turbidity meters
(10, 29. 38) and miclear probes (52, 74, 8.1) also have been used suecessfullv in a few cases. Difficulties may arise inrelating the pointvalues of concerntration obtained with suclh equipment to the mean
value for the cross section, but this limitation is frequently of littlesignificance when comipared with the positive iml)rovements in tem
poral resolution obt ained.

More often, however, frequent manual samples or additional information from automatic samplers or recording equipment are not
available, and the detailed record of sediment concentration can
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lot ibe (lfilied. Inrhis case, rs_ arehers muist ise indirect lo ad calcilla
ti(n plrocedutres, vhich involve either interpol ation or extrapolation
 
of the availabic lonentriitration (iata. Inlthis context, interpolation
 
t)ro(iIIlres assille thfitat the ailt's of coneelntrati( m or sediment dis-

Clharge o)t aiied fIroii instanitaiioi.us samp
ies re)resent a miuchclonger 
)eriod(l of ',''xam !t idaystiite, f! i , or weeks, whereas r-ting curve 

teclini(llis lltav lhe vi(,we(las tle (lassic ,XamlP] ofill extrapola
tioii )roce(('re. Ilii the latter ease, a limited nmilnll)er of sediment con
etintration titasireire-iits are extra l)ate(d over the period of interest
 
byw (icve o)inig a retlslinhip betweiei ( _ncent ration or sediment dis
(harg(' and stream
iidischarge and applyiing this relationship to the 
st reati fi\m recolrd (14, 58, 94). lih .strcalliflow recordl may be in 
the fIorni of*a flow (\\dration('o ra cotiitiois series. Hesearcherscrv 

in allny stilies have applied rating rlationships (levelo)ed from 
a siort i )(dl oftni.aslurenit' itto streaniflow r(ords covering a nulch 
lnliger leligt Iif titiia'. Est ilates of suspended se(linit load ol)tained 
lising these ililirct load calculation procediures may involve con
si(lerable ('ir irrand lehe resultiiig data mist be treateld with caultion. 

Figure 3A shows th le iiav be associated withdegree of scatter that 
atslispenleil sediietit otient raioti/dientlirge relatilnshipl). In this 
case tlhe'cot ic(itrations associated \v ith a specific Icvcl of discharge 
il(' oVer sevoral orolrs of tiagiituide. Although iiproved relation

sh ipsI tw,,i (\vcicoiceitrat ion aiid dischliarge may bie obtainel 1)y sub
li\i(li i d di rising and falling stagestiliata set accortding to season a 

of tlh Ilrdiorapli, a1Ny estimate of sediment concentration derived 
isini .stiiirlatiotsll)s will )e associated with a very considerable 
standiar(d error. Because rating relationships conmonly are fitted to 
logarithinic plots using linear least squares regression and they fre
(uietlyltare biasecd by low-flow saml)les, estimates of sediment yield 
obtained using rating ctirves can he expected to underestimate the 
true sediment yield (98), perhaps by as much as 80 percent. For some 
rivers, scietntists cannot asutime that the rating relationship remains 
constant over a period of y'ears and that the available samples can 
be ised to develop a relationship applicable to the entire period 
because land 1ise change may cause nonstationarity. Dunne (22) 
rep(irted an interesting example of interannual variation inthe sedi-
Inent discharge/water discharge relationship for the Tana River at 
Carissa, Kenya (Figure 3B). His data showed an essentially random 
pattern rather than any progressive shift. 

As a final example of potential problems associated with infre

http:instanitaiioi.us
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quent samp!ing and use of extrapolation and interpolation techniques
to estimate long-term sediment yields, figure 4 compares the actual
suspended sediment load of the River Creedy in Di'-.n, England,
for a "ear period with nearly 100 load estimates for the saine period;
these estimates were obtained using typical (infrequent) manualsampling strategies and a selection of indirect load calculation pro
cedures. In this case, a continuous-recording turbidity meter wasused to provide a detailed record of sediment concentration. Walling
and Webb (98) used this record to calculate the actual sediment loadand as the basis for deriving data sets representing the manual sampling strategies. The various estimates span a wide range, and under
estimation by as much as 60 percent is common. 

Although published or tabulated sediment yield data may appearauthoritative, it is essential that the user carefully considers theirreliability and accuracy before using them for further analysis and
interpretation. However, few guidelines for assessing reliability 4nd accuracy are available currently. In many cases, acceptance of the 

VERDART, DEVON, UK RIVER TANA at GARISSA100 974-76 KENYA /1948 54
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Figure 3. Unce.rtainties associated with suspended sediment rating Acurves.
demonstrates the degree of scatter that frequently will be associated with a suspendedsediment concentration/discharge relationship, and B illustrates inter-annual variation in the precise form of a suspended sediment load/discharge relationship. Based 
on Dunne (22). 
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Figure 4.A comparison of suspended sediment load estimates for the River Creedy,
)evon, England, obtained using interpolation and extrapolation procedures with 

the actual load for tlhc period 1972-1979. 

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

Designing, sediment yield monitoring programs 

Soil conservation research and planning -.my require the establish
rnent of a sediment yield monitoring program to supplement or verify 
existing information or to provide data from a hitherto undocumented 
area. It is important that the aforementioned problems of data reli
abilitv be mininized. For example, if a program is designed to mon
itor the effects of conservation measures in reducing sediment yields, 
the sediment load data should be sufficiently accurate to produce 
meaningful conclusions. Further discussion of monitoring programs 
can focus on manual sampling strategies, use of automatic sampling 
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Table 3. Characteristics of U.S.-series depth-integrating and point-integrating samplers for collecting suspended sediment samples. 

Name 

US DH-48 
US DH-59 
US DH-75P 

US DH-75Q 
TIS DH-76 
US D-49 

Type of 
Samplr 

DI 
DI 
DI 

DI 
DI 
DI 

Method of 
Suspension 

Rod 
Cable 
Rod 

Rod 
Cable 
Cable 

Mass 
(kg) 

2.0 
10.2 

.4 

.4 
10 9 
28.0 

Overall 
Length 

(m) 

0.33 
.42 
.26 

.29 

.47 

.61 

Distance 
Betweep 

Sample Nozzle and 
Container Sampler

Size Bottom 
(ml) (mm) Remarks 

473 90 For wading
473 114 For hand-line operation
500 83 For sampling only in subfreezing temperatures 

1,000 114 Similar to US DH 75P
946 80 Similar to US DH-59 
47 103 

US D-49AL 
US D-74 
US D-74AL 

DI 
DI 
DI 

Cable 
Cable 
Cable 

18.0 
28.2 
11.4 

.61 

.66 
.66 

473 
473 or 946 
473 or 946 

103 
103 
111 

Similar to US D-49 
Similar to US D-49 
Similar to US D-74 

US P-50 
US P-61-Al 
US P-63 
US P-72 

PI 
PI 
PI 
PI 

Cable 
Cable 
Cable 
Cable 

135.6 
47.5 
90.4 
17.7 

1.12 
.71 
.86 
.71 

473 or 946 
473 or 946 
473 or 946 
473 or 946 

140 
109 
150 
109 Similar to US P-61-A1 but for hand-line 

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

L" 
C' 
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devices and equipinent for recording sediment concentrations, reser
\'oir surveys, and study of sediment properties. 

1/(a1ill sainpling strategies.Several manuals and technical reviews
provi(dc detajecd discussions of currently available suspended sedi
nient samplers, sarrrpling techniques, and laboratory procedures for 
determining sediment concentration (5,39, 90, 101, 105). Particular 
attention is given to the characteristics of recoiimended samplers
and to techiliqlies of sample collection. Researchers or policwnakers
should consult these publications before initiating a measurement 
prograin. In most circumstances, the sediment samplers developed
by the Federal Interagency Sedimentation Project under t'- auspices
of the U.S. Water lJc.sources Council (Table 3) will prove ap,.',priate,
and many of these samplers are commercially available from the 
Product Mantufacturing Company. Figure 5 shows two exan-ples of 
suspended sediment samplers used in China. 
Tli aiuals give much less attention to sampling frequency

requireruents )ecause they are more concerned with measurements 
oi instantaneous sediment discharge than measurements of long-term
sediment loads and yields. In view of the great uncertainty associated 
with any estifinate of sediment yield based on infrequent sampling
and the application of indirect load calculation techniques, such as 
rating curves, manual sampling programs should aim to document 
the contiuumous record of sediment concentration. This record can 
be combined with eqi'uk alent water discharge data to provide values 
of sediment loads for various tie periods.

In designing a sampling strategy to document the continuous record
 
of sediment concentration, careful consideration must be given 
to
the likely behavior of the river and the timing of significant concen
tration fluctuations. During periods of stable flow and low concen
tration, a low sampling frequency, daily or even weekly, will suf
fice because concentrations usually remain essentially stable. Any 
errors incurred likely would be of limited significance to the final
long-term load estimate. Most of the sediment load will be moved 
during major flood events, and it is essential that these are sampled
intensively to record fluctuations in sediment concentration. In the 
case of a river that drains a large area, say, greater than 1,000 kiM2 ,
these fluctuations probaly will be easy to follow with a sequence
of manual samples, although it may be necessary to sample at fre
quent intervals, perhaps every 2-3 hours, on the rising stage of the 



52 1. E. WALLING 

flood. On smaller rivers, however, fluctuations in sediment concen
tration may be more rapid, and operational problems may preclude 
establishing an effective manual sampling program. Alternative 
automated equipment should be used in these circumstances. 

Figure ( illustrates some of the salient characteristics of suspended 
sediment transport in the River Creedv. which drains a 262-kni2 basin 
in Devon, England. The concentration and load-duration curves 

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

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

Automatic pumping samplers afford a more effective means of 
sample collection (Figure 7). These samplers can be programmed 
to collect samples at predetermined time intervals or increments of 
stage or discharge. They can be distinguished further according to 
the two basic principles used for withdrawing samples from the flow: 
a punip or creation of ,vacuum in the sample bottle or a primary 
chamber. Automatic pumping samplers commonly include 36 or 
more bottles and in most cases may be battery operated (3, 90, §6, 
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1- -4.
 

Figure 7. These are typical examples of equipment used for automatic collection 
of river water samples. Both employ peristaltic pumps to deliver water to the 
sampler, which incorporates a rotating nozzle capabhe of filling the set of 36 (left) 
or 4 (right) bottles. 

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

The availability of reliable equipme,-t for continuously monitor
ing suspended sediment concentrations clearly would be a major
benefit in any sediment yield monitoring program, and scientists have 
devoted considerable effort toward developing such instruments. To 
date, there is no entirely satisfactory and generally applicable instru
ment, but several have been used with encouraging results. These 
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include two major types: optical turbidimeters and nuclear gauges. 
Optical instruments (10, 29. 38, 88, 101) measure the turbidity 

of water by the attenuation of transmitted light, (absorptionleters) 
or by monitoring the intensity of the light scattered by the suspended
sediment particles (nephelotneters). Figure 8 shows an example of 
a )h(itoelectric tur bidity monitor. In o)(th cases, values of optical 
turbidity, generally defined in terms of formazin standards, must 
be calibrated against direct mteasurements of suspended sediment con
centration be, ause the particle size (list ribution and the organic mat
ter (coutclt, densitv. aind mineralogy of the sediment particles in
fliences 1lhe relati ouship Ip)et\weeii turbidity and sediment concen
tration. With sonic instruments, fmiling of cell windows and am
bient light effects also 1nay affect the calibration adversely. In some 
cases. the se ',rt may he iiniitcd directly in the river. In others, 
the river water is circulated Ib a pump to the measuring cell housed 
mi the river bank. 

lHuptrts Al tit the effect iveness of optical turbidity meters for con
tinuous moitorinig of suspended sediment concentrations are 
souie\x hat coniflictirg. In some studies, researchers apparently have 
used turbidity meters successfully. In others, it has been difficult, 
if not impossible, to deve p a meaningful calibration between tur
bidity and sediment concentration. Ilowever, the balance of evidence 
suggests that such instruments frequently provide an effective means 
of mnitoiring sediment concentrations, although they are limited 
to the raie of sediment concentrations below 10,00)0 mg/liter. Fur
thermore. they aro applicalble primarily to the clay and silt fraction 
of the suspended l)ad. Fish (27) demonstrated that optical tur
bidimetrs are virtually insensitive to sand-size material, unless the 
associated concentratiois are high. 

Nuclear sediment gauges are base(d on si nilar principles but mea
sure the absorption or scattering of gamma radiation rather than 
light (7, 52, 74, 84). They are suitable for concentrations above a 
minimum threshold of a)out 500 ing/liter. These gauges commonly 
use probes that are either fixed within or lowered into the channel. 
I lowever, the instruments are niore s()phisticated than optical tur
bidity meters andl have been restricted mostly to specialized exper
imental measurements rat ,,r than routine monitoring. Other devices, 
such as ultrasonic sensors (28 and vibrating U-tube densimeters (80), 
have been used, but these devices are essentially experimental. 

Manual sampling and use of equipment for continuous monitor



set) can lw ni)inted (irectly 
in a ri t'r. N at hi o ni(1itorilg , ttion i tin 
Fivm ,S.A )hI)to-h-lcric tujrlli(iit' nmonitor aid prol (i I)w 
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J)'rhim-tc( hb)c for plrIttc-tionI ad ma111, for cleaning.he reatdilv raisedI 




58 
). E.WALLING 

ing of suspended sediment concentrations frequently may be corn
plementary. For example, continuIotIs-nionitoring devices could pro
vide a useful means of interpolating fluctuations in sediment con
centrations between manual samples for which accurate values of
sediment concentration have been obtained. Bolton (9) suggested that 
in many instances it ma'y be convenient to distinguish the fine-grained
washload and the coarser, suspended bed material components of 
the total susl)en(led load-using optical turbidity meters to monitor
the former and manual sampling to measure the latter. He concluded 
that it may be possib~le to obtain a clearly defined rating relation
ship between suspended bed material concentrations and flow so that
the record for this component can be extrapolated from limited 
sampling. 

Reser'oirsurreys. Heservoir sedimentation surveys assess tie sedi
ment yield from drainage basins that discharge into reservoirs (17).
Such surveys have several advantages over river measurements. For
example, a single survey in many cases will provide a meaningful
estimate of sediment yield averaged over a period of se'eral years.
Provided the trap efficiency of the reservoir can bc estimated and
the volumes and densities of deposited sediment assessed accurately,
there should be les;s uncertainty associated with the resulting sedi
ment yield 'a!hes. Furthermore, once the ranges and benchmarks 
are established, resurv'eys can be undertaken relatively easily. In addi
tion to an estimate of the trap efficiency of the reservoir, informa
tion on th' history of the reservoir, including the date of impound
ment and ,xhether any sediment has been removed, should be avail
able. Sediment ,'-Ids calculated from reservoir survey data, however,
will include both bedload and suspended load. 

Procedures for reservoir sedimentation surveys have been developed
for both small and large impoundments (5, 75, 76, 90). Sonic depth
recorders measure water depth along predetermined ranges, and sedi
ment depth can be calculated from a previous survey of the original
reservoir bottom or from soundings of sediment depth. In view of 
the difficulties of sounding sediment depth, it is advisable to under
take an initial survey of the bottom before or immediately after im
poundment. Values of volume-weight or density of deposited sedi
merits can be obtained by collecting undisturbed volumetric samples
of the deposits or by in-situ measurements using a gamma probe (55).
Use of the latter, however, is restricted to saturated sediments. 
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T,) deterinine the incani an iml.. sed inent y'ieid from the contrib
ltiug drainage blsin, tle weight of deposited sediment must be ad

jlsted for re,:erv'oir setlinient Lrap efficiency. I-Ieinemann (43) dis
cussed soie of the prtblems involv'd in obtaini ng accurate estimates 
of trap efficiency. (learly, there is a need for further research on 
this topic b)eeause most existing estin ation procedures are based on 
dat a asseimbiclI froim reservoirs ill tile United States. In tle absence 
of more detailed procedures, man' researchers use the curves devel
opld by lBrune (13), which relate trap efficiency to the capacity/ 
inflow ratio oft lhe reserv or and all approximate inltex of sediment 
particle size. 

Study of sediment -properties.Tratitiozally, stu, ies of suspended
sedimeit transport )\' rivers have emh)asizecl documentation of the 
Iiiagnitilde of tile loads transported. There now is increaw;ed awareness 
)f scli mwenit's role in the transl)prt (f mtrients and contaminants and 

inl llnolpoiit pollultiol fro t;agricultural areas (.?4, 81, 89). This has 
f(cuised attention (oi tht properties (If the sed[iment transported
cithier tht physical and chemical prol)e'ties of the sediment as a coin
jlii()iit of ri\er water qtuality or the relationship between the prop
e, ies (of sedi lwint and soure material and, therefore, the selectivity 
(f lif i(ni and conve'vance processes. The latter is perhaps moretero 
rece,'a t t( soil ('r(Ision andI coIservation because erosion by water 
na1.1y preferentially ioobilize and transport specific fractions and con

st itt lts If the soil that it f particular importance in maintain
illg fertilitV'. Therefore, attent in may be directed to particle size 
elaract ,risties and the organic matter, nutrient, andi mineral con
tent (if trai sportel seliment and associated enrichment ratios (100).
For example, figure 9 illtistrates the potential contrasts in the parti
e size oif s cild)cted sedliment and s(urce material. It compares the 

propo)rtion (If clay. silt, and sawl(1 in Sisuended sediment samples col
lected by the II.S. C;(ological Survey from four small drainage basins 
with c(llivalet iiiformat ion ()Ii the soils, based on their textural 
cL ssifieatioit . Table -1, based on iny work in E'ngland, compares a 
nllmberr (If sispedled sediment prohiertits with eq!uivalent data for 
soils ill the draiiage basins. 

In som cases, laboratories can analyze properties of the small 
samlles of particulate material recovered from maual or automatic 
sam)lers. I lowever, where a wide range of analysis is intended or 
where a particular laboratoUrv procedure re(quires considerablea 
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amount of sediment, researchers must collect bulk samples of sus
pended sediment. Experience suggests that continuous flow centri
fuges are most useful in recovering sediment from bulk samples of 
river water. Ongley and Blachford (67) reported the use of a special
ized sampling/recovery system in which water is pumped directly
from the river into the centrifuge. They found good recovry per
formance for particles down to 0.45 pm. 

Lake sedi,ment studies. The lack of long-term sediment transl)ort
records hampers the study of long-term )atterns of sediment yield
from a dr'inage basin. The availability of records covering, for 
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Table 4. Comparison of the properties of suspended sediment and source-area 
material for several rivers in Devon, England. 

Total Percent Iron ( %) 
C N 1) Fed * Feox t X I IC§ 

Jackmoor Brook 
"uspndlcd sedimcrit -4.S.1 0.58 0.1.17 2.48 0.7.1 7.60 28 
Soils 

Arable (slopcs) 2.61 0.29 0.123 2.(01 0. 39 -1.03 14 
Pastore (slopes) 3.91 0.39 0. 126 2.47 0.54 9.15 13 
loodphtiI pasture 3.91 0.28 0.10.1 2.25 0.52 6.01 12 

River Dart 
Suspendedc(lscdiucnt 6.(.1 0.6.1 0.14,8 2.02 1.0(6 3.88 24 
Soils 

Arable (slopes) l.I8 0.116 0.081 1.68 0.27 4.45 10 
lasture (slopcs) 5.29 11.50 0.159 1.75 0.57 4.63 16 

Alluviial pasture very poorly represerited ib!this catcltnient. 
liver ,x: ' 

Sospended sediment 7.11 0.68 0. 153 2.07 0.95 4.33 28 
Soils 

Arable (slopes) 2 16 0.22 0.120 1.47 0.37 6.71 16 
Pasture (Slopes) .1.63 0(.1.1 0.111.1 1.71 0.53 5.70 14 
Floodplain pasture .1.50 0.45 0.105 1.87 0.56 - 8 

Banks < 1.0 <0.1 <0.05 - - 2 1-2 

lotal 'Irc' iron ((lithionite extrac'tion). 
()rganic and inorganic 'am ,orhlhous'iron (oxalate extraction). 
\Iagrnct ic s1scel)tibility 111' 

§Exchanetable caitiris leq 100g 

example, the last 100 years would be of considerable value in attempt
ing to understand temporal variations in sediment yield in response 
to changes in catchiment condition. Record lengths increase as time 
proceeds, but opportunities to document particular changes in sedi
ment response may not recur. In this context, researchers should focus 
more attention on the potential of lake sedimentation studies in illum
inating the environmental history of the upstream drainage basin 
(64, 69). The work of Davis (15) in Frains Lake, Michigan, in the 
United States provides a classic example of the potential of such work. 
The lake is Iccated at the outlet of a 0.18-kM2 drainage basin. With 
detailed sediment coring and core analysis and dating, Davis recon
structed the pattern of inorganic sediment influx and sediment yield 
over the previous 200 years (Figure 10A). The data show low rates 
of sediment yield in presettlement times, rising by a factor of up to 
70 with the onset of settlement and agricultural clearance after 1830, 
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Figure 10. Evidence of changing patterns of .sedimentyield obtained from lake sediment studim. This illustrates the reconstruction of (A) sediment yields to Frains Lake,Michigan, proposed by Davis (15) and of (B) sedimentation rates in Mirror Lake,New Hampshire; Lake Trummen, Sweden; Braeroddach Loch, Scotland; and twosmall lakes in Papua, New Guinea, based on data presented by Likens and Davis 
(50), Digerfeldt (20), Edwards and Rowntree (25), and Oldfield and associates (65),
respectively. 
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and stabilizing after 1900 at a rate about 10 times the presettlement 
rate. 

Davis' work at Frains Lake necessitated analysis of a considerable 
number of cores to calculate the volumes of inorganic sediment in
volved. Estimates of sediment yield from the catchment -a..a require 
this volume data. In many instances, it may be impossibil to collect 
more than a small number of cores, and changes in sediment yield 
over the period represented by the core must be inferred from changes 
in the rate of sediment accumulation at those points. The researchers 
then must assume that the pattern of sedimentation over the lake 
floor has remained constant through time-an assumption that may 
be unjustified. Data on changes in sediment yield over time, based 
on analysis of single cores, must, therefore, be treated cautiously, 
but the information may nevertheless prove useful. Figure 1OB pro
vides four examples of such studies. In this case, the vertical axes 
of the plots refer to sediment accumulation rates rather than to sedi
nient yield. The core data from Papua. New Guinea, show the im 
pact of human activity on sedimentation rates during the past 300 
years. Oldfield and associates (65) tentatively related the increased 
sedimentation to the intensification of land use resulting from the 
introduction of the sweet potato and, more definitively, to the 
post-1950 impact of "Western" peoples. 

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

Linking downstream sediment to upstream erosion 

As mentioned, there are several problems involved in linking down
stream sediment yields to upstream rates of soil erosion. This task 
faces many uncertainties. The traditional approach in theory involves 
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the applicat~on of a SDR to calculate the gross erosion within the 
drainage basin, that is: 

Gross erosion = sediment yield/SDR 

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

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

Region Equation Author 

Kansas, USA log D11 = 2.962 + 0.69 log R - 0.854 log 1, (53) 
Southeastern USA log DIR = -1.5 -0.23 log 10 A - 0.510 x colog 

l/I, - 2.786 log R1 ('9) 

Brushy Creek, Texas, 
USA 1)ID =0. 627 SI j0:,0 (104) 

'
Texas, USA DR= 1.366 x 10l1 A 1")( R/ilP :111CN5' 44 (103)4 

Pigeon Roost Creek,
 
Mississippi, USA DRI = 0.488 - 0.006 A + 0.010 1O (63)
 

Dali River Basin,
 
Shaanxi, China IR = 1.29 + 1.37 In Re-0.025 lnA (60)
 

DR = sediment delivery ratio; R1= basin relief; I,= basin lenga., A = basin area; 
R/I, = relief/length ratio; BR = bifurcation ratio; SIT = percent slope of main stem 

1hannel; CN =SCS ctirve nnu1e7: HO = annual runoff; Rc = gully density. Note: 
units vary bet ween eu uations. 

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

The failure to produce a generally applicable prediction equation 
for SDR is due partly to the complexity of sediment delivery pro
cesses and their interaction with catchment characteristics and partly 
to a lack of definitive assessments of the dependent variable. Assess
ments that have been undertaken are themselves based primarily on 
a comparison of measured sediment yield with an estimate of gross 
erosion. The latter is generally derived from an estimate of sheet ero
sion based on a soil loss equation, corrected to take account of addi
tional contributions from channel and gull), erosion. These estimates 
of gross erosion, therefore, are open to considerable uncertainty. The 
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various relatio ships developed for particular areas presented in figure
I1B emphasize the considerable diversity of values associated with
basins of a given size. The delivery characteristics of basins in the
southeastern Piedmont in the United States contrast markedly with
those of watersheds in the loess region of China, where delivery ratios 
close to 100 percent occur over a wide range of basin size. Some con-
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Figure 12. Tentative sediment budgets for Coon Creek, Wiconsin (360kml),1853-1938 arid 1938-1975; Lone Tree Creek, California (1.74 km'); and the OkaRiver, USSR. Based on data presented by Trimble (87), Lehre (48), and Zavlasky
(106). 
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sistCncv il the slope of the delivery ratio-arta relati ,ishil) is apparent
for several regions in tI United States, lending support to the view 
that an exponent of - 0. 125 istypical (5). But even here a wide range 
of intercept values exists. 

A more rigorous approach to defining and investigating teie sedi
ment delivery characteristics of a draina ge basin ispro)vided by the 
sediment budget concept orig4inaly adv(ocat ed by )ietrich and DII ile 
(19) and developed by lehre (.17. -18) and Swanson and associates 
(83). In this essentially conceptial approach, the va:ious sedinent 
sources withini a
basin are defined, and the sediment mobilized from 
these sources is routed to and thro ugh tie channe system by con
sidering the various sinks. F'igure 12 provides diagnrammiatic represen
tati os of such budgets for three basinits wher( investigators have 
attempted to define ten(ativel the source-yield linkages. Inall eases, 
the proportion of eroded sediment deliivered to the basin outlet is 
relatively small, ranging from 5:3 l)eient to 5.5 percent, but con
sideral)le differences exist between the catchinents represented in the 
precise form of the b)udget and in the location anl importance of 
the various sinks. 

As vet, the availability of techniqpies for quantifying the variou s 
sources and sinks involved in a sediment budget is extreme limited. 

e)cvelopnment of such techTli ues represeni ts an important research 
ned.The use of sediment p rol)erties to fingerprint sediment sources 
(.6. 9(;6.3.100) and thc uast. of I '(s neasurenents to investigate 
hlie amonnt and spatial distribution of deposited sediment within 

a drainage basin (12. 51, 54. 56) must, ho iwee'r. be seen as imlPor
(ant advances toward this goal. 
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Rainfall simulators
 
for soil conservation
 

research
 

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

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

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

R ainfall simulators do not eliminate the need for natural rainfall 
experiments. For exam ple, studies that rely on natural rainfall are 
essential for obtaining data on long-tcrm average erosion or infiltra
tion ainoillnts and on the variability and extremes resulting from 
clinia:i differences. I lowever, to be of maximum value, research 
results Inust be availabl, as soon as )ossible after their need is recog
nized. Conclusive results from field-plot studies that rely on natural 
rainfall often re(Ilire : any years to obtain a representative sampling
of, 1.tor,', that include typical combinations of critical storms and 
critit ..itreat moent conditions. Management practices of interest often 
change appreciablly or may be abandoned during this period. Fur
therno re, many needed studies never would be initiated if they had 
to rely on nattiral rainfall becamse the results would not be available 
sooin enoiLh. In such situations, rainfall simulators may be not only 
a usteful but an essential comoponent in productive research programs. 

Characteristics of rainfall simulators 

The ideal rainfall simulator would be inexpensive to build and 
operatc, would simulate rainfall perfectly, would be simple to move,
and could Ibe utsed whenever and wherever needed. Most researchers 
realize that smh a utol)ian rainfall simulator is impossible to acquire. 
Thus, different rainfall simulators have different characteristics to 
meet diiferent research goals. Perhaps the most important character
i';tics of natural rainfall that need to be closely simulated for soil and 
water management research are raindrop size distribution, raindrop
impact velocity, and appropriate rainstorm intensities. These three 
characteristics are key factors in soil detachment, soil surface seat
ing, and resulting runoff. They and other desirable characteristics 
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for rainfall simulators to be used in erosion and hydrologic studies 
include the following: 

-I Drop size distrilnion near that of naturalrainstorms.Natural 
rainfall consists of a wide distribution of drop sizes that range from 
near zero to about 7 imn in diameter. The nedian drop diameter, 
by volime, is between 1 and 3 nim for erosive rainstorms. Drop 
cliameter generally increases with rain intensity (7). 

0- Drop imlplac clo'itis n'ar those o.f naturalraindrops.Rain
drop fall vehoities vary from near zero for mist-sized drops to more 
than 9 IIl/see for the largest sizes. A coinionl-sizecl raindrop ,f 2 mm 
falls at a velocitv of i to 7 m/sec (4). 

0I1 tclsitics il the range o ,storms.forwhich results are of inter
'st. Intensities (If natmral rainf,", vary from near zero to several milli

meters per minute. Generally, very low intensities are not of major 
interest fur erosion and hydrologic stuidies, and very high intensities 
are so rare that they imav be of limited interest. Intensities between 
0.2 and 2 lml/luill occur quite commonly and thus are usually of 
greatest ilpt)ortance. 

0" lesearcharea of ,sti[ficicni size to represent satisJactorily the 
tr-catmentlts and conditions to bc calh.ated. lainfall simulators should 
be capable of applying rainfall to plots that are large enough for a 
realistic test (of treatienrit characteristics. Small plics may be suffi
cient for studying raindro) impact (interrill) erosion, but much longer 
)lots are necessary for evaltiating tianspo't and scour by runoff. 

0 Drop characcristicsand in itiitijof applicalion faibly uniform 
oucr tlhe study area. 

0- Raindrop applicati, nc ('l r1(ol till ious throughout the study 
a rea. 

P- A1ile of impact not grcatlly difJer(nt from vertical for most 
drops. 

0 CapabililY to appl! the sai' siunuiated rainstorm again and 
againt. 

- Satisffator! rainstorm charactcri.stics w ('n used during com 
mon field conditions.steh as highi temperatures and moderate winls. 

Ow-Portability for morvemen t from (iue r('s'areh site to another. 
Developers of rainfall simulators should striv," for these character

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

Types of rainfall simulators 

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

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

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

Many of the rainfall simulators currently used for soil conserva
tion research are described in the proceedings of the 1979 rainfall
simulator workshop (18). A summary of the drop sizes, rain intensi
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ties, plot sizes, and literature references for each of them is given 
on pages J22 to 130 of that report. Some rainfall simulators can apply 
rainstorms to runoff-plot-sized areas. Others are suitabie only for 
very small field plots or laboratory studies. Figures 1 and 2 show 
a few of the more widely usd designs. 

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

The rotating-boom rainfall simulator (;7) uses the same nozzles 
as the rainulator, but the nozzles are located aloni; arms extending 
from a central vertical shaft that rotates slowly. Only two intensities 
are possible, and application is intermittent. The entire rainfall sim
ulator is mounted on a trailer and can be readily moved from one 
site t,.another. 
The programmuable rainfall simulator (3) and Kentucky rainfall 

I;imulator (i3) use rapidly oscillating nozzles that reduce intermit
tency to short periods. They can produce a wide range of intensities. 
Both are electronically and mechanically complex. The Kentucky 
machine is on wheels for more rapid movement to adjacent plots. 

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

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

Other designs use yarn or capillary tubing of various materials to 
form drops, mostly for laboratory studies. Drop sizes are moderate 

http:simul-'.or
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Figure ;"1.Example.s, . iflimlat used' on:. : dtoof. ,ra ors. - ,lag nm.. plots, abov ,.., 

(top) and programmnable simulator. Facing page: Kentucky simulator (top) and 
rotating-boom simulator. 
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• 1 

Figure 2. Examples of rainfall simulators used on small field plots or in laboratorystudies: Above, rotating-disk simulator (left, top), modular-type infiltrometer (right,center), and variable-intensity laboratory simulator (left, bottom). Facing page:rill/row simulator (top) and interrill simulator. 
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to large, and all are about the same diameter for any specific design.
Impact velocity is considerably less than terminal for heights less than
5 to 10 m. Designs that are being usea for erosion research include 
those by Blackburn, Bubenzer, Gifford, and Romkens (18).

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

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

0- Define clearly the research objectives.
No Determine if the research objectives can be met reasonably 

using simulated rainfall. 
D- Analyze the hydrologic process under study to determine those 

components that will require accurate simulation. 
IN Consider plot and soil conditions that vill interact vith the 

hydrologic process. 
0- Determine the short- and long-term economic and labor re

sources available. 
If these considerations suggest that rainfall simulator research is

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

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

Personnel requirements and related equipment 

Much more is inv'olved in conducting productive siniulated rain
fall research than simply the availabilityv of a rainfall simulator and 
the expertise to operate it. A researcher vould be unwise to construct 
a rainfall simulator without the companion commitment for various 
types of stipplenientary equipment, plus ade.quate personnel to con
duct effective experi mental research once the equipment is completed. 

Personnel.The number of persons and necessary skills required to 
conduct simulated rainfall experiments varies, depending upon the 
size of the rainfall simulator, the number of samples to be taken,
and the analvses to be made at the time of the simulated rainstorms. 
Most major rainfall simulator field programs need a crew of at least 
three or foi ii persons, both for assembly and disassembly and to con
duet research activities during the tests. Most of their time arid effort 
is required for preparing the plots, installing the runoff measuring
and sampling equipient, assembling the rainfall simulator, dis
assem)bling the equipiment, and completing other measurements. The 
actual ap)lication of the simulated rainstorms is only a small percent
age of the total time required for operation, especially for a large
rainfall simulator. In addition to field work, considerable time and
effort are needed to analyze the great quantity of samples and data 
normally collected from simulator experiments. Frequently, field
w(rk over 2 to .1months produces enough samples and data to keep
researchers busy for the remaining 8 to 10 months of the year. 

Punps,hoses, and water supply. Rainfall simulators often require 
a large quantity of water, depending upon the area covered and the 
amount and duration of the rainfall to be simulated. For small rainfall 
simulators, it may be possible to transport enough water to the site.
But large rainfall simulators usually require a water source near the 
research area. The water sup)ply must be of a suitable quality, both 
chemically and physically. 'Wells, clear ponds or lakes, or streams 
that will be clear at the time of the t sts are acceptable water sup
plies for large rainfall simulators. Because the water usually mustbe pumped from the source to the rainfall simulator, pumps arid hoses 
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of sufficient size are necessary to deliver water at the required pressure 
and quantity. 

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

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

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

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

Sin ulated rainfall research procedures 

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

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

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

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

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

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

Comparing simulatedrainfallwith naturalrainfall. Since the d'har
acteristics of natural rainfall were established several decades ago, 
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researchers have sought a parameter that would indicate how closely
simulated rainfall attained the important characteristics of natural 
rainfall. The most widely iise(] parameter has been the kinetic energy 
of rain at impact. Basic physics suiggests that kinetic energy, or the 
similar nomenti m parameter, shoulo )(-an iroporta:t parameter.
I Io\wevcr, the area over which this energ, or momentum is dissipated 
ait impact also rna' be important. For example, eight raindrops
2 u'nim in diaim,,ter equal the mass of one 4-mm drop. But the hori
zontal cros s(cti i of eight 2-mm drops is twice that of a 4-mm drop.
The kinetic energy or momenturn of the 2-inm drops, 1lthough 
4ightly less dire to slower Iterminal \'el )eitv, will bd dissipoted over 
Iw ice th area. Tht ;. lh, enisiveness of' 4-min drops may he inmuch 

r ater than fo several 2-,,11 drops of the same total kinetic energ,.
Kint tic energry alone probably is not an adequate paraneter for co,;
pa rison. The conel isions in rn\' 19(65 repor! on possible parameters 
still we,,i appr tpriate: "...until some parameter is proved to be ade-
SMte for comparison, this analysis sO.gests (I) that b1)th the drop
size, (list ri)1ut ion arnd d:op-fall velocitv of natural rainfall should be 
siulated as ,'losely as possil)le aud (h) th: t an appreciable sacrifice 
of either for the (ther is ir,\vise. On, )f the parmumeters may be chosen 
as t ilie. ,,but its influe ce should bc secondary to a coroparisen 
with actmiu al raindrop characteristics" (9). 

Suitable studies wilh raiifall simukaw-,?. Rainfall simulators are well 
suited for field strdies that tompare different soil and cropping con
dition;. The resalltiug, .'ata give relhtive values rather than providing 
absolute rates of erosio . To obtain realistic estimates of annual ero
sion rates. results from long-term studies under natural rainfafl need 
to he availiah for at least ore of the treatments. !hv ratio of natural 
to similate er.si,, for that treatinrt may be assuimed for the other 
conditions to estimate te annaal rates. 

,,ritable st udie.- include those designed to evaluate different crop
COvers. crop residtie nln,1,gcent, types and mettiods of tillage, steep
ness and length of slope, relative erodibility of different soils, type
'Ifud seqtuence of crops in rotations, critical periods in the annual crop 
cycle, aixd fundamental mechanics of erosion and runoff. However, 
treatments Ih:-t hav'e only minor difference., are not appropriate for 
evallation by either simulated or natural rainfall because consider. 
able neontrollable e'perimental variation usually is associated with 
such rescarcii, especially under field conditions. Therefore, studies 
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with simulated rain should be limited primarily to tests of impor
tart conditions that may be expected to produce data with appre
ciable differences. 

Studies of the effects of fertility, rotations, or long-term tillage 
on erosion rates require plots that are maintained for several years 
prior to testing. Other studies, such is those comparing a singlecharacteristic of different crops, ofteii il be conduuted in a single 
season. Studies of surface residue rates, cover of a single crop, slope
differences, and critical periods often can be made on suitable farm 
fields. Tbe relative erodibilities of differe.'t soils can be studied by
ap)plying identical simulated storms Lo similarily prepared soils at
widely varying locations, thereby elimintiug the problem of climatic: 
differences among iocations, as is present in the K factor of the uni
versal soil loss equation (19). 

Of course, there are limitations to the types of research that can
be conducted with rainfall simulators. Studies that require a wide 
variety of rainiall intensities or impact energies may not le possible
with certain rainfall simulators. Experiments cannot he conducted 
when water in the lnes and fittings will freeze or when crops are 
at a height that seriously distorts the application and energy pat
terns. Often, the width and length desired for the research areas are 
greater thin the rainfall simulator can accommodate. Plots with con
toured rows generally cannot be evaluated suitably with plot-sized
rainfall simulators because the piot borders creat': unnatural dams 
that affect the normal water flow: yet, plots with up-and-down-slope 
rows are not directly applicable to most farm conditions. Never
theless, ireatnrents for many types of studies can be applied on up
and-down-slope rows to determine the differences among treatments. 
Such results then can be adjusted for the effects of contouring or other 
water management practices. 

Designing rainfall sirmulato, experiments. Rainfall simlulator experi
ments must be carefully designed statistically to ensure that the results 
provide the most possible information Generally, all treatmentsshould be tested in duplicate at least, although additional replicates
:ften are ,lesirable. P;oper randomization of treatments and appro
priate experimiental techniques are also irmportant. Practical considerations may make compromises necessary in the number of treat
ments versus the number of replica-ions, especially for field studies. 
The researcher should remembei that the goal of the research is useful 
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information about the treatments being studied, not an impressive 
array of statistics. 

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

P- Past land use history of research area. 
D Soil tvpe on research area. 
P- Past erosion on the research plot area. 
0- Plot size, shape, slope, and uniformity. 
I Availability of water supply. 

Suitability of water supply. 
Availability of and access to the research area. 
Availability of equipment for applying treatments. 
D the plot area.l)isposal of runoff from 

The first four items should be determined accurately and recorded 
for each study site. Other important site information also needs to 
be doctiilente(l. 

Research plot conditions. Characterist ics of the research plot often 
affect the suitability of the simulated rainfall. Where the soil sur
face of all treatments is well covered by plants, mulches, or other 
surface covers, the impact energy of the simulated rainfall may be 
of minor importance so far as erosion and infiltration are concerned. 
Where tall crops, uch as mature corn, are growing, the height of 
the drop-former or nozzle and the type of nozzle movement may af
fect the suitabilitv of the resulting simulated rain. Where the sur
face of the plot has a very steel) slope and the rainfall simulator is 
desigined to apply all simulated rain from the same elevation, the 
impact energy and intensitv distribution may vary excessively from 
the upper end to the lower end of a long plot. 

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

When raindrop impact significantly affects the erosion or infiltra
tion rate to be studied, the impact characteristics of rainfall must 
be snulated adequately. Interrill erosion cannot be ev,,luated prop
erlh unless raindrop impact characteristics are similar to those of 
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appropriate rainstorms. Infiltration rates cannot be evaluated prop
erly on soils that seal from raindrop impact unless the simulated rain 
acts on these soils in the same manner as natural rainfall. 

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

On soils or topographies where gully erosion or subsurface flow 
may be major conside2rations, research areas may need to be quite
large. For such studies, it may be most important to apply water 
relatively uniforml;, over a very large area, even if it nieans a sacrifice 
in the drop impact characteristics. Agricultural irrigation equipment
then may be the only feasible approach. particularly if good soil
surface cover is present. 

(omparatire ersus quantitatively accurate results. Some research 
seeks to evaluate erosion or infiltration quantitatively. Other research 
is concerned primarily with comparisons among several treatments. 
For quantitatively accurate results, major rainfall characteristics,
such as drop size, impact velocity, and intensities, must be nearly
identical to those of rainfall. \Vhere comparison of several condi
tions is the primary goal, however, studies at one or a limited number 
of' intensities and] some compromise in drop characteristics may be 
acceptable. I lowever, researchers should clearly distinguish for them
selves and others the quantitative accuracy of the results. 

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

Adjustmentfor inifordifferewiCes in applicationintenisity. Identical 
rates of application generally are impossible when using rainfall sim
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ulators at different times under iifferent conditions at different loca
tions. Usually, the variation in intensity is only a few percent, but 
an adjustment of the resulting runoff and soil loss to a common appli
cation intensity is desirable. 

For studies where high-inttnsity rainfall is applied, resear hers 
Call asslil lle that a small varivioin between the actual application 
intensity and the dhesign intensity will have little, if any, effect on 
the infiltration rate. Therefore. the actual infiltration amount or rate 
can be slibtractcd fron the design intensitv to obtain the adjusted 

ullioff .Imoi nt )I-raftr. 
A researcher nee-ds to !ii w the effect (if" intensity on erosion to 

adjust soil loss deterriinatiims. Several analyses and studies have sug
(rested that t'rosiom is approxiuiiatelv prl-rtional to the intensity 
squiared. Unless a (Ilfererlit relatiorihij) i, known to exist for the 
spcifit sitlation, (.c adjIl."td soil loss mayI;\ bI crmlited as follows: 

Aj~hIsted moil los.s aI.(s'hIxtedII intensity) attal Soil loss 

Ilerprtiaio it j, rainfall shiulatm1"data. Th( primary result from 
stIIiis usin siInilated rainfall is a relative cMI1)1rison ()f the treat
llelims duirilg a illtens siulated rainstorli or series of rainstorms. 
(OlSid(bkdh, (hit interlretation is nccessarv to obtain indicationsa 
of averag annfual valhles. slch as uisel in the 11S1 E (19)). The 
resoiirchulr ninist carefull ('onsidler how the relationships anong soil 
erotnon il l(t lhe varinos i idependeit variables change with time. 
Extrapolatim to field conditions onhlcan bc made with careful 
aevsis. Ilw,,ver, with proper interpret at iol. results from rainfall 
simulator storims potentially calf prmide :.t1ilinformation in a much 
more convenient nIarmler than b\ r'lying totAlv on natural rainfall. 

Rainfall simiulators: Asset or burden? 

Rainfall Silmllators call be great assets to soil erosion and hydrologic 
research if thie%, are designed Ind ised lroperly and if the resulting 
data ar(, iterpreted judiciously. Ilowever, simulated rainfall is not 
a nIlagic niethod for satisfying all erosion and hydrologic research 
needs. Res.archers miust weigh carefully bth the benefits to be de
rived from the rise of rainfall simulators andlthe problems that the 
ist( of rainfall siriulators ma' cau se. ()ften, simulated rainfalI is the 
only feasibh means for condticting needed research. Many research 
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studies could never be considered if they could not be conducted using
rainstorms applied by rainfall simulators. 

Many decisions need to be made and many questions resolved in
considering a research program involving rainfall simulators. But 
the greatest (luestion to be faced is this: Can the conditions of interest 
be adequately evaluated using simulated rainfall? Unless a researcher 
can answer that question positively, with considerable assurance of
;ticcess, a rainfall simulator can be more of a burden than an asset 

to a research program. On the other hand, where rainfall simulators 
are applicable, they can be marvelous research tools in hydrologic
and erosion research. The researcher has the res)onsibility to use 
appropriate research equipment and techniques that will l)roduce
reliable data to help answer important research needs. 
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G. R. Foster 

Modeling soil erosion
 
and sediment yield
 

Soil erosion is a serious problem in many countries, especially in 
such developing countries as India and China. Lester Brown, presi
dent of W\orldwatch Institute, writes: 

" 3ecaiuse of the shortsi ,hted way in which one-third to one-half 
of the world's cropland is being managed, the soils on this land have 
been converted from a renewable resource to a nonrenewable one. 
Assuming an average depth of remaining topsoil of 7 inches, or 1,120 
tons per acre, and a total of 3. 1 billion acres of cropland, there are 
3.8 trillion tons of topsoil with which to produce food, feed, and 
fiber. At the current rate of excessive erosion, this soil resource is 
being depleted at the rate of 0.7 percent a year-7 percent each 
decade. In effect, the world is mining much of its cropland, treating
it as a depletable resource not unlike oil" (.).

Altutough Brown's estimate of the worldwide impact of erosion 
is probal)ly extreme, his statement expresses a major and shared con
cern for the loss of crop productivity from long-term soil erosion on 
crol)land. liesearch has documented erosion's impacts on crop yields
and soil degradation (-16). Rleduced crop yields in the United States 
because of erosion are not obvious from reported crop yields because 
technological advances have greatly increased yields over losses caused 
by erosion (,16). 'Threfore, the impact of past erosion on crop pro
ductivity is difficult to assess, and its future impact is even more dif
ficult to estimate because of uncertainties in yield increases from new 
tech nology. 

Soil erosion causes off-site problems as well as on-site soil degrada
tion. Sediment from erosion on fields can cause downstream sedimen
tation by filling distant reservoirs or nearby road ditches (1). Sedi
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ment in runoff can also l)ollute receiving waters, and sediment canbe a carrier of agricultural chemicals, such as pesticides and plant
nutrients used on farm fields (44).

Soil erosion, a diffuse process, occurs at widely varying rates overthe landscape, over a field, and even along a typical landscape profile within a field. Therefore, direct measurement of soil erosion at many points across a country, region, or local area is impractical.Physically, erosion is difficult to measure, and variability of climaterequires that at least 10 years of data be collected under the bestof conditions to obtain an accurate measure of average annual erosion. Many mo re years are required in arid areas, like the westernUnited States, where large, infrequent storms cause most of the erosi(n. (,'onsequiently, researchers commonly use erosion predictionmetho(ds to inventorv erosion for national assessments of the impactof erosion on crop productivity, off-site sedimentation, and nonpointsource p)llution (45). Forexample, recent statements that about onethird of U.S. cropland is eroding excessivly are based on erosion 
)rediction at almost 200,000 locations on nonfederal land across thecountrv (15). A similar inventory inehlided these locations pls others,bringing locations sampled to more than a million.

trosion lpredict ion methods also are useful tools in selecting Conservation measures for specific fields. Erosion estimates are madeon a specific sit(e for comparisons with the.:;il loss tolerances assignedto the particular soil where the practices are being planned. Soil losstolerance is the ,rosion rate above which erosion is considered to beexcessive (51). The Soil Conservation Service has assigned soil losstolerance values to all major U.S. soils. A satisfactory conservation 
practice for a specific site is one that gives a predicted erosion rateless than the soil loss tolerance for the soil at that site.


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

Features of an erosion prediction method 

Like handtools, a variety of erosion prediction methods are available; each is best at performing a particular task. Therefore, no single
prediction method meets all needs. Assessment of the impact of erosion on long-term productivity requires an estimate of long-term 
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average annual erosion. A simple method like the universal soil loss 
equation directly estimates this erosion without considering individual 
storms (.51). lowever, the extreme variability of erosive storms in 
arid areas may require an event-based method that estimates ero
sioi by individual storms to obtain accurate estimates of average an
niual erosion. Some analyses of n'otpoint-source pollution and sedi
inent yield also ina require erosion estimates for individual storms. 

Erosion varies greatly in s ace. Sediment yield stidies and broad, 
general reg.jional anaI'ses of erosion often require an estimate of an 
erosion rate a\eraged over i large area. I in contrast, accurate analyses 

the implact of erosion on crop productivity in alparticillar field 
reulires that (rosioi resultinr crg yield loss be tomplited atanid (') 
inaiv points o'cr i lall(Iscal)e. This comul)tation over space is re
qtired be('aiise erosioli xaries noilinearl in space and loss of crop 
yield v\aies iioiliil.irlv with erosion rate (32). Therefore, silbstituting 
aii average ('rosioll rate over a Hel(l in)erosion-yield loss equations 
will llot always ac(.'Iiratel estiimate loss of crop yield reductions 
caIIse( bV (rosiOii. 

Availhable resoolrees freqluently -tetrmiun the erosion prediction 
itllethod lsed for a g ivl anilvsis. For example, methods re, juiring 
large data bases mi miiiainframiie eou)iters calinot le ised by a con
s'r\.atiul ist wrkilv (Iireetlv in the field withi a farmer. I lowe\er, 
pru''ioislv ('((ittmtt('(l restllts from these methods caln be disp)layed 
ill elinats lnid graph1lis ill the office and then carried to the field. In 
comtast. siml mietl tds like the 151,IE; calli be solved directly in the 
field ulsing4 slide rl('s illes ui'lrltroi, calculators. Ilowever, rapid prog
ress iii p ort able ilierocle, liipiiters ainld ren tete comin i1unicatiins with 
i .i iitra.iii(' (Otpiters isl)ro\'idlii g (,oip)i ter harlware that makes 

coiimplex erosion prediction methods available for (tn-site field appli
cat ions. 

CharacteristicalIy, erosion preliction methods are extrapolated 
beyond the range of' the data tisedt to derive themu. The ability of a 
imuet hid to perfoirii well when extrapolated is an imnportant factor 
ill the select(Ii (If a prediction inet especially in developing coun-I iihd, 

tries where little baseline data may exist (17). 

Types of soil erosion 

The in ajor types of so il erosion b~y water include sheet, rill, con
centrated flow, gully, and stream channel erosion. (This chapter is 
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concerned only with erosion by water, although wind erosion isserious at many locations. See Chapter 10 or Lyles and associates 
(23) for a discussion of wind erosion processes. Sheet erosion, prin
cipally caused by raindrop impact, removes soil in a thin, almost
in perceptible layer. Average annual soil erosion rates from raindrop
impact ma' be as great as 40 t/ha (24), much more than a typical
soil loss tolerance of 10 t/ha. Rill erosion, caused by surface runoff,
results in numerous, small eroded channels across a landscape. Rills are defined as eroded channels so small that tillage operations
obliterate them each year. Both sheet and rill erosion are widespread 
over a field and can exceed 200 t/ha in severe cases. These two types
of erosion account for the major il)pact of soil erosion on crop produetivity. 

The tol)ographv of most fields catises surface rinoff to collect in a few major natural waterways before leaving the fields. Erosion
that occurs in these areas is called concentrated flow erosion, and
the impact of this erosion is localized in and near the waterways.
'lherefore, loss of soil produetivity from concentrated flow erosion

is not as great as that [ron shecet and rill erosion. Farm operators
usitally till across these eroded channels, and the tilled soil is especially 
susceptible to soil erosion by flow after seedbed preparation (8). In
addition, thawinlg soil seems to be especially suseeptit)le to concen
trated flow erosion. 

\\'hen ro(led channels in c()ncentrated flow areas becole so large
that they cannot be crossed with farm equipment, they are called

gullies. Because modern farm practices reqlire large fields for effi
cient operation of farm epi ipment, 
 farmers are careful about let
ting concent rated flow areasv 
 become gullies that would divide a field

into smaller iunits. I however, an advancing headeut from off-site can
 
move into and through a [r',Ad, leaving a large gully. Erosion in stream

channels usiallyv does not have ii pacts on fields except when enlarg
ing stream channels cause seriols erosion 
 problems along a field
 
boundary.
 

Most sedIineut--eroded 
soil particles-is carried over and from 
a field by smrfaee nloff. Sediment carried from a watershed is called
sediment yield, and it usually amounts to much less than the sedi
ment produiced by erosion within the watershed (1). The difference 
is deposition, which occi irs on the toes of concave slopes, in field
botindaries, in low gradient channels, on floodplains, and in reser
voirs. The ratio of sediment yield to total erosion within a water
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shed is called the sediment delivery ratio (SDR), which generally 
decreases with increases in watershed area (1). 

Predicting erosion 

Hesearchers nurst cinsider the major factors of climate, soil, topOg
raphy, and land Iise iil predicting erosion (36). Obviously, erosion 
()eCUr; frol discrete rainfall events. The anotint of rainfall and peak 
intensity of rainfall are tin, two most inlportant characteristics of 
a raiilist rln that affect its (lr()sivit'. \lrrlne and peak rate ()frunoff 
.1i n eas i r('s i(f . Ill States. climatic eroriiioff ('r()sivitx thc'I.it('d 

sivitv is ,r('atc('t ill So(ithast ai? lowest inl
tih' the \West, with a ratio 
of ahoiit 2) to I.\(rldwl.i ,vr o itv i hel Linited States isgreater 

less thatlltat ill ("l3is1l11n that inliFrotic lhit the t .1.lh' seasonal 
distribtitiori (dfer)sivitv also)\arics with locationl (51). 

So)ils \ar\' ill their sls(c'1,)tihilit t I(10(5sioIl. A lligly irnlible soil 
is ahbmit 1)tilles as crlib)le at,, r,,libhl Soil textureaiigltlv nile. 

/,:anid. silt. aln (claycemiil)siti (0)o
,irgani'ic niat te('(-iriteit, striictitre,
 
and hrie-Ililitv are mnajmr fa('tors that affect erm(libilitv (51). Iron.
 
al liimiiim c(t lits call affect s()il
,anld s)diu lll , i;l, errimlibilitv (37). 

'l)(grapliic fe'aitres (d'ifmlo, ,st et . an1(d ('ii\'x shyep's (all callse
 
S'V(rr Cr()si(il. S)le st(cpl('css affletS (,sh5iol imniicl' iii(, than ((o's
 

leligh.sf)0)10 'i (erosiiii rate nwar the end (ocm ,ex-shiapedsl1q)ws 
li(, 

Siie av(T'agi( steepness. (>(iivrsel,. ('oleave sli()t)s call r(e(,ic aver'
agLe erusiii frimln a lallseape pdrfilc bv causing largye anmnts ()f 
se(linlicti (t() (IiicoI 

('all Ie iiinlt ii r than t~lat at (rlid of a inifornl slop(e (4tIe 

isiti on as well as ri erosio (m (htc upper t)i)Itio) 
(ft lese shq)'s. 
The eO'niiatiou (of climiatie erosivitv, s(il ('ro(i)ility, and to)pog

rapliv rel)resenits the l)tntial erodihilitv ()fa site. Th'ese factors can
riot Ie cliaige(l easily. excelpt in special cases, for example. belich 
t('r;r:icing ()f]illsl)opes ii (hira (.52). l.and use is the rmajr factor 
that lai(lihw liers (an iiailipilat to cuntrol erosion. \Within land use, 
Ci Ver. lrlliigeelllit. aid ,irt (titig corig ",iservatian practices call be 

)iie(i,(l"orm (anple. criver (ianhe chianigedl frmii a eultivate(l row 
('r')t,a clo e-rowing luhicaduv. vlhich will significantly reduce eroto 
Al). Ell,within a (ultivated row cr)t, n11iaagceilt can be changed 
fr~m clean tillage to comiservation tillage, in vhic residue from the 
previous crop is left on the soil surftace to cmtr)l erosioi. Mechanical 
supporting pract ices. such as e'ritiuring. pr(vide additional erosion 
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contl ol. Often, a field requires a system of practices-conservation
tillage to control sheet and rill erosion and terraces and waterways
to control concentrated flow erosion and sediment yield.

Worldwide, the most widely used prediction equation for average
annual sheet and rill erosion is the USLE (51). That equation is
A = RKLSCIP where A is the average annual erosion rate from sheetand rill erosion, averaged over the eroding portion of a landscape
profile, H is the factor for climatic erosivity; K is the factor for soil
crodibility: I .; is the factor for topography: and CP is the factor for
land use. A similar equation is SLEMSA-the Soil Loss Estimator
for Southern Africa (7). The USILE is an empirical equation derived
from more than 10,000 plot-years of data collected on natural runoff
plots and an estimated equivalent of 2,000 plot-years of data from
rainfall sil Iulators. This e0luation. in use since the 1960s, is an evolu
tion of several preceding empirical equations dating back to the 1940s
(28, ,2, 53). The current major USLE guideline manual, Agriculture
handbook .537 (51), was published in 1978. Application of the USLE 

is illustrated in the addendum at the end of this chapter.
The Agricultural Research Service and several university scien

tists currentiv are revising and updating the USLE. One reason for
this revision is to incorporate recent research data, especially for con
servation tillagt, and rangelands, into the equation. Another reason
is to improve the applicability of the USLE to climatic regions and
land use conditions beyond U.S. cropland east of the Rocky Moun
tains, the source of the original data for the USLE. Inventory needs
of SCS require that the USLE also apply to the western United States
and to pastureland. rangeland, and forestland. Currently, the USLE's 
accuracy monder these conditions is somewhat less than that for eastern
cropland (10. 43). Another reason to update the USLE is to improve
its performance for conditions where no research 0ata exist, such 
as for vegetable crops. The empiricism of the USLE limits its accu
racy when extrapolated to conditions different from those used to 
derive its factor values. 

Improvements being made to the USLE in this revision include
using the subfactor method to estimate values for its cover-manage
ment factor C (50). This method uses mathematical relationships to
describe canopy, ground cover, and within-soil effects (22). Height
and percentage of canopy cover that intercepts raindrops are variables
in the canopy subfactor. Percentage of ground cover and surface
roughness are variables used in the ground cover subfactor. The prin
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cipal variable for the 'vitilin-soil effect is the amiolitt of bioniass ill
the u)per 100 mmii of scil. Both l)aolhical cover and belowbrnd 
ground hiolMass are re( iced ver t iile Iy a Simple dixeol position
e(quation thpat considers type of biojuass, climate, and soil (18). 

This updating of the US.L, will mak-re increased use of fumdandental 
erosion concepLs related to sheet and rill erosion to im)rove the 
topographic fact or (12) and the subfa(ct:)r relationship for the effec
tiv(lnless of, gr(olld c(over. Also, c,,isidcration of the increased siscep
ihilitv o, tiavin soils to erosion is especially important for improv

ijug the applic-abilit\ of the USIK,; ii, the Palose region of the United 
States. Itirthelerinore. s('asola1 variability of soil erodibility mu1st be 
(oisi(ferecd whell the siblfactor lilethod is lise(l to estinmate values for 
the ILE (oer-inanage.ient factor (29)).

MIajor illi)roveile nts are b)einlznfiade ill the western United States 
to better define (rosivitv where only Iimit(d precipitation data are 
available to co)ip ite crosivitv (4). Nl0oitain,,lls areas in the western 
U iited Statkis cause maior cha nges in vrosivicv over dst ances of only
i lew kilmnetrs. I .ackof a(e(quat(e precipitation data to derive values 
f) climti, crosivity\ ill a regionl g~reatlv hampers application of the 
USIA, iii other contries (17). 

Alt lo(d) iu()st 11S11K applications arC for e ;timating average an-
IliaIcr(osiol). the (quation is modified anld Iised to estimate soil loss 
for single-storl (veiits. ()ne of the typical modifications ik to use 
a storrm factor basedi uponi rainfall storm energy aiid maximun in
teiiP. o'liiu of rniuioff, and peak rnoff rate (12. 1(). kJenera
tiol of these rulloff val i(s reqfuires ,. drol uric model or runoff e(pla
tion not incluided in Italvhrd [.USIi procedures. Another typical
i )(tifiicati(;i is to uss valies for the USILE cer-management fac
tor C that apply to the conditions at the time of the storm. The stan
(arl C val ictis a \veiglted average, based u pon the seasonal clistribu
tion (;f rainfall erosivit " and seasonal cover-management factor 
val'-s.
 

Predicting sediment yield 

The topography (dt many farms causes sediment deposition to occur 
within fields. Thus, sedimeniict yield is much less than the sediment 
proclucc(d bv erosion (.34). A simple way to estimate sediment yield
is to multilply the USI,1 ef usion estimate by a SI)H . Though simple,
this approach is not accurate for specific fields because researchers 
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have not determined explicitly the effect of topographic features of 
fields on SDRs (34),

Sediment delivery is a runoff transport process, which makes ithighly correlated with the volume of runeff and peak runoff rate.Therefore, scientists frequently use a runoff erosivitv factor involving these runoff variables for the erosivity factor in the USLE toestimate sediment yield o! a storm-by-storni basi. (47). Like theevent-.asd ItSl , a tj,e:arate procedure from the USLE is neededto Conllpte 1ninofi, values. Also, values applicable at the time of eachstorm air, used or',r the USIFF cover-management factor C.Erosion and sedinmet yield prediction methods also can be based on the undainential c oneept that sedinent yield is determined byeither the atiitunt of sediment 'nade available by detachment processes or by lhe transp(,,-t capacity of' the runoff (2. 9, i9). Prediction ,inthods based uiion this concept usually are complex and reqt ire use oifl electronic calculator. microcomputer, or large main-.fra ut cO~;mpitor for the most eom)lex nethods. These methods include equi ttit ns for dletacheint by raindrop impaet, de'tachnent byHw. transprt byI floN , andI deposition by flow. These procedures,
called um tels, are a coll, cetion of powerfuil inathemnat cal and logicequlations. lhey can provide information at several locations overthe Iandscape for detachin(Pt rates: transport rates, and propertiesof the sediuneilt being eroded, ti ansj torted, and deposited. CREAMS,a field-scal(. iiodel for Chemica.ls, Runomff, and Erosion for Agricultunrai M natmelint Systeis (16, 20), is one nv'del of this type being
used in field applications by SCS. A hydrologic component needed
to contp, ite r: noff valtics to drive erosion equations is usually integral
with the erosion component in the same computer program. Application of the CREAMS niodel is illustrated in the addendum. 

Predicting concentrated flow and gully erosion 

Within the last 5 years, scientists and polie makers have recognized concentrated flow as a major sediment source within fields.SCS is now monitoring this type of erosion at several sites across theUnited States (14). 1echnology is being developed to predict this typeof erosion, and the, CRIEAMS model includes an early version of acomponent for e;timatin,. it (13). This com)onent is based on thetheory thlt the erosion rate at on 
a channel is proportional to the difference between the flow's shear 

a point the wetted perimeter of 
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stress at that twoint and the soil's critical shear stress. Several factors, 
incliding tillage. soil thawing, and scii textire, greatly affect critical 
shear strns; (S. 9). 

Another important fb'atirc in many' coincentrated flows is the 
effcct of inmiilied S(il belncath the tilled sillrface Zone. Thew mocre dense, 
comipact. titilled soil c'iii act as a noncrodible layer, restricting the 
depth and rcdicin rthe erosion rate in the concentrated flow chan
eln. he laver also causes crcc(hed concentration flow channels to t),

wideI and shallow, w\.hil, the elcat.1ls are narrow an(l incised when 
Ho pr(s(t.tl)n(trodib)le layer is iot 
f itt Icch in),tcy exists for tmrclicting gtdly crosion. \\,hat is avail-

Ie is sitltIc and not partictldarly acc.trat( (1). Most estimates of gully 
erosion arte based oct field imonitoring. 

F'iture erosion prediction nmetlhodls 

.Mxost filtllre errsici preldiction icetlhods will emphasize fuinda
mental anc lvdirohogieally based concepts (5. 
 1]. 25. 38. .11). This
 
tretnd isparti,.A larlv trlite in the [Uited States, where rapid advances
 
Ut portale (,coltlctrs peirmiit csmc oc'a ccomcplex prediction method
 
ill tile field. lcscai'echers also 
 anc atten jtin to make crcsic)n cqtia
ticcis tseci ilc dev'.'l)iitc ccci tries imore fcindatnentalk' and hvdro
loiically ica ec, (27).
 

BHcase, co()st lydr l)iallv Iasecd Itelh ods com)iltc (rosit onil
 
a stcIttc-bcy-strnItt 
 basis. av'rag( ammia etcrsion is comcilted over 20 
or "it(ccr v'ahcs. Stochasti(' proceditr.s can he tsed toets of sIt 
ccctcpclttt cliniclic iccl)ccts having the statistical procperties cf' historic 
weather (4h). Als(), t lccsc erosiccn peldiction mehccdcis will inchide sim
h(rop grocwthi 'wcr and managCmentdels to (,(cni )Vtt, factors. 
l)evelccpnct of lunfe. cotmplex crosici predi(ticcn methods re

(lItiring mainfra.nc, cocpiters will coittini .Ihcwever, thc.:, models,
scich alsC'A.S will be Ichore applicable toca broader range o!" field 
i1cc.diticcns. Most c tee tcccdels (tirrentlv are limitedi to research 
applications.. l"cr,'asc, availabcility c' )(rtable colptlcer terminals 
and tel(phlic cotcctocclcicatiis withItaitf'rac (tccml)cte'rs will in
crease the adcccsii)ilit\ ofc th,.,e Ilo)dlels. 

AdValI'Uccetitis ccftctl iic'a.itsc lie dliffictilty (I' silnL ,'rsion predic
tic)i technol)g. which can excec(I tile i scr'. techntiical competence. 
Expert systems. a iratch cf artificial inlteligence,, will be developed 
to) help i ies select an appr)pnriat( vrccsio n clretiction Itdlel, assem
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ble input data required by the model, run the model, interpret model 
output, and make an assessment or management decision. 

Evaluating productivity impacts 

Erosion and sediment yield predictions are useful to rank the ero
sion and sediment yield ha7ards for several sites or different crop
ping practices at a site. Although such rankings are useful, erosion 
estimates compared against soil loss tolerance values provide a quan
tit.tive measure of erosion's severity. The soil loss tolerance concept 
has proven useful for assessing soil erosion and selecting conserva
tion i)ractices for a specific field (,51). Current soil loss tolerance values 
used by SCS are based mainly on scientific information existing prior 
to the I960s (39). Because of widespread interest in the impact of 
soil erosion on crop )roductivity, researchers are reexamining these 
values. This has encouraged development of new prediction methods 
that estimate crop yield reductions due to erosion. One of these, 
EIPIC-- Erosion Productivity Impact Calculator-is an elaborate, 
process-oriented model (48). It includes components for climate,
rnnoff, erosion, soil moisture, soil chemistry, crop growth, manage
ment, and economics. Another is the PI-Productivity Index-nmodel 
(33), which uses a set of simple factor equations for soil )roperties, 
available water capacity, resistance to root penetration as indicated 
by bulk density, and pIl. Also, economists are developing models 
that estimate economic losses associated with erosion (6, 35, 49). The 
U.S. Departnmint of Agriculture is using such productivity and eco
nomic models in its 1985 assessment of the impacts of soil erosion 
in the United States. Also, current soil loss tolerance concepts and 
values likely will be adjusted, partially based on results obtained from 
these models. Applications of the EPIC and PI models are illustrated 
in the addendum. 

Prediction issues 

Validity i sues. Because no prediction method is perfect, researchers 
must judge a method's validity for each given application. Each 
method works best for l)articular applications. Even for an intended 
application, estimates will not be exact. But are they close enough? 
Is theory behind the method valid, and are the results themselves 
valid, or could they be invalid because of improper input? The 
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validity issue can be addressed bNv considering ap)plieahility, utility, 
and accuracy. 

The prediction method mrst be applicable to the particular sitiua
tion. For ex ample, the USI.IE clearly does not estitiate erosion 
caused by surface irrigation. Therefore, this application of the USLE 
canI be rejected directiv as invalid. Iowever, the validity of using 
the USLEI t) estimate erosion from sprinkler irrigationi is not definite 
an. therefore, the user must juditre whether or not the ilpation can 
)e applied and determnine precautions if it is applied. 

The Prediction method nmust be u sable. For exam ple, a method 
Tniav be extremelv powerful, utt if coi]mptiting facilities are not 
available or if research has nl()t determined the required iarameter 
'alies, the netlhod is not usable and. therefore, in appropriate. 

The issue of aceiracy usually is addressed I)v statistical confidence 
inter-vals about estimates from tile preditlion method. lhwvoever, the 
r(plti rend accuracy, ext)r(ssed by narrowness of the confidence band, 
(lepend.s iponm the specific' problem. Confidence bands Ihave riot been 
est ablished for most cro )sion prediction methods, nor have accuracy 
reqpuir ements b(ei established for most applications. 

The best Iwastuire of validlitv is this: Does the method serve its in
tetided pirpos,? 

Rem .rch issues, lesearchers ittist consider several isstes that can 
affect the fitnal restulls of research as the' plan an(] conduct further 
research to develop erosion prediction methods. Obviously, scien
tists must define the requirements for the prediction method being 
luvel ed . These ol)jecti\(.s lmist be balancend against available 

rTsearce 1(,0(I rees of timie,1money, lrsonnei , and facilities. If 
ui rgency is revat ()r resources are limnited, then technology transfer 
from one location too another is a major consideration. Fortunately, 
muich (f tile USIAF (11) and (REAMS (21) can be transferred to other 
eountries whrc resom)res are limiited and tire need is urgent. 

In the Unit(d Stales, high lab(or costs have reduced significantly 
the u.;e of natuiral ruioff 1*'ts toocollect ero sion data. Instead, rain
fall simulators are i(rw used widely (30). The converse is trie in some 
developii countries.\where scientists (o not have the resou rces to 
build and operate rainfall simutlators Itut cai operate natural runoff 
plots (26). Thus, proogress for improving erosion prediction methods 
can be accelerated by increased international c( operation armong ero
sion scientists. 
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Development of the governing equations is only one part, actually
the smaller part, of developing a new, fundamentally based erosion 
prediction method. The larger effort is the determination of theparameter vallies ieeded to represent the \'aroty of conditions towhich a field-applicable method mutist applv. Though distinct in con
cept. separating fund amental erosion proJeesses while maintaining
their interaction inder field conditions is difficult. This hampers
research needed to deteriminc parameter values for the fundamen
tally based prediction methods. U1 timatelh, a choice must he made
for ally meth( d,enlpirical or fndamental, considering whether thedifficulty and tx pense of obaining additional research data results 
in a significant improvelment in the prediction method. 
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ADDENDUM
 
Example Applications of Erosion and Productivity Models
 

The USLE model 

Soil conservationists working with farmers have used the USLE 
exteiisivel\ to .,uide their choice of conservation practices particularly 
sulited to specific fields. logether, the conservationist and farmer in.. 
spect a field a(d (-hcise the field location where erosion appears to 
be most severe. A representative landscape profile, together with its 
slope length and steepness, is chosen for the critical area. For this 
example, assume 72 m for the length and 6 percent for the steepness,
which gives a value of 1.03 for the ISLE- topographic factor (LS). 

The next Step is toIuse a s,)i sinrvev mnap to identify the soil on 
fhe critical area. Once the soil is identified, values for soil erodibility 
(K) and soil loss tolerance (T) are selected from a table of soil prop
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erties previously developed by soil scientists. Assume that K = 0.042h/MJ mm and T = 10 t/ha - v for this example. A value for the
climatic erosivity factor (R) is read from a map previously prepared
from rainfall records of 20 years or more. Assume that 11 = 2,100
NIJ ' m1mvah. ill this example.

A soil conser\at ion practice is considered satisfactorY when con
putted soil loss at the specific site is equal to or less than the soil losstolera lie for the soil at the site. The cover-management (C) and sup
po rt ing practiccs(ft fa'ctor- in the USLE describe the effectiveness
of liii[st ,il conservation practices. For this example, assume 
tillage is predonillantly up-and-dovn-hill, which sets P= 1. 

that 

A - I K I, (: 1 [Al] 
where A.is thi comptiptd avcragc annual soil loss in t/ha'v. Because
the maxi Inliii allowable soil lo s is '1', this value can be substituted
for A so that equt ion Al call be rearranged to compute the max
immt allowable alic C,, for the cover-management factor: 

C ='', ""1 K lI'S [A2] 
In [llis examlnpeh (C,, is von 11 itd as: 

( ,, = 10/(2.1(0 ,(.12 x 1.03 x 1.0) [A3] 

C:,, 0().11 [A4] 
Next, a list of soil conservation practices and their C values are

scanned Im. practices having values less than C, = 0. 11 in this
example. ThI far ter then chooses the l)ractice that he or she prefers.

The list (f Ipractices and their C values 
were prepared previously
by an a-r )oIII list cmisi(lering \'ariations in plant cover, tillage, priorlind ,use. ai her ('i X'r-rianagement factors in conjuinetion with
the \'ariati ;nof, climatic erosi'ity over a year. Several aids, including
plastic sli(h, rules. are available to facilitate field use of the USLE.I)etails (m tht, I, I,.F. an11d its application were given b' Wischnieier 
and Smith (52). 

The CIIEAMS model 

In (0contrast to ilie USLE, which can be used directly in the field,computations with (IEAMS are made in the office where the user 
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Table 1. Analysis of several farming practices for a specific site with CREAMS. 

Enrichimnt Ratio 
(EllI) Product 

Sediment )'ild Basd on SY"Eli 
'ractict' (t/ha) Specific Surface A rea (tha) 

I. 	 Continous corn. mold- 16 1.8 28 
board plow. disk, 
cultivate, mtprotected 
waterway 

2. 	Same as (I), except 5.1 2.7 14
 
grasse(d waterway
 

3. Same as (1). 'Xctu)t 2.7 	 2.3 6
chisel plow, [it 

culttiVatittoll anid 
~rtssetd witerwa , 

1. 	SaMnt as (I), except 3.8 2.8 11
 
terracs onIt 0.2";
 
11a th (l a grastsd

mt lct uhu iii 

5. 	Samc its (1), except 1.6 4.27
 
iopounlmunt at lower
 

cud of'"inprotch(l 
wat'rwa 

has aess to a computer. N,hereas the IUSLE is al)plied to a represen
tati e land profile, CI1EAMS is applied to a representative water
shed of abouit 5 ha within a field. Topographic data are chosen from 
a contour mnap or a field suir\ ev or a re)resentative overland flow 
path, which is usually noluumnliforl and mav include a depositional 
area. Also, topographic data are ehosen for the profile along the con
centrated flow channel that typically drains the watershed. Parameter 
values representing the soil's erodibilitv and runoff potential are 
selected from .soil sur \'v data. An array of values are selected from 
the CREAMS manuals (414) and asseUlbled for cover-management 
parameters related to runoff and erosion for cropstages over a rota
tion cycle. The remaining data needed to run ClIFAMS are the 
climatic file, consisting of daily rainfall over the evaluation period, 
usually 5 years or more, and long-term average monthly values for 
temperature and solar radiation. Many of these data files can be re
used so that less time is needed to use CREAMS in subsequent appli
cations once the initial data files are prepared. 

In a given application, several management alternatives are ana
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lyzed with CRIEAMS. Then results, such as those in table 1, are pre
sented to the fa.lrmer. The conservationist and the farmer together
select the practice thlat l oth )rovides control of rsion, sedimentyield, and chemical loss on sediment and meets the farmer's desires.
In this example (Table 1), the major concern is loss of chemicals onsediment fromii the field. Sediment yield is lowest with practice 5,but the conceitration of chemicals on the sediment is highest for this 
practice, as indicated bt l, high enrichment ratio. The product ofsediment yield and enrichnent ratio, the last col ulin in table 1, indicates total loss of chcliilicals. fie ause this product is lowest for pra
tice 3. this practice best coit rols chemical yield associated with sediment. Alsot. this practice better controls sheet and rill erosion than
(oes )ractice 5. 1)etails of this example were discussed by Foster and 
associates (1.5). 

The PI model 

Soil loss tolerance valtucs currentl' used in the United States arebased oin research conduicted before about 1955, and these \,allies
also lepresent the collective judgement of researchers, soil scientists,
and(others (3)). Recent concern about tle impact of erosion ,i pro
ductivity has identified the need for an imlproved, quantitative
iiiethod for esti iiating4 soil loss tolerance values. Assessments of theimpact of' erosion ol productivity increasingly eilphasize economic
losses Chie to crosioi (0.).Such analyses require estimates of yield

rc(uctions due to ,rsion.
 

The Pl mlodcl is a siniph, tool that can be used to guide choice

of" soil loss tolerance valutes rcqliired 
to maintain pioductivity andto estilnate \'ield loss caused by erosion. The model provides no inlornatioii OH iotential gully (rosion or off-site sedimentation im
pacts that present soil loss tolerance values consider (39). The PI
model uses soil survcv 
(ita to construct functions of )rodLuctivitv
index versls oil loss. s,' cl as figure 1 (33). The slopes of the linesin figu re I re)res(nt the vulnerabilitv of a soil to productivity loss
caused be'roin. So ils like Port 13vron having a flat PI versus eroded
deptlh ai loleteIa higher erosi(in rates than can soils like lockton 
having a steep P1 (33).curve 

Us( of, the Pl m1odel to estinliato, the value of tolerable soil loss isbased on an allowable crop yield loss over a planning horizon or time 
period. For examItle, assume that loss of 0. 1 PI unit over 200 years 
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1. 	 Port Byron 
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Figure 1. Reduction of the soil productivity index, P1, with soil loss on three soilseries in Minnesota- these relationships illustrate the relative vulnerability of soils 
to erosion. 

is acceptable. A ver, large erosion rate for the Port Byron soil can
be toleraled because productivitv does not decline with I m or more
of soil loss. 1lowever, oth.. factocrs, such as off-site sedimentation 
impact, coul d rcquiiie a lh),w soil loss tolerance value for the site in 
this particular situation. In another situation where off-site sedirnen
tation impact is less critical, the soil loss tolerance valeli would be 
higher. 

In the case of the Kenyon soil, a loss of 0. 1 PI unit represents an
eroded soil depth of about 520 rm, which converted to mass per
iinit area is about 6,760 t/ha, assuming a specific bulk density of 
1.3g/mc for the soil. This loss, divided by the assumed 20 0-year plan
ning horizon, gives 35 t/ha v for the average annual, allowable soil
loss. In the Case of the Rockton soil, a loss of 0. 1 P1 unit represents 
a soil loss of about 110 min, which converted to mass per unit area 
is about 1,-130 t/ha. This loss divided by the 2 00-year planning horizon 
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gives 7 t/ha v for the average annual, allowable soil loss. If the plan
ning horizon is doubled so that productivity loss cannot be greater 
than 0.1 PI unit over 400 xears rather than 200 years, the allowable 
soil losses will be cut inhalf. In each situation, factors in addition 
to productivity loss must be considered in ar-iving at the final soil 
loss tolerance value. 

When the Pl model is ise( to estimate crop yield loss, an initial 
P1 value is compuited for present conditions. The USLE then is used 
to estinmate average annual erosion, which is converted to a loss of 
soil depth by iiitiying by a planning horizon. perhaps 20 years. 
Another PI value is computed for the reduced soil der',h. The ratio 
of crop I"I values equals the ratio of the yield at the end of the period 
to the currenit vield. 

The EPIc model 

HPIC is a t)owot.tfl, physically based model for computing pro
ductivitv losses (Ilie to erosion at a specific site. It too can be used 
inthe application described for the Pl model, including estimates 
of ecolmilic lcosses caused by er sion (19). A powerful use of EPIC 
not possiblc \%ith thie PI model is stu d' of the variability in crop yield 
as 't function of climatic variability, which easily masks slight pro
(hIctivitv losses eallsed lV erosion. 
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Figure 2. Short-term loss or gain in crop produmAivity with erosion or deposition, 
as complted with EPIC. 
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Table 2. Relative productivity by profile shape and time. 
Profil' Relative Productivity by Timne (years) 

Shape 10 50 20020 100 

Uniform 1.00 0.87 0.830.90 0.86 
Convex 0.88 0.87 0.830.85 0.78 
Concave 0.99 1.62 1.01 1.01 1.00 
Complex 1.00 0.99 0.97 0.95 0.92 

Ratio of net podtictivit v for the1p1ofile wit he rosion a rid deposi
tion tt, the net productivity for tOw profile when no erosion o" 
deposition occurs.
 

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

and a basis for soil
 
conservation practices
 

Research objectives in all areas of inquiry develop with time. Early 
O)bjectives (c',ninonlh deal with mapping the extent to which the 
variablh of interest (here, the rate or amount of soil erosion per unit 
arca) depends 11)on tl .e range of factors involved. The methodology 
developed in the United States that led to the universal soil loss equa
tior, ( JSLE) has met this objective successfully (at least for thL U.S. 
Midwest). But this very succes; may have delayed development of 
furthcr objectives in the manner that is common in most areas of 
research. 

Types and objectives of soi! erosion models 

Scientific investigation of agriculturally related questions often 
begins with a series: of€ experiments in which each of the variables 
ihoulght to be important ik,varied or allowed to vary over a signifi
cant range. Then, researchers use statistical models to investigate 
the data obtained, perhaps leading, to a concise summairy of the major 
apparent relationships. Tlhis sequence of experimental investigation 
followed Iv :tatistical analysis has occurred in the study of soi! ero
sion carried oiit by the U.S. Soil Conservation Service. The statistical 
sum m arv of data from field piot cxperinments in the U.S. Midwest 
is the USLE (1i). 

In US LE experiments, the -ariablhs of land slope and plot length 
could be chosen (within limits) and a range of soil types in the geo
gilaphic region investigated. The experimental program was quite
massive because on each soil type the researchers investigated the 
effect on soil loss of different degrees of cover as well as a suite of 
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land management practices of interest at the time. The significance
of environmental and hydrologic characteristics was recognized.
Scientists hoped that rainfall characteristics would adequately cover 
both aspects--.a hope not fully fulfilled with the advantages of 
hindsight. 

The USLE summarizes this vast hod of regionally derived data,
thereby greatly increasing the usefulness of the data base from which 
it is derived. However, a summary of a data base, whether or not 
expressed as an equation as illthis Case, is just that. Thus, researchers 
increasingly have recognized that the USLE is not universal in its 
apllication, partly i×'cause it reproduces correlations between rainfall 
Ard runoff specific to the data set and partly because of limitations 
in the range of soil types. Any model based solely on collected data 
(like the USLE) is a captive of the extent of that data E,4t.

There are more important and general considerations, however. 
There exists widening recognition that the objective and role of the 
USLIF: k not to test a replresen tation of the processes involved in soil 
erosion. Processes are universal, even though the relative and absolute 
significance of different processes will vary, as wiii the particular 
outcome in any specific set of circumistances. Hence, there is a -lesire 
to develoo models to represent the lrocesses at work in soil erosion 
and deposition. 

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

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

Basic approach to sediment erosion and transport 

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

strip width )f plane are called fluxes (Figure 1). Sediment flux (q,)
is the mass of' sediment flowing per unit time across a unit width 
perpendicular to the direction of the flux. (This sediment mass is 
expressed on an o'en-dry basis.) Likewise, the volumetric water flux 
(q) is the rate of volume flow of water per unit strip width (in
 
i11 o nI1s 1).
:1 'MI S or 2 

The sediment concentration (c) i,; as oven-dry mass ofexpressed 
sediment per unit volune of suspension. (All symbols are listed in 
the addendun.) By definition of these terms, it follows that: 

(!,= (iC -1(kg m S ) [1] 
Soil loss from the land area during an erosion event is calcu

lated by summing the time-v'triable flux (1,at exit from that area 
(Figure 1). 

From ejtiat ion 1, it follovws "at a description of soil erosion pro
cesses involves description of the hydrology of surface flow (because 
of term1q) and a description of the various erosion processes that add 
to sediment concentration, c, and deposition, the only process that 
tends to reduce c.The magnitude of c arises from the balance between 
these opposing processes. All of these quantities can vary with time 
and distance down the plane. However, because average values per 
unit plane width are used (Figure 1), there is no separate, explicit
distinction between rill and interrill processes, even though rilling is 
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a common, although not iiniversal, feature of land surfaces suffer
ing from soil erosion. 

lih approximate analytic model for overland flow. Rose and 
associates (It)) devehloped the following analytical method for overland 
flow. !xc..s railfall (H1) for lanid element is defineda as follows: 

H = 1' - I (m s ) [2] 

where P is thv rainfall rate and I is the infiltration rate into the land 
surface (all being 'unction'z; of time, t). 

Let ( represent runoff per unit area. Then, from figure 1: 

Q (11 (11s') [3]", 


where q is the wa',2r flux at x = L, where x is tile distance from 
the top of plane, where it is assumed that q = 0 (Figure 1). 
Ifthe land eiment is small, for example, I ,u-, then the excess 

rainfall is q uieklv shed by'overland flow from the element, in which 

S= Ht (in ') [4] 

I lowever. if the plane length (IL)is mbstantial and H is time variant 
(as it no rmallv is), then changes in Q will lag behind those in 11 
because of tie tine taken I'r water to gather o1 the soil surface an(d
flow down the plane. Thus, in general, H1t Q. Using the approx
imate analytic tIheory of H(ose and associates (10), it may be shown 
that:
 

H (,) + Kd(dQ'dt) (Il s') [51 

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

For an as:i;mied simple time variation in 1), the approximate form 
of the c(,rrespovdi ug relationship between R and Q given by equa
tion 5 is illustrated in figure 2. Note that it follows from equation
5 that R = Q when Q) is a maximum (i.e., dQ/dt = 0).

In gentral. H1cannot be measured. However. Q is measured 
readily, and equation 5 allows B !o be calculated from Q. With R 
known, I can be calculated rising equation 2 because 1)also is inea
st red easily. Ihence, infiltration characteristics can be derived allow
ing I to be estimated from measurements of P (7). 
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Figure 2. Simplified time-variation in rainfall rate (P), infiltration rate (I), rate
of runoff per unit area of plane (Q), and the approxinate analytic solution for the 
excess rainfall rate (R). 

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

(X) = Qx (miim' s-) [6] 

Erosion/deposition process model 

A full description of this model is given b Rose and associates (6, 
, 9). The model relates the sediment flux at any position on a plane

and at any time in a runoff event to factors on which this sediment 
flux depends. The theory also has the capacity, suitably extended, 
to predict the rate and size distribution characteristics of sediment 
accumlation elsewlhere on the landscape, given information on rele
vant surface reomnctry. 

JFrousim an1 deposition processes. xeluding landslides or gullies,
the following three processes affect sediment concentration: 

b- Rainalldetachment, in which raindrops splash sediment from 
the soil surface into the water of overland flow. 
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N Sediment deposition, which is the result of sediment settling 
out under the -iction of gravity. 

0- En traino(it of sedimnent, the process whereby overland flow 
picks up !;ediment from the soil surface, whether in rills, between 
rills, or in sheet flow without rills. 

)etachnment and entrainment increase sediment concentration; 
deposition decreases it. as illust rated in the Forrester-stvle flow chart 
of erosion and deposition processes that occur simultaneously at 
(Iiffvrent rates (ligure :3). The restdltin g sediment concentration 
(c, Figure :3) is detcrili ned by the relative magnitude of these dif
feren t rates., denoted as ,. d. and r, respectively. 

ThC rates of these tlire , :r',:: ':" 1W r.'c. ,;n.anti! atively 
as f,llws: 

flarl of rainfall dctachincm, v. This is gi xen as f[cllows: 

c = a , 1 (kg In 2S 1) [7] 

where a is at measu re of the detachability of ,;oil )b' rainfall of 
rate 1) and (C, is the fraction of the soil surface -.xt)osed to the 
rain trops, 

Hale of edimcnt dehptsitin. d. This rate depends uon sediment 
size distribtin amid is very rapid for siknd and very slow for clay
sized aggregates or particles. Thus, d must be calculated as the sum 
of d,. calculated separately for each sediment size class i with set
ling velocity \,. It follows that: 

= vcc, (kg in - s') [8] 

whe.re c, is sediment t)inceuntration in size class i. 
Rate of sedinicnl entraintcit . r. Tli entrainment process in 

overlaud flvw is similar to bedload transport in streams. The rate 
of bedload transport can be related to the excess of "stream power"
(2). above a ihresht ld value (fQ) required to entrain sediment (1).
Stream power is the rate of working of shear stress between sedi
ment and the strcambed. An analogous atiproai can be developed
for r using inass Conservation of sediment in the elementary section 
of overland flow shown in figure 3. The fraction of soil surface, C,,
unprotected front entrainmlent by overland flow is introduced and 
plays a similar role to (" in ( (equation 7).

The stream power can hbe calculated front the bed slope and the 
water flux (1. \Vhile tiwst tream power is the maximum rate at which 
energy is available per iinit area. not all this energy is used in 
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entraining and transporting sediment. The efficiency of this conser
vation is denotecd rl, where 1) < qI < 1. 

Model 0J'crosiof/depo.tionon z plane.The model follows from con
siderations of mass conservation of sediment in the elementary sec
tion of overland flow (Figure 3), combined with a marriage of the 

ELEMENTARY SECTION OF 
OVERLAND FLOW 

FLUX 
IN 

FLUX] 
OUT 

Sediment Mass O 
i _i _ _.-Volume 

(j) edj) 

SOIL 

,,/ 

X X+5X 

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

i and concentration c, requires that: 

- )a (q c,) + a (D c,) = ej di +r, (kg m S [9] 
a x a t 

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

Using equation 7 (suitably modified) for e, equation 8 for di, and 
a more complex ex)ression for r,, it may be shown that, to a good
approximation, the partial differential equation 9 can be reduced 
to an ordinary (first order) differential equation, which is readily
solved. A result of this analysis, analytically summing ci over all 
size range classes, yields the sediment concentration [c(L,t)] at the 
bottom of the plane of length 1.as a function of time t. The result is: 

I 

c(Lt) = (aC..P,'QI) I (1/,) +Q gSKC,(I -- x./L) (kg ni1),(L > x.)[]0] 

The first term on the right- lmd side of equation 10 is due to rain
fall detachment and the second term to entrainment, both being net 
values over deposition. The previously undefined terms in this equa
tion include: I, number of sediment size class range,; 1 + v,/Q;y,
), density of water (1,000 kg m '), g, acceleration due to gravity
(9.8 m s 2), S, land slope (sine of inclination angle); K, 0.267,7,
\%here 1 is the efficiency of net sediment entrainment and trans)ort;
C,, the fraction of soil surface unprotected from entrainment by
overland flow; and x., the distance downslope from the top of the 
plane beyond which entrainment of sediment commences.
 

The variable distance x. is related to 1Q, (8) by.
 
X. = Q,,/(Q gSQ) (m) [11] 

and thus varies with time, as do Q, yi, and P. 

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

q(Lt) = c(IL,t)QL (kg m-1 s-1) [12] 
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The accumulated mass of sediment (M) from a plane of width 
W is thus given as follows: 

M, = WL f c(L,t) Q dt (kg) [13] 

where tj is the duration of the runoff event. 
In applying equation 13, because sediment concentration c(L,t)

and runoff rate Q vary with time, the integral can be adequately
approxinated by sunmning over calculations of c repeated at some 
time interval At, which could be the time-averaging period used in 
some rainfall-rate measuring equipment. Summation may thus re
quire 10 to 20 calculations, which can be carried out by hand calculator, though use of a microcomputer or programmable calculator 
has obvious advantages. 

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

If there is a reduction in the slope of the plane, then net deposi
tion will occur. The same theory given above can be modified to 
yield an exl)ression for the amount, location, and aggregate size 
(listribution of such deposition. 

Deposition that occurs in the channel formed by contour banks 
accunulates with erosion events and can lead to the bank having
to be reformed. Deposition of eroded soil in waterways, dams,
and other puhlic utilities has a range of economic and social con
se(lUences. 

A simplified erosion process model 

The general model given above can be simplified and still pro
vide a good approximation in many situations. 

Equation 10 can I)e rewritten as follows: 

c(L.t' = A + B [14] 

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

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

c(L,t) 	 = Q gSKC,(1 - x.iL), (L>x.) 
= 2,700 Sq C,(1 - x,/L) (kg m-3 ) [15] 

be'cause K = 0. 2 76r/. 
Concentration c(L,t) in equation 15 is a function of time t only

because x. is time-dependent (through Q, equation 11). If x* in 
equation 15 is replaced by a time-averaged mean value, i*, defined 
from equation 11, then: 

= Q,/( ,, iSQ) [161 

where 	Q is mean rate of runoff per unit plane area, as follows: 
- tit 

Q = f Q dt/t, 
0
 

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

2c = c(L) = ,7 00SriC(1 - x, /L) (kg in 3 ) [17] 

The terms r/ and _* (or Q0, equation 16) in equation 17 gen
erally are not known and require experimental determination. If 
length L > 30 m very approximately, then X- /L can be small 
compared to unity, in which case the theory simplifies further to: 

c = 2,700 S)- C, 	 (L > 30 m) 	(kg in 3 ) [18] 

Under rainfall of constant rate, there is experimental support for the 
constancy of sediment concentration indicated bY equations 17 or 
18 (3, 4). 

Substituting for c from equation 18 into equation 13 yields: 

tit 
?7= (MJ,/WL)/ (2,700 SC, 	f Q dt) [19] 

0 tn 

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

If L < 30 in approximately, then -,/L may not be negligible
compared to unity, and the form of simplified theory given in equa
tion 17 shmld be us;edI. More fundamental than a requirement based 
on slope length ,would be a requirement that stream power Q should 
be greater than about 0.5 W 1 2 before equation 18 be used, 
where: 

Q = C gSQI. (W n-2 ) [20] 

Justification for the figure of 0.5 \W In2 will come later (Figure 4).
Substituting for T. from equation 20, it follows that: 

c = 2,700 S C, r?(1 - )Q0 [21] 
= 2,700 S C,A (kg n) [22] 

wvhere 
A = ?](I - 91/5) [23] 

and Q is a time average value of Q. 
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In general, neither r7nor Q, is known. Hence, only A(equation 
23) can be calculated from runoff and sediment loss unless QO/5 is 
negligibly small compared to unity. One way in which Q, can be 
determined iS illustrated in the next section. 

The effect of plot length on soil loss per unit area 

The length (I) of a cultivatedl plot is an important variable that 
can he controlled by managem ent. As the scale of mechanical cultiva
tion and harvesting qulipment has increased in many countries, so 
has the length of :ult ivated slopes between effective barriers to 
overland flow, such as contour banks. lowever, especially where 
ciltivation is not mechanized or where the scale of mechanical equip
ment is modest. then the length of slope bIet\ evn effective barriers 
to overland flow can ibe reduced to much smaller values. This is a 
comnmion practice in Third World countries, and it can lead to 
maibstantial reductions in soil loss per unit land area. 

Th1e purrpoise here is to illustrate the applicati m of equation 21 
and to relate soil loss per unit area to 1.and other relevant variables. 

Equiatiin 2 1 can be illustrated uising data from Dangler and asso
ciates (2), xvh neasiured runoff and sediment loss using a rainfall 
simulator (n field sioils on ihe islands of Iawaii and Oahu. Two plot 
lengths were inivestigated, 10.7 in and 22.9 mu. Simulated rainfall 
rate was 63.5 mim h 'xperii ents lasted about 120 minutes. The 
first experiment, at prevailing field watcr content, was sometimes 
followed some IS hours later by a second wet run. The data ana
lyzed was for a Molokai soil, a silty clay loam (Typic Torrox, or 
()xisol). Prior to these experiments, the test sites had been incon
tiumis si garcane productn. 

I ii-fre 4 shows the analysis rofthis data using equation 22. Despite 
scatter apparently due to site-to-:;ite variability, a tendency for Ato 
increase with 9 is evident. Such a relationship woild be expected 
from the lrm of eqiation 2 3, diowt, fitted as a curve to the data, 
assuming ?] is a constant equal to 0.35 and Q,is 0.05 XV in 2 . This 
value (0.05 W 11 2) corresponds to the value of Q at wh ich Loch 
and Donnollan (4) found rilling to commence, accompanied by a 
quite rapid rise in sediment concentration. Itshould be noted, 
however, that their experiments were on quite different soil types 
than those investigateId by Dangler and associates (2). This raises the 
interesting possibility, requiring further investigation, that Q0 may 
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not vary greatly with sc(il tvpe foIr soils illa recently cultivated 
colditioll.
 

It fo)llows frolm Uquation 2:3 that Atends toward the (assumed) con
st ant valii( of 17as Q increases. \Vhether or not for any particular 
bart' soil 7does hav;'i1 appr)ximatelV constant valtic ine(lpendent 
()fQ re(qluires further in'estigatio(n. 

Assuming r isapproxiiliately constant, then, despite the scatter 
illfigure -1,the grat imp)ortallic, for the factor (1 - in inter-Q!,,I) 

preting soil loss from slall- to ilodest-scae expferinci)lts isclear. 

Using the vallies of Qt) and 17 o)tainedl by fitting equation 23 to 
ith we call examine how soil loss would be expecteddata in figilre -I, 
tovary with lht lngth for apartieular suite of variables. From figure
I and ((lplatioll I. the soil loss per tlinit land area (m.. M,/NWI) is= 
g(ivel b Ilc, frolm e(qluationis 1:3and 17 nd writing 

f (itas Qt,, then 

,i 2.70()0 S C,?] (I - Q(/Q) Q (kg il 2 ) [24] 

]'qliation 2-1 was tswd to calclhate iii, for a range of values of L, 
the valie of _X(. )rrt'sl)ondi fig to)that length at which Q = Q .In 
addition to q = 0.35 and P,, 0.05 V i from figure 4,a slope
of S = (). 10 I (bare soil) was assumed. TheI (()r ) and,( 
illlistrativt 'alli(s adote)td for tlhe hydr(ogic variables in this calcula
tioin correspond to a se(ve'rc rainstorm': 

'
 = 50hinn I 1.39 x 10llsandtH = 30rmin -= 1,800(s. 

Th' \'alu! of in,calctulated froml e(ql.tioln 2.1 using these values 
are shown plh)tted against 1,illfigure 5. Notable is the (luite rapid 
ris(c ii in, with lhe inc('eas( ill I,)eV(nd x. (Note that in figure 5 
ni, is expresse(d ill ( ha '. li(,c 1 kg i - = 10 t ha 1). The indica
tioln ill figure 5 that m, = 0 for I,< . follows from the approx
imatt fo)rml (seI,of' the the ory which neg('cts the first term on the
 
right-hand Si(h ofe 11ion 10. Ilh)ralctic,, this term will ensure soime
(,lat 
loss. cveil for I,< x.. The imgaitude ()fthis soil loss for lengths
less than that at whic(' ntrai nment be'omes effective requires in
vestigatioi. but is likely to )e,typically less than 1 t ha for a single 
rainistormli. 

thtol)r particular runoff ('v('nt and soil characteristics assumed 
i0calclating figure 5,the simple theory predicts that soil loss per 
init area would be less than 10 t ha' only if L < 6.5 rn approx
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imately. It is the determination of values of r and Q,, as illustrated 
in figure 4, that permits this type of inference to be made. This type 
of inference can be used in conjunction with information on tolerable 
rates of soil loss to make recommendations on upper safe limits to 
plot lengths and how such limits will depend upon land slope, for 
example. 

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

The highest value of'?] found so far is about 0.7 or 0.8 for cultivated 
vertisols (Pellusterts and Chromnisterts), silt loanis (mesic, Typic 
Fragiudalfs), and loess. Accumulation of the dependence of q, (and 
Q,)) on soil type and condition is required in the hope that some useful 
l)redictive generalizations can I)e reached. Further experience is also 
needed on the effect of tillage, tillage type, and time from tillage 

20-

S10

0 
0 10 20 30 40 

L(m) 

Figure 5. Relationship between ,uil loss per unit area (m.) and length of plot (L) 
for the particular suite of relevant variables given in the text. 
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on rl and Q,. i effect of degree of rilling (ont soil loss also requires 
more invcstigation arId a l)etter understanding of the processes 
involved. 

Effect of surface contact cover and slope on soil loss 

In addition to slope length, land slope (S) and the fraction (C)
of soil surface not protected by cover in direct contact with it are 
inpjortant factors affecting soil loss. Trade-offs between S and C,
exist in practice at the farm level if the objective of limiting soil loss 
to some tolerable rate is to be achieved. The tolerable rate of soil 
loss of ten is called a T value. If a T value represents a soil loss rate 
that will not lead to soil deterioration and/or production loss in the 
long term, it is bound to be quite variable. depending, for example, 
utpon soil depth and all the factors affecting the rate of soil forma
tion. Perhaps partly because of the experimental difficulty in deter
mining T values, there is still argument about the utility of tile col
ept. Ilowever, the concept is used here to illustrate the trade-off 

between the maximmn slope that should be cultivated and tile level 
of cover (1 - C) that can be maintained if the soil loss rate is to 
be restricted to the T \alite. It should be noted that only protective
material, such as stubble mulch, in contact with the soil surface and 
protecting it from entrainment is considered as contributing to 
(I - (:, ). 

To simplify discussion, assume that I > 30 in, approximately. 
Thus, equation 18 can be used for c, instead of the more general 
e(ilation 17. 

The trade-ofT is illustrated using the approximate relationship 
betw',cn r and C, found by Rose and associates (6) and shown in 
figure 6. Data comes from two different soil types (see lege, d to figure 
6), and there -areother causes of scatter. A relationship similar to 
the type illustrated in figure 6 appears to hold generally. 

Accepting a relationship between rl and C,, such as that shown 
in figure 6, then secifying C, deternines ri for the particular soil 
and cover type from which the data has been obtained. In this 
context, then, it follows from eqration 18 that concentration c can 
he considered to depend upon ()ih\ two varia)les: S and C,. 'ile 
depe-idence of c upon S is direct, but its dependence upon C, is 
more complex because of considerable nonlinearity in the relation 
between r and C, (Figure 6). The relationship between c and these 
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two factors for the situation from which figure 6 was derived is shown 
in figure 7. It follows from figure 7 or equation 18 with figure ( that 
for given slope anrd contact cover, c is constant. Thus, from equa
tion 1, the total soil loss per unit width of plane, obtained by summing 
over the duration of the runoff event, is given follows:as 

ftq,dt = cf" qdt (kgm -1) [25] 
0 0) 

where f ti ( dt is the total runoff for the event.
 
0
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Cr 
Figure 6. Efficiency ol entrainment (q)versus soil surface exposure fraction for two
vertisols in the Darling Downs, Queensland; (A) refers to a Pellustert, 0 to a 
Chromustert (6). 
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For any giv en site, in general, there is an effect of fractional cover 
(1 -,), not only on c hut also oin total rnoff. Ihknce, total soil 
loss is influenc'd by cover through its iifluier:(.e both on term c and 
total runoff in equation 25. 

For a .sec(ific sitc at (;rvemiiuioit in tle I)arling I)owns,
(,)uweenslaod, I). Mi. lretbaiuo (Queensland l)epartmnent of Primary 
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Figure 7. Graph that permits sediment concentrations c (k,4 n*s ) to he read off as 
a function of land slope (Sexpressed in percent) and fractional soil cover (I - C,).
Based on the relation shown in figure 6 and approximatc equation 18 in the text. 
lPercentages for sediment c(oncentrat,)n are approximate. 
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Figure 8. For a particular lo, i.tion in the Darling Downs, Queensland, the aver igeannual soil loss (I q,/L) varies with land slope S and the fraction (1 - C,)of thesoil covered by mulch or other effective contact cover. The T value is a tolerancelevel corresponding to 1.kg m-' y"I(10 t ha-I yi). Arrows indicate various trade
offs bvtween maximum cultivated slope and cover if soil loss is not to exceed the 
T value. 
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Industries. personial comni,.i"If 9o:!.d 
tionship kir average annual relationiships bet ween runoff and cover: 

inn) !,:.- thI. ,olowving rela

f "(qil.)d -t59 - 29(1 --C,) (rminy) [2] 

Su.bstittiting the suite of values shown in figure 7 for the surface 
o'ver fraction (I - (C,) in ((tuation 26 yields a corresponding suite 

of, valles for av. age aillual rtli(,ff. ,liltiplving r these [by the cor
rcls)ohlji. value ofc (equation 25) 'ivesthe average annual soil loss 
per unit area (I (I) exjeetd at this site for any colnhi)ilation of 
tnntioralltcver (I - ( ) a 1) laud Slo)pe S.Suc'h Calk1ilatiols have 
ht-ei rt+tri(,tc,( hC,S I(or )" ) faIse (lst.o\newhlere( bevnl this 
limit lalldtlid(" ct'r iilvl'ing gravity that areorI mlinthalniss 


kiUl,(ed ill thi them.\ Iiiav l).CCllc ilo)rtant. "lh, r(s.Slllts of, these
 
(al(ui dat ICCI" are ivX' Iill iur
 

lre S AI1 Ashow, ; T'valu of I kg iln2 y 1()tha I y ), which
 
has beeIi iseI
ill sulue sittlatiCn. Sillply accepting this 'Ivalue as 
a CI.sirablh- CItIlC t the trade-off (all 

betweent the Ilnaxi ilin 


r iitit t ( h eicn be explored 
lan(1 'dlope that Should be cuIltivatel aund the
 

fractionuial ce(
(vr that callIibe iaiitaiiued. (Consulting,the intersection
 
\k ithio f the aholted l-vale ]iein the relatioins illfigilre 8 . wc can 

set 
that XJ I .< I kg ill'\ I tn be achieved for the following il
list iat we cCI Cof va Iics:coibi ai Cli 

lr:.Itiouial ecver (I -(C): 0.1, 0.3.),, 0.2, 

.I\iini slope S for cultivatio( ) 1, 3. 5, 7.
 

I11C Irac'tiC.lal (covcr that ean ieimintainet (hleenls tupon man\y
 
(rop arth liiu'lallgeilvt la('tors. Il mechanizc(I agriciulture, c'ver can1
 
hCCIiaiitaiied at fiieh 
llighler vallues if suitabl. stul)l)e-haundling 
.,iaehilievisa'aila)he that mininizes the burial of stul)l)le from the 
p)rc'Vions crop. I ess inteinsively nicchanizedl agriculture would appear
tC lie gciierallv lcmlatible with muinltainingr a high surface cover 

v stll e. Ill suitable, cliniates, interropping. for example. w\'ill 
. Sihrtbf) (alllegum. .CIsIC be all effeetive s(il-(misrving practice. 

Some conclusion.s
 

'l'lre,are pia.tiv.al reasons for moving from erosion models that 
suill inarize I ase (feXperimental data to,models that repreaargo 


http:pia.tiv.al
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sent the processes at work in erosion and deposition. 
The process model of soil erosion and deposition processes outlined 

here has received a significant amount and range of testing with field 
data. 

Tl fhill iodel cain )e substantially simplified an(i yet maintain 
adequate accuracy in many ;ituations of sinificant erosion. Predic
tive ise of this simplified model reqluires experimental determina
tion of the physicallv definid parameters q7and Q0. 

The sil I pI ified n i(0el, especiall., appears suitable for ise in inter
)retin.g eXperi men tati ion on S()il trosion and in the design and assess

mernt of soil-conservin( maiaNagetqllnlet s'yStCeIS for agriculture at any
location, of any cultural typc),, and fotr any scale and type of cultiva
tion. T 'hecalleng.e 'renjainsto expand experience on values of Yjand 
Q( and to) seek alternative ways in which these parameters can be 
irtasm-lred ()r )redicted. 
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R. Lal 

Erodibility and erosivity
 

SOIL erodibility and rainfall erosivity are two important physical
factors that affect the magnitude of soil erosion. Erodihility, as a 
soil characteristic, is a measure of the soil's susceptibility to detach
ment and transport by the agents of erosion. Erosivit v is an expres
sion of tlie ability of erosive agents to cause soil det aclment and its 
Iransp ort. Quantification of these two factors is basic to an 
iunderstanding of soil erosion proces;ses. The magnitude of soil ero
sio (lepends i1pon the ease with which individml particles are 
(letached by the enercgy of raindrops and/or overland flow. 

Soil crodibility 

Soil erodibility is the integrated effect of processes that regulate
rainfall acceptance and the resistance of the soil to particle detach
]ment anid sulbse(uent transport. These processes are influenced by

soil properties, such ams particle size distribution, structural stability,
organic matter ctonteUt. nature of clay minerals, and chemical con
stituents. Soil parameters that affect soil structure, slaking, and water 
transmission characteristics als:, affect soil erodibilitv. 

These soil characteristics are dynamic properties. They can be 
altered over time and tnder different land uses, soil surface manage
ment. and cropping!farmning systems. Consequently, soil erodibility
also changes over ti me. Significant alterations in soil erodibilit\, 
characteristics occur during a rainstorm because of the surface seal. 
or changes in particle orientation that develop. 

Soil texture is an important factor that influences erodibility 

1.l 
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because it affects both detachment and transport processes. While 
large sand particles resist transport, fine-textured soils resist detach
ment. The most susceptible textural range for detachment and trans
port is fin, sand and silt. Thus, soils derived from wind-blown parent 
material, for example, loess, are %'erysusceptible to erosion. The high
erosion hazard of loe.,;: soils in the eatehtnent of China's Yellow River 
is a relevant e auipi. Textural and structural properties also 
ilifhieice rainf'Ill aece)tancc and infiltration capacity. The cqui
libriuim infiltration rate is a fmnction of total porosity, the relative 
proportion of niacropores, and the stability and continuity of macro
p1)es. 13i-eliannels created by lecaved roots and soil fauna have 
major effects on infiltration eapacit'. 

Estimatimn soil erodibiliti, .fro-n lbortorty analises of soil proper
ties. lResea rehiers have used indexes based on routinely measured soil 
projiertirs to t \'al uate the relative suscepti)ility of soils to erosion 
(Table 1). \lost indxes are a uieasure of a soil's detachability or of 
its resistance to (t aclmn ent. Indexes are )ased on l)roperties that 
govern aggregation anl agg.regate stability, water transmission and 
reiention pr( i)erties, raindrop im )act, andt thermodynamic processes 
that govern slakiig or (lisrupjtion of aggregates. Tlhse indexes are 
relative liwasilres of detachability and may not reflect the soil's field 
Ibehavior in res)onse to rainfall and management. The instability
index of )e Leenheer and I)e Boodt (10), the Henin index (20), and 
the percentage of water-stable aggregates exceeding 0.25 mm are 
aniong the indexes related to structural characteristics that have 
proved applicable in p)redicting erosion risks for a wvide range of soils.
These indexes reflect structural properties and a soil's resistance to 
detachment ibv rain or overland flow. Also related to the same con
ce)t are such indexes as dispersion ratio and colloid ratio. The KE 
index is a measure of soil strength to resist raindrop impact and is 
relevant to soil splash. 

Thl' :omi'e If an appropiriate index depends upon many factors, 
the mot(st inportant being the relevance to processes that govern cro
sion ,ilher iatural field environments (12). In addition, the suitable 
index shou'M (a) Ie simple and casily adapted for routine ncasure
inents, (Ib) Ie related to other quantifiable soil liroperties, and (c) 
be easily used to classify soils into crodibility categories. Consider
ing these factors, t here a' be no single Jndex that researchers can 
use for all so1ils to depict field behavior. A compound factor or con
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bination of several indexes may be required to describe appropriately 
the field !ehavior. 

lrodihilit, and I/if, universal soil loss equation . The soil erodibility 
factor, K, in the IISI E is the soil loss from a unit plot per erosion 
index unit. A unit plot is defined as a 22.1-mn length of' uniform 9 
percent slope, continuously (dean-tilled up and down the slope, and 
imaintaiined al)s ilutcv free of vegetative cover (42). There are several 

different methods to measure the erodibilitv factor: 
Natural runoff ilot.s. Preferably, researchers should measure soil 

ero(liilitv under field conditions. The data base of erodibility 
mieasu rements using field )lots for major benchmark soils is limited 
and should be strengthened and expanded to regiorv; with severe cro
si0 pri1)lc,lis. Methodology and details of runoff and ero,;ion measur
ing eqtii)iiment and plot establishment are described in chapter 2. 

The sulrface soil management of the unit plois for measuring 
erodi bilitv under natural field conditions is based upon the follow
ing considerations: (a) plovwing upilan down the slope to normal 
depth, follow(,d iw clisking or harrowing two or three times until 
iasiim ooth secdlh,((d is achievecld (b) plowing operations are lerformed 
at the normal see(ing tinii for the major cr.ps of the region; (c) all 
oth'r operations involving -surface soil disturbance, for example, 
(lltivatifn to cint, i weeds and eliminate crust fornmation , should 
he )erforned onlschedule, and (()if m'cessary', herbicides can be 
isc( to cwmtrol weeds. 

Plots in warm, tropical cli.nates necessitate more irequent. plow
ing_, weed conll arid farm opterations for seeding and elimination 
of surface cru st than ph)ts in northern latitudes. I-i tropical regions 
where bi modal rainfall distribution enables two ( rops a year, plots 
also should be plowed twice, once for each growing season. 
Smnoothening (if the surfaceC soil also is necessar, if rills are prognr
sivelv deteriorating into gullies. It way he necessar' to select a new 
site aftc, 3 r l years if accelerated crosin alters the surface soil and 
microrelief. Researchers shou ld rii these plots for a period( of 10 to 
20 years becatise knowledge of long-term trends or alterations in soil 
CrOdibilitv is important for land use planning a i for designing con
servation meisprt o rs.
I)c.iation from unit plot dintlnsions. It is not uncommon to 
establish runoff plots for measiuring soil erodibility on slopes other 
than 9) percent and with varying plot sizes to suit local relief char



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

Lirm its 

Less!ndcx Definition Erodiblh Erodible Reference 
A. Structural aggregation and stabilit;y

I. Dispersion ratio 	 amount of (silt '- clay) in dispersed state X 100 15'- 15% ,30 
total (silt + clay)2. Silica:ses(quioxide ratio SiO</R,O 3 9.03 0.52 4

3. Clay ratio or mechanical ratio Sandi;(silt + clavt 	 - 5 
4. Surface aggregation ratio Surface area of particles > 0.05 mm 	 - 2 

aggregated (silt + clay)
5. Instability inde's (1) I A mean weight diameter in dry and wet - 10 

seiving
6. Henin inde::" H = (A + L)max/\S ± ES + BS) - 0.9 S.G - - 20 
7. Percent water stable aggregates Percent of water stable aggregates >0.5 mm -	 6 

B. Water transmission properties
1. Erosion ratio dispersion ratio >10 <10 30

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

*Percent aggregation determined by wet sieving following pretreatment with water (WS), ethanol (ES). and Benzciie (BS). 



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

Limits Z 

Index LessDefinition Erdible Erodible Reference 
C. 	 Water retention properties 

1. 	 Erodibilitv index (E) dispersion coefficient x water holding capacity 38 
aggregation

2. 	 Resistance index (I) soil density x range of particle size 8 
soil mcistur2 content 

D. 	 Heat of vetting
I. 	 Temperature profile during AT 	(CC) measured at the wet/dry boundary 9infiltration during infiltration 

E. 	 Rain drop technique and rainfall 
simulator 

1. 	 KE index Kinetic energy required to disrupt an aggregate 7 
at 	pF 4.44 

2. 	 Rainulators Estimating soil erosion using soil trays subjected 19 
to standard rainstorms 
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acteristics and specific budgetary constraints. Under these cir
cumstances, ,esearchers must adjust soil loss to standard conditions 
of the unit plot. 

The slope factor, I c, is used to correct the factor K for soils of 
slopes other than 9 percent gradient and 2 2.1-rn length. The LS factor 
for specific combinations of slope length and gradient may be read 
directly from the slope-effect chart (Figure 1) or comptited by solving
the following equation (42): 

LS = . (0.0076 + 0.0053 s + 0.00076 s2 ) [1] 
where Ais the field slope length in feet and s is the gradient expressed 
as slope percent. Similarly, the slope gradient factor (S) and slope
length factor (L) can be computed separately by solving the follow
ing algebraic equations: 

S = (0.'3 +0.30 s + 0.043 s2)/6.613 [2]
1 = (/72.()"" [3] 

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

Use of rainfallsimulation on r~i-oJJplots. Establishing and main
taining field rinoff plots for a minimum period of 2 to 3 years are 
capital-intensivc and time-consuming operations. Plots can be set 
up for only a limited nmber of soils. Soil erodibility data are,

however, needed for a vast 
number of soils of varying physical,
chemical, and mineralogical constituents and in diverse relief and 
climatic environments. It is also important that field measurements 
of crodibilit' using runoff plots are related to soil properties. Rain
fall simulation can facilitate and expedite data procurement in a
relatively short time. Different types of rainfall simulators for field 
use are (escril)ed in chapter 4. 

Researchers also use rainfall simulators under laboratory condi
tions to evaluate relative erodibility (11). Antecedent soil moisture 
content, however, complicates the direct relation between laboratory
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Figure 1. Slope effect cha rt (topographic factor, 1,S). LS =(A/72.0) (65,41 sin~o 
4- 4.56 sine + 0.06(5). where A = slope length in feet; 0 angle of slope; and mn 
= 0.2 for gradients < I percent, 0.3 for I to :3percent slopes, 0.4 fo~r 3.5 to 4.5 
percent slopes, and (0.5 for slopes of .5 percent or steeper (41). 

measured indexes and] field behavior. Also important are the mag
nitu~de and nature of overland flow aPJ the network of rill systems
that dev'elop only under field condition,,. In spite of these limitations, 
a qlualitative relationship) between la'. oratory measurements and field 
responses under natural rainfall conditions can be established (1).
But a qiuantitative measure of soil erodibility determined from
ieiroplots under laboratory conditions may no;t he similar to field 

data bec~ause the infiltration characteristics of a shallow laver of soil 
are not similar to those of a natural, dleep soil profile.

E'rodibilityestimation u~sing a noinogram. Researchers can estimate 
the erodibility of some soils reliably from soil data if tile quantitative
relationship between erodibility and soil properties has been estab
lished using fiel d runoff plots either under natural or simulated 
rainfall conditions, Wischmeier and associates (40) developed the 
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following algebraic equation relating soil properties and soil erod
il)ility: 

."1OOK =2.1 x 10(12 - OM)M' + 3.25(S-2) + 2.5(P-3) [4] 

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

This nomogram has been tasted on the basis of empirical relation
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Figure 2. The soil erodibility nomograph. Where the silt fraction does not exceed 
70 percent, the equation is 100 K = 2.1 M'I' (10') (12 - OM) + 3.25 (S - 2) 
+ 2.5 (P - 3). where M = (percent silt + very fine sand) (100 - percent clay), 
OM is percent oiganic matter, S is structure code, and P is profile permeability 
class (39). 
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sihijps h t\WeI, soil characteristic s and direct n1icasiurements of crod
ibility for s ' ,e13 benchmiark soils in the United State';. These soils 
wert mostlv of rofedimir texture and of medilrni to poor structure. 
lhe rIoillnorallr alo, has been tested foir heavv-text itred soils within 

the U ited Staters anid foundirosuitabcl)bv lonikens and associates (34)
alnti Ybii aid Miutchler (.1.3). 'Ih'lnomiogramn has iot been tested 

Sidel fuvr a larid raillg' of soils outsidc the region for which it was 
dc'echlpul. l-S\wvifv,aind )aiiiler (11) testel the non]Orrail for soni 
lawaiian soils (of, volerlic origill aid observed that mineralogical 

clas., wlicha ililil,. irmlplh li s constit llerts, was illportant in 
tiruit iI~i!s~ iliiitF'('dibilit. lreasrrrri.ents Iw' \vancllancl 

arid associates (37) ili Nii.cria arid Natn ia arid associates (32) in 
Jiziiania indicatcd thit the ioimogramri re ujiires sbllstantial altera
iolls I u . toapplication differlnt Soils in the tropics. Soil erodibility 
"tilliated bv the 1110)imrarIl often differs fromri that mi'easuired directlY,

ill l field \'erti;ols. .for Aidosls., soils with ligh11 gravel contents, 
amidl th ;evi ith hii ercrltU ( () irori adall 111 miiiin oxides. 

'nils oif crdibilii. Tllc soil ('rmilbility factor. K, ill the USLE is 
the ratr Of soil (os ) i ll it of Hior FI,, for a [''(it 22. 1 ill long and 
(If riiim-ii fo 9 rctlit slope iiitlecr conitirrili clean-tilled fallow. 
Acc rdig tt this del ui io uhasmits of n,;., . per area per,erosivity 

t force lclgtarea eii 14th ' ( I'-'1I",) 

lii th (.Itornliil'rElLlisli Systeni 1cm. , uits are torn acre hour/hun
dfrcol acre-foot torlli iuieli. Ill the SI system, the units are metric 

.lI' IrletIi, , e illc-ItIII Ir cr l ir ,. iicgoileto i n ter (t ha ha/ha •
IJ-11ii11). K in SI 1lits is aboitih'lme 0. 1:3 times those of the customary

uitis. 

li suintmir!. Soil ('rodibilitv is a dynamic property that is altered 
with tiie die to chalilges ill Soil pro)erties. It is a complex l)araietcr 
related to iallily interacting soil characteristics. 'rodibility is deter
ru1ined most accurat ely by direct mneaslulrerments .;i field rulnoff plots
witi natui rat raiufall. ITe loig-terii t rends involvsing changes in 
erodibilitv over tinmie sho lId be rnmeasumlred on major soils for 10 to 
20 years. leliable estimates in a shorter tiie can be obtained by using 
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rainfall simulators in the field. Indirect estimates of erodibility using 
l)redictive relationshil)s are reliable if the basic research inforla
tion exists regarding the effects of soil properties on crodibility. These 
statistical relationships should be used for soils similar to those of 
the original data base. Erodibilitv indexes based on routinely Inea
sured soil properties are oi relative importance and provide an in
dirt.ct mleasture of a soil's sus'eptibility to detachnent b erosion 
agents. 

Erosivity 

The driving force of erosion agents that causes soil detachment 
and transport is erosivitv. The erosivitv of rainfall is due l)artly to 
direct raindrop impact an(t partly to the runoff that rainfall gen
erates. The ability of rain to cau se soil erosion is attributed to its 
rate and (rol) size (list ribution, both of which affect the energy load 
of a rainstorm. The(rosivit' of a rainst orm is attribluted to it., kinetic 
energy )r monmentumm, plar-ameters 'asilv rc! ated to rainfall rate or 
total amunt. 

Momntum. MIonent nn, a product of inass and velocity, is a 
neasure of" the pressure exerted by rainfall on soil. Pressure, or the 
force per unit area, has the natmre of a mechanical stress that causes 
breakdown or (letachnter of soil aggregates. That the erosivity of 
rainfall relates to mnonmenium has been sulported by the work of Rose 
(.35) and \Villiams (.39). Statistical relationships between inonentum 
and rainfall paraneters develloped for Australia by Williams (39) and 
Kinneli (24) are shown in the following c luations: 

log momentuim (dynes cnm h 1) = 0.7i I log (1) - 1.-161 [5] 
moientlill (dynes cm 2 s 1) = 0.0213 (1) - 0.62 [6] 

where I is; rainfall intensity, in min h 1. 

Vie'kinetic energy. The kinetic energy of rainfall is a major factor 
initiating soil detachment. Direct measurements of kinetic energy 
can be made with sing pressure transducers or aeceIistic devices 
similar to those described by Kowal and Kassam (27). Kinetic energy 
also can he computed by measuring drop size distribution of rains 
and assuming terminal velocity corresponding to a given drop size. 
There are various methods of determining drop size distribution, for 



Cxa inie, the fHouIr pellet, stain technique, or oil-capturing methods 
(22). 1In addi-t, ill[lllV e, nempirical relations have been developed 
relating kinctice tiir" t( rainfail inteinsitv or rainfall amotunt. Kinnell 
(2() dtscribed kinetic ,nergyintensity relationships in two ways: (a) 
the rat( of()ellihit ilire of Ihe rainfall kinetic cniirgv (' L,,), which 
has the units of eiierg' per unit area per unit time, and (b) the amount 
(if rainfall kinetic enrgi c \lcnidd pr iit (jiiantitv of rain (Ell), 
which has tlelilnits (of iel'ri per init area per unit depth. L',Aand 

arc related i!.s fllw,: 
l.",, --c: 1," ,, ' [7] 

here I is railifall intensitv (deptli/tire) and C is an empirical con
st ait. (Aoniillilly i1sed algebraic (quat ions that relate kinetic energy 
to rainfall intensitv are o)f the following type: 

11,, i t l - I1 [8]
I',, e (I) a i ) [9] 
FC,, Il -- a [10] 

where I is rainfall intensity and a and 1)are empirical constants. Some 
(oliMiiiVlv i1d(h c(jlliatiolis aret discussed in the section of this chapter 
(healinig with estiniation of rainfall erosivity. 

l)irectI ?lf'(IIICIi',Ill of 'frosilyq. I)irect lieasliremenlis of rainfall 
ersivity iliVl\' liell'torin' ivllrg' lolad and Sl)11a,] siilllltalleoisly. 
Th, salidt slasi is iimieasuircd for sieved. acid-treat d quartz sand of 
istalnldard size fiactiol. niaintaiiietlat a coms!alt soil loistulre poten
tial aid )acked to a staiuhard deiisity. ll(stanldard teciiiqle widelv 
lisec(l ;'i,, lI'll. "Iisplash (.ill) liiethiod (22). The sand splash caused 
by a raii.torii !lil isrelated to siniilltaiiensly mionitored lmralm-
CIcers kinietic (ilirg. liinlliellinli, iiiediali d(lrop size, iiitensity, 
allllol (tc.it, 


E'llis, ii ( d. I sandilhlille stai'a( a.s a fine. roind-rainied material 
Ihat l)ass.s thrmlighl i ;(i-iii11(5hsicve hill is retaiilf-d oil a 7)-nnit.ch sieve. 
The salnd istireated wit l hdroncl i oxide to reilo\'e (organicmat
telt.t11I iswaseid cleaI to reniove other c(lloids anid binding 
materials. Tlie detachiiig or sl)lasiinig ca)acity of a rainstormii is then 
evaluated husigig this standard, oven-dried sand packed in small 
ailiiiiiinui clips, 8.9 cii (3.5 inches) in dianiter and about 5 cn (2
incis) deep (Figilre :). A fine-nijesh sieve is fixed at the base with 
overliig cot ton or filter paper to retaill the sauld but to facilitate 

http:7)-nnit.ch
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water movement. The weight of the oven-dried sand packed in the 
(-ili is recorded and then saturated by capillary rise. The cup is then 
exposed to the rain, and the amount of sand splashed is recorded 
as the loss in oven-dry weight of sand after it has been splashed by 
falling raindrops. Numerous modifications and improvements have 
been made since the original design wais pi blished 40 years ago (25). 

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

Erosxiti/ indcx (R) of the USIE. Wischimeier and Smith (41) 
developed a relation betw\veenii soil loss and a rainfall parameter. The 
latter is a product (El1) f the total kinetic energy (E) of the storm 

E /- Standard 3 '/a' dia. 
-aluminum soil cup 

. . Asbestos wick 

Figure 3. Ellisn splash cup technique. 
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times its.' aximum 3 )-minute inten,;ity (130). This parameter is a con
pound term that rcflccts the combined potential of raindrop impact
and turblence created in overland flov. The term 3) is computed 
as twice the greatest amomnt of rain falling in any 30 consecutive 

Table 2. Kinetic energy of rainfall expressed in fool-tons per acre per inch of rain. 

(inch hour) 0.0O 0.01 0.02 0.0.3 0.0.1 0.0,5 0.06 0.07 0.08 0.09
 
o 25.1 :15.1 .112 .15:3 485 512 534 553 570 
0. 1 585 599 611 623 633 6-43 653 661 669 677 
.2 5 692 69S 705 711 717 722 728 733 7138 
.3 7-13 7.18 752 757 761 765 769 77:3 777 781
.A 78.1 788 79 1 795 798 801 NO- 807 810 S1.1 

816 819 822 825 827 830 833 835 838 8,10
,6 8.13 8-45 84t7 850 852 85.1 856 858 861 863 
.7 8615 867 869 871 87:3 875 877 878 8801 882
.8 88-1 886 887 889 891 893 89.1 896 898 899 
.9 91)1 902 904 9)6 9(17 091 910 912 913 915 

0 1).1 0.2 0).3 O..A 0.5 0.6 0.7 0.8 0.9 
1 916 131) 9.12 15.1 96-1 917.1 98.1 992 1,000 1,008
2 IM016 ,1 1,0136 1,11042 1,048 1,05:3 1,059 1,064 1,0691.023 ,029 

3 1,07.1 t
 

"Comlepltd bY thc equation,. IF 916 -31 log,, I, where E is kinetic energy in foot
tons Per acre 1wr inch of raihl and I is rainfall intensity in inches per hour. 
ITheI .1)7-1 v'a0u1also applies for all intensities greater than :3inches/hour. 

Ta)le 1. Kinetic energv of rainfall expressed in metric ton-meters per hectare per 
centimeter of rain. 

(cm'h) .0 0.1 0.2 0.3 (..1 0.5 0.6 0.7 0.8 0.9
 

00 121 1418 163 175 I1 1)1 17 202 206
 
1 211 21-1 217 220 22:3 226 228 
 231 233 235

2 237 239 2-11 2,12 24.1 246 2.17 249 250 251
 
3 253 254 
 255 256 258 259 260 261 262 263
 
-1 2641 265 266 
 267 26S 268 269 271 271 272
 
5 273 27:3 27.1 275 275 
 276 277 278 278 279
 
6 281 280 28 1 )81 282 283 283 28,1 284 285
 
7 286 286 287 287 288 288 2891 

*Com)uted by the equation, E, = 210 ±-89 logm 1. where E. is kinetic cinvrgx, inmetric 
toi-mreters ier hectare pcr (entimelter of rain and I is rainfall intensity in centi
meters per hour. 
tThe 281 value also applies for all intensities greater than 7.6 cm/h. 
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miniutes. The energy of the storm is calculated by solving the follow
ing ener.,-intensity equation: 

E = 916 + 331 log,, I 
 [11] 
where E is kinetic energy in foot-tons per acre-inch and I is rain
fall intensity in iniches per hour. The energy equation of the USLE 

Mr 
 I 2 3 4
 

" 
Mr 1 2 3 4 5 6
 

Figure 4. Trace of a daily recording raingage for a 
rainstorm on June 16, 1972, at the International Insti
tute for Tropical Agriculture, Ibadan, Nigeria. 
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expressed in other units is transformed as follows: 

E = 210.3 + S9 log, I [12] 

where F is in m-t (ha-cii) ' and I is in cm h , and 

E = 11.9 + 8.73 log,, 1 [13] 

where E is in J n12 - inm and I is in mm h 1.Tables 2 and 3 pro
vide tabular solutions to the ener*, equation for a range of intensities. 
The kinetic energy of a rainstorm iscalculated from the daily 

recording rain (hart (Figure -t)by subdividing the rain into specific 
intensity ranges. Table 4 illustrates an example computation of E13()
index for tihe rainstorm shown in figure 1. The numerical value of 
ELlM, index thus c'onl)tted varies with the choice of intensity class. 
The width of inteisitv class is i )ialy per hour.0.5 inch (10 mi) 

Ini addition to the energy cqumation of Wischmeicr and Smith (41), 
tother algebraic equations have Ibeen developed that relate the energy 

load of a rainstorm to easily monitored soil parameters, for exam
pl, rainfall amouint and intensity. Kinnell (24) related kinetic energy 
to rainfall rate as follows: 

K F (ergs cm '2 s 1) = 8.37 - .15.9 [14] 

1'%here I is t he intensity ranigin g between 0 and 300 mm h . 

Table .1. Computation of Al., and El, 0 index for a rainstorm on June 16, 1972. 
E = (foot-ton per acre-inch) =916 +331 logll (where I = inch/hour). 

I 2 3 4 .5 6 7 8 9 
Ilie l I1tqijallInt.iity IlainJall Intinity AI,,' Log I TotalE 

hrid al (inch) (cri) (i:i'/hr) (vin/br) (m/hr)(in r) ,3.31Lo!g I E (9 x 2) 

..5 5 .1 
 ;.5 15.2.1 29. 11 0.778 257.5 1,17:3.5 880.1 

.5 0.65 1.(i5 5.2 1:1.21 21.26 0.71 236.9 1,152.9 749.9 
0 ).55 I..11 ..I 11.18 15.65 0.613 212.8 1,128.8 620.8 

15 1.1.1 3i 9.t,1 10.42 0.556 18-1.0 1,100.0 495.0 
-. i . i;.r 2.0 5 08 :3.25 0.301 99.6 1,015.6 253.9 
-.5 1. 1.1 
 -1.-I 11 IS 15.65 0.61:4 212.8 1,128.8 620.8 
- .'5 I.,, 1.2 .1.5 1.1fi0.079 26.1 912.1 1,11.3 

7.5 0(.31 
 0 76 2. (.ll -1.6.0.380 125.8 1,041.8 312.E 
.5 1.20 0.51 16 .I1.OW 2.117 01 .20,1 67.5 983.5 196.1 

7.5 0.2.5 ),6.2 2.1) ,.s :,25 0.301 99.6 1,015.6 253.9 
7.5 0.05 1).13 0.1 1 02 0.13 0.398 197.7 781.3 39.2 

A,I I ai,,, 1116.59 A..d as 1id0nedfrom pea-k itensity and tolal rainfall amount 
= 
1 , 

1':1,A 00-{)(,.563.17 x ,;'I1 1 .3 

160.93: l'boal .1563.17;I ,,,(Maximun inhersity in :1 minuhes)=.1.8 inches/hour; 
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1in Zimbabwe, IHudsei (21) used tile following equation to corn
pute kinetic energy using rainfall intensity I in mm h-: 

KE 	(J m 2 rm') - 2).8 127.5 
I[15] 

In northernl Nigeria, Kowal and Kas.iam (26) related the kinetic 
energy of a rainfall to the rainfall amount per storm (R., in ram) as 
follows: 

KE (ergs ei1i) = 1. (11,- 120.0) x 10: [16] 
At Ibadan, Nigeria, 1 (28) related kinetic energy to rainfall amount
1)(inni) and to the maximum 3 (-minute intensity (130 in mm hlv) as 
follows: 

KE (J 1n 2) 24.5 P + 27.6 [17]
KE (J ,n2) = 18.2 1:,,, + 18.2 [18] 

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

E (J 1 2 per season) = 17.368 (P) for regions with 

v In " per season) = 
morning drizz!e 
18.8406 (p) for regions without 

[19] 

morning drizzle [20] 
where P is the mean annual/seasonal rainfall in mm. 

The El:.. factor has been modified to consider the iml)ortance of
overland flow. The interaction between the depth of overland flow 
and the drop diameter causes -,il detachment. Soil detachment in
creases wvith Ihe increase in depth of , verland flow up to a threshold 
almost equal to raindrop diameter. Therefore, the erosivity term 
should consist of both rainfall and overland flow or runoff com
ponents (31, 33). Onstad and Foster (33) propose(l a combined energy 
tern, \V, computed as follows: 

W = 0.5 EI:,,, 15 Q q;' [21] 
where Q is storm runoff volume (inches) and q, is storm peak
runoff rate in inches per hour. Further improvements in this equa
tion were made by Foster and associates (17).

Varied and often confusing units of energy are used in the E13 0 
index of the USLE. In customary English units, rainfall rate is
measured in inches per hour, kinetic energy in foot-tons per acre
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inch or foot- tos per acre, and the storm crosivity Ei, index is 
expres::ed in units ,ff,ot-ton inch per acre-hour. The corresponding 
S I units are ini/h for MJ ha inin for energy and MJ 'min ha' hr 
(i)r storm erosivitv. The con'ersion factor for changing storm erosivity 
from Eiitlish units to Si units is 0. 1702. 

KE > i index. While working on the rainfall erosivitv index for 
rains insouthern Africa. Ihzdson (22) ()bserved a threshold value of 
rainfall intensityv below which splash was negligible. lH: observed
 
that er)sion oectrred only ifrai t intensity exceeded about 1 inch 
per inn,r.iIe, therefore, devel )ped all index that used kinetic energy 
()frain segnen ts with intensity exceeding 1 inch per hour (KE > 1). 
Ile c miptited kinetic energy using the intensity-energy equation 15. 
I 10dson (22) obtaited better c(rrelation of erosion on soils of Zim
babwe with the KE > Iindex than with ElI:,index of the USLE. Sin
ilar )bservations have bleen repnirted from Sri Lanka by Joshua (23). 

AI,, ildcx. Based on soil erosion-rainfall records at Ibadan, Ni
gecria, Ifond that fi)r high rainfall intensities inthe tropics soil loss 
was related t()the intdex Al, min s the product of rainfall amount 
lp'r sto mnt(A inc), with the maximum 7.5-minuite intensi~v (I, in 
con h 1)(28). This index iseasier to compute than the EIlm and 
KE > Iindexes and isbased ontintensity rather than on kinetic energy. 

pr4) indcx. lou,'mitier (18) developed an erosivity index for river 
Itnsilus (Itt
tli..basis of the melationship between suspended load inrivers 
and climi atic data and relief characteristics. The index, described as 
clirtate index (, is (hefiried as follows: 

C: = 1)2!) [.22] 

wlhere p is the rainfall amonmit in the wettest month and P is the an
nual rainfall amiount. This index subsequently was modified by FAO 
(1M) as follows: 

12
 

[23] 

where pi isthe rainfall in a month and P is the annual rainfall. This 
index suimIned for the whole year was found to be linearly correlated 
with El11 index (R)of the USLE as follows: 

R = I + a(C) [24] 

where the 2.onstants a and ) vary widely among different climatic 
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zones. The value of intercept 1)is - 152, - 420, -3, and - 416 for 
the United States, the eastern United States, the western United 
States, and 'Vest Africa, respectively. The corresponling values of 
coefficient a are 4.117, 6.86, 0.66, and 5.44, respectively. This index 
is an approximation of the Ell3 index for regions where long-term
recording raingage records are not available. 

In 	summary. Lrosixitv is best estimated by direct measurements 
of a rainstorm's energy load. The data base for these measurements 
is limited to few and musta regions onl\ be expanded to other 
agriculturally important areas. Empirical equations that relate rain
fall energy with intensity are needed urgently, especially for tropical
regions characterized by high-intensity rainstorms. The reliability
of the various cr si vity indexes disc-ussed depends uponI the basic data 
a\'ailable. Tic Ely, index can be used reliably for a wide range of 
climatic regims if the inteusitv-cnergy e(quations for the region art 
available. Ado)ting any index to (stilnate erosivitv without evaluating
its applicability can lead to err((1r]ssly s estimates of soil loss. 
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M. A. Stocking 

Assessing

vegetative cover
 

and management effects
 

M ANY people believe that vegetative cover is the s1&gle most 
important factor in soil erosion control in the tropics. Soil cn:.erva
tion systems increasingly emphasize Jhe role of organic matter, dead 
or alive, in arresting erosion. Management for soil conservation is 
now as much a qtestion of encouraging vegetative growth as it is 
of constructing physical conservation measures. 

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

How vegetative cover and management work 

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

'It is not m v purpose here to review the evidence for the efficacy of vegetative cover and 
-anagent. Su ffice to say. the differences in erosion between gox Il cover/high management

plots and clean-tilled, fallow plots can be in orders of magnitude of 100 or more. The reader 
is referred toIHtdsn (10), Meyer aind Mannering (27), anid the many other experiments 
worldwide. 
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their kinetic energies harmlesslv. Some water may be evaporated from
the leaves, but most reaches the ground surface either by stemflow 
or by reforming into iroplets tiat, if the vegetative cover is close
growing, have little chance to pick up speed and gain further kinetic 
energy. 

The German Evold Wollny l)ioneered research on rainfall inter
ception (,t7). lie demonstrated how plating densities cominmon for many crops allowed nearly 90 pe;-cent of the total annual rainfall 
to reach the ground unimpeded. Even under the highest planting
densities, nearly half the rainfall in Woliny's experiments fell directly 
onto the soil (Table 1).

Although this has been a neglected area of research, it is clear from
these early experiments anl a few later ones, such as that by Srecnivas
and associates (.38). that raindrop interception is the main way that
vegetati( reduces erosion. Yet, if this were the whole story, a lineai
relationship would hold between percentage cover and erosion; itdoes not. Experimental evidence now indicatas that the erosion-cover
relationship is curvilinear and that erosion is little different whether 
cover is 10G percent or 60 pereent (Figure 1). Researchers have found
similar curvilinear relationships for runoff (16, 25). Such findings
are vital to conservation research and planning in helping to design
realistic management objectives. But they also raise the question asto why a mean seasonal cover of 60 percent is nearly as effective as 
full, continuous cover. 

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

0- The physical binding of soil by plant stems and roots. 

Table I. Percentage of total rainfall penetrating a canopy of vegetation at different
planting densities on 4-12 trial plots (30. 42. 47). 

Density Prcent Total Aunual Rainfall PenetratingCanopy With:
(plan tS/n 2) Co rn Sybvans Oats Peas 

t100t 100 1t00 1009 62.9 88..1
16 60.7 78.2 78.5 25 57.0 65.9 78.4 78.936 44,5 6.4.3 78.9 
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Figure 1. Erosion-cover relationship, generalized 
after Elwell (13) and Elwell and Stocking (15). 

0 Electrochemical and nutrient bonding between roots and soil. 
1 Detention of runoff by stalks and organic litter. 
I Improved infiltration along root channels. 

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

0- Increased faunal and biological activity, leading to better soil 
structure. 

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

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

Tillage practices are one of the main aspects of management that
alter soil porosity and infiltration and incorporate organic residues
into the topsoil. In particular, no-till practices andi direct drilling
techniques effectively r (luce erosion, especially when combined with 
(Over )rops(20). 

,Aibbiralnt offects. It would be a mistake to call vegetative cover
the paMICca for soil erosion control. For example, a mature, natural
forest cover is a periect fil to ersion processes. Bates of erosion under 
undistuirbed forest are usually always well below 500 kg/ha/yr. For
example, in [long Kong, on 2 9 -degree slopes with pine regrowth,
soil loss was -15) kg/ha (2.1). The temptation, therefore, is to pro
Im()te alff(0(st1at i as a iniversal conservation ieasulre. lHowever,
Iknow of at Iast two cases where planted trees accelerated the cro
sion rate. In Brazil, il t he slopes of the Val do Rio Doce, Minas
(erais, the plantin f ]fticalyptrusspp. as an erosion control measure
stifled groumd cover and accelerated sheet erosion. InI Mondoro, Zim
babwe, trees plamted for gully control appear to have increased the 
rate of head ward recession of gullies so that mniy of the trees have 
been undermined by the pr )C.ess they were meant to stop.

\What are the causes of the ambixalent effects of vegetation? Three 
canlbe identified. First, the height of the vegetative cover above the
ground surface is important (38). 1)roplets, often larger in mass than
in the original rainfall, may reform on leaves. In falling to the ground,
they Inav accelerate suffieienth to have a sizable kinetic energ,. For
example, , 2 -min dijameletr raindrop with a terminal velocity of 6
m/see h as aboit the same kinetic energy as a 3-mm drop falling at3.25 rn/see, a speed that is reached well within the first meter of 
fall. Naturally, it requires more than three 2-nim drops to make a3 -minm one. Nevertheless, the energ,'y im)act of droplets falling from 
vegetation should not be underestimated. 

Second, tall-growing vegetation may reduee ground cover coni
pletely, either directly by shading or by little-understood chemical 



effects thr nigh ti et 0ts certalin WoIodV perennials. Uniinpeded 
surface i ioiled witlh tie 1)1olml)shell effect of large dropletsrunoff', 
falling fronm iaves. (an caise significant erosion.
 

Third, amiIiivalelit (fftets o f \'tttion 
 also have been delloll
strated in laboraitorV rainfall Simulatoiir tests. De lloev and associates 
(9) found it cov,\er of lass clefinitelv redhi,'d 'erosiom on1 slhpes under 
,5 dlegres. But above S de rees. the rate of"erosion e.xeed(ld the rate 
oit bare soil. 'he researchers coIcll hed that higher slopes gvnerate 
tlr'btlent eddies downst ream of g ass blades that erode more soil. 
()lbviolislv. there exists a cnoplex ilitcractioil anmong vegetation. slope, 
soil type, arid (ii isii 

Key areas i1 crop cover and nanagellent research 

Befort (onsiderig4 actili] research eutho ologies, it is necessary 
to pinpoint the ltlitlre all tvle off research that miaV be needed il 
cro1 ")Ver iill( mina gemenlit over the next few decades. For better 
)r for worse, the greatest effort on atsustained, worldwide basis has 

g mlle t\iard establishing th C and 1)factor valhui.s i1 the universal 
soil loss equation. Many now feel that further refinement of such 
empirieal methods throgigh expensive research provides diminishing 
retuirns to knowledge and that scientists shiid pursue new areas of 
research more vigorously. IFollowing are some areas that need atten
tion. 

Soil fertilit,, )iYoduc ti/, and management. One of the major
lessons learned from recent erosion research is the complex nature 
of the int erdependencies aniong erosion factors. In part, this is per
haps a reaction to the more simplistic erosion models, in which all 
factors are independent (indeed, this is a reqirement of empirical
statistical models). Therefore, scientists increasingly have appreciated 
that the growth of go)d cover crops not only has an imnediate benefit 
iii reducing er(isi(l i)bt it carrvover effect into succeeding years its 
well. For exaritple. the antecedeiit effect of rot ation is such that a 
maize-following-m~aize plot would always have higher soil lo:mses than 
a maize- follo)wing,-grass!hegin ploit. The classic analysis of Klemme 
and Coleman (21) (o) the differential effects of croppiniig systems on 
erosion is worth readingiin this context. Similarly, it is a sad brut true 
fact that areas which have suffered high erosion tenid to continue 
to have high erosion rates. Some of the )lame for this can be ascribed 
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to erosion affecting fertility and fertility affecting crop growth.
However, there is an enormous field of research open to investiga
tion of such interactions. The IFood and Agriculture Organization
recently conmissioned a study of erosion and tproductivity, andspecific areas of research relevant to vegetation and management 
are identified in the report (.11). 

Quality of crop canopy. Vegetation varies significantly in itscharacteri.stics and structure, and this has a bearing on its efficacy
for soil prtection. Aspects might include the value of the vegeta
tion as a lilUih, tile layou t of leaves at different heights so that rain
drop interc(ptim is maximized, good cover crops for low fertility/high
erosion conditions (it is lamentable that nearly all experimental plot
research is done under good, high-management conditions on soils
that are tuneroded), and density of' planting as well as experiments
with broadcast \'ersiis row versts grid )lanting patterns.
One fill( (4resear,.-h that needs investigation has to do with the

role of stenlffl \v. Tlhe triicture of curtain plants encourages water
to quickly channel down the leaves and flow down the stem. Is this
dangerotls? e)el'loev (8)demonstrated just how important stemflow
is to rtmoff eneration. Studies of the quality of the crop canopy could
extend into cro) breeding J)rogranis where the ability of a plant to 
l)ro(duce a quick, close-growing canopy is as mch a criterion forvarietal selection as is yield and resistance to disease. In a similar
vein, the dev lopment of cover crops that will yield a crop nearly 
every year under marginal, dhotighty. and low fertility conditions 
is important. 

Ecolunic aspects of speciality corer crops. One of the major factors responsible for the present high 
rates of erosion is continuous 
monocropping with no fallow or grass ley in the rotation. Farmers or landowners argue that it is not economical to have an unproduc
tive \,ear in a rotation and that inorganic fertilizers now make arecuperative year unnecessary. Sufficient evidence exists, however,
that shows the deleterious effect of continuous cropping on soil struc
turc and how mnore and more chemicals have to be applied simply
to retain yields at present levels on many soils. More economic
analyses are needed that take into account the dynamics of erosion/productivity relationships and incorporate the medium-term 
beneficial aspects of planted cover crops. 
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Inte'gratcd land use sist('tIs. ,%lultipe cropping, agrofirestrv, alley 
cropping, intcrllantin and stripurljppi ng all have a certain appeal,, 
not the least of '.vhiicI is tle impr(ov ed cmvr and soil conservation 
they afford. But the fact remains that, with notable exceptions. there 
is a dearth (feXl)c.riiiital \vork the.se systecis. (es)ite scmetimes 
':xira\agant clains. In particular, thit',r is little on-farm research into 

integrate( land list. It is mwi. alttcr to (heiionstrate that a cro))ing 
(or s'stej1i ist cnicallyi vial)e on a research station.)Iaiiageiclit 
It is (ljiilt ajiother miatt.r 1, 6 ) Ihis iiicler the real iliaiiatenent cor
straints (,f a small farni. With iliiohern farmig techni(ques, the 
iiaiiaticilievit o)fiIltciratn !wnis ()f land iise is difficult and requires 
specific skiLs m the part o)f t tli[rilier. Yet. the scop e is enormous 
for innovation and dcvelo)pii(ent (ffarning systems that are accept
ahle socioce(nomicall\ to the farier while c()nSer'ing the environ

.grictilfitral operalionsoil tlufarm. A )articular ease of farming 
svstenis research that has mianv implications for soil erosion is the 
timing ()f planting and harvesting. Planting date is critical to yield 
throuighot the troptics. But it isalso eritical to the degree of protee
tioli affoded to th groilidit er a seaso byI ec growing crop. The 
later plaiti ug isdlaved,. the iiiore (oI))i.tn iiity raiifall has t() hit 
hare so)il,the seasonall tri)ics especially, early season storms canIni 

)e tli iiost iiiit, iseiil erosive. Siimilarlv. harvtiii and listlur)
ance (f thn so)il can cause additional erosion. There are many and
 
variel 
reasons 'o lat planting. Il dev)lping countries, the"most 
widelv cited reasm is tlie weakness ()Idraiuight oxen at the end of 
tie (Irv sev;u.,, t'; pull a piw,through an (ften hard and stonv soil. 
\Vhatever tle p cisc cal se. there is reason to examiine farming 
s\',s(,iis with tl. view to pr(opsing adaptations that would be 
Ieneficial t( coiiservat ion ()bjectives. f'r examiple. perhaps a b)reeding 

program for improved draught animals or f()o er trees. 

"'illa"cand soilstructure research. Ma agemenm t also relates to ap
l)r(i)lriat( iiiethots )ftillaige and maintenance of soil structure. Type,
direction. and tlegr, (f tillage all have ilpoprtant effects on ero
sion. 'h'lcre are indicatiols that th( sam method of tillage year after 
year is badh for soil stricttire ad(I that a rotation ()f' implements is 
desirable, perhal s, iisiucc'ssive vears. c(imventioinal moldlb)oard plow
ing followedh iy zero tillage and direct thrilling, light disking, and, 
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finally, chiel plowing. Also, changes in soil properties following agri
cultural operations have a considerable effect on erodibility. 

Methodologies 

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

Vegetatir' corer.Botanists and ecologists tend to use basal cover
the area of the actual ground surface taken up by stalks of vegeta
tion-as the principal measure of cover. Such measurement methods 
include line-intercept, wheel!-point, and variable-plot techniques (44).
For purposes of erosion research, however, it is more important to 
know the proportion of the ground that is covered, even if that cover 
issome distance off the ground. This gives a measure of the effici
ency of the vegetation to intercept raindrops or, alternatively, the 
proportion of bare ground open to direct raindrop splash.

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

Several authors have proposed stereophotography for monitoring
vegetative changes (45). But this form of ground-based, vertical 
photography from a camera perched on a long pole suffers from excessive radial displacement. Even when used stereoscopically, the per
centage of cover is always underestimated because it appears to be 
spread over a larger area than it actually is. Although Elwell andGardner (18) worked out percentage errors for leaf canopies at dif. 
ferent heights, they concluded that even with a camera located more 
than 5 in above the ground little more than immediate ground cover 
can be measured. 
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III its most simple form, a quadrat sighting frame consists of two 
horizontal bar:; set directly above each other. Ten small holes are 
drilled at regular intervals along each )ar so that ait observer may 
peer throt igh hole in the top bar and see a small area of the ground
throt gh the correspntling h ole in the lower bar. The observer simply
records the presence or absence of a leaf or other item of intercepting
vegetation. After a predetermined number of observations, perhaps
100 sights or 10 positions of the frame for a fairly regular cover, or 
more if cover is discoitin ouis, the results are expressed as a percent
age of hits ill the total nlulber of observations. An earls user of this 
nethcnol estilliated ilat accuiracy with 10 random positions of the 

frame was ± 2 percent rof vegetative cover (.1). 1However, sul)sequpient 
ex)teri(.ic(t with the frairl indicates that errcors are tliderestimated 
serioulsly. Some sources ()f eIror ilchut, bias inl the case of row crops,
difficulties in vertical sighting with enips more than IInhigh, prob
he'its with lpartially cve red sights, and diffieultv f interpretation
with heavy shacdiw. Upul)blished test.s using three observers on the 
sameic field shoxved that obhserver error an/or misinterpretation call 
Ifiroduie i'ta eelitale errors (f ± 10 percent. Using similar pro
cedlres and statistical alalysis. E;lwell and ;ardner (18) fhtnd that 
a otial of, 1.000 sights would be needed to achieve a 2 lrcent accu
racy f'or uiiifornil ve a 5 pcent accucoiiitnins andl :30) sights fI'm 
ramy\vwhere c,er is \'arial)e. 

An imulproved instrument has been designed for v'egetative cover 
ieaitsuremeni'ts (1 4iures 2 and :3). It retains the case of operation of 
the simiple sightiig frame but removes some of the biases aind potential 
errsr a1)I allovs the ileasIIremeit of tall-growing vegetation, such 
as mnaize (1.t). lstead of looking vertically down, the new, instrn
11'it i.es adapted gtillsighits on sliding cursors (to allow adjustment 
for roxv 'rops at different spaci igs) to look obliquely downward onto 
aI strip of mirror. The' (ibserx'er sees tile reflected iiiiage of the crop 
lea;'es outlined against the sk'. 

()ther techiii qt ies fror assessing vegetative cco ver include the use of 
light meters, point qu adrats. shadow measures (2), and electronic 
monitoring devices. One interesting cover study compared botanical 
methods, includi g all - c ntacts-po int, first-contact-point, and step
point methods, evalhii ted against both runoff and sediment produc
tion in Colorado, none of thc methods gave a good correlation against
sediment vield (3). Indirect measures include assessing the effective
ness of cover in preventing soil detachment through the use of splash 
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Figure 2. Construction details for sighting frame. 



173 ASSESSING VEGETATIVE COVER 

- '2 

b,aSirt m ! 

-

" "Jz 

|~ ~ 

1;°rnptric Vie-on- Mirror 

. iel .o 

!, 10 ) 

~~i Ioioltl_ 

]1 

S.ctional Elva,,oi ,-A 

Figure 3. Construction details for mirror. 



174 N1.A.STOCKING 

cups. Sreenivas and associates (38) proposed the use of a soil cover 
rating a; follows: 

_Vi t, i Soi sjlastd from hare land - weight of soil splashed under cover 
weig4ht of Soil splashed froin bare land 

The tech nipie has not received wide use, however. 
Use of corer measurcnis.A measurement of cover percentage 

provides a single assessment at one point in time in the grc.wth period
of a crop or vegetation. In other words, if a rainfall event were to 
occur at that exact time, the cover value fs equal to the percentage
of rainfall likely to be intercepted before reaching the ground. By
itself, such a measurement is of little intrinsic value. Knowledge is 
re(uired of how the vegetation progresses through its growing season 
and the proportion of the seasonal rainfall that isinter'epted. This 
seasonal interceptive efficiency of vegetation is one of tie key 
parameters used in the soil loss estimation developed in and employed
by the Conservation Service in Zimbabwe (17). It is similar to the 
crop protection factor of Sharma and associates (35). 

To calculate seasonal interception, cover measurements are taken 
at regular in trvals (usually every 10 days) through the growing 
season. Then a cover curv( is constructed (Figure 4). Superimposed 
upon this curve is the mean seasonal distribution of rainfall kinetic 
energy as measured from a recording raingage. For example, if in 
one 10-da" interval the cover averaged 25 percent and the kinetic 
energy of rainfall was 800 Jim', then 200 Jim2 would be intercepted.
Summing these calculations over the whole growth period, it is possi
ble to calculate the percentage of mean seasonal kinetic energy that 
is intercepted by the vegetation. Typical values of interception range
from about 20 percent for a poor crop of maize or tobacco to nearly 
WO0 percent for a dense weed fallow. 

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

Other 'egetatit-, characteristicsand methods. Canopy height, the 
structure of the plant, and rooting characteristics are measures cF 
vegetation that could influence erosion to varying degrees. Standard 
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Figure 4. Crop cover and rainfall energy distribution (hypothesized) through a grow
ing seasr,,a, from which seasonal interception of rainfall is calculated. 
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length measures and a leaf area index can be used for the former,but root measurements are difficult. Because no single measure canadequately describe all vegetative characteristics that are importantin erosion, one method is to classify vegetation into types based uponsimilarities in soil protective characteristics (Table 3).The problem remains, however, to relate quantitatively types ofvegetation to splash detachment and overall erosion. Laboratory andrainfall simulator studies have the most potential. Some possibilitiesthat have been discussed at recent meetings, but which remain gen
erally unpublished, include:

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

0- As above, but with plastic or artificial plants.
0 As above, but using an open grid above the soil surface uponwhich discs or rectangles can be placed to simulate accurately variouscover percentages and spacing of the cover. Experiments at the Institute of Agricultural Engineering, Harare, Zimbabwe, used thisapproach, along with clumps of Hyparrheniagrass to represent thestems of row crops (this addition of a basal cover reduces soil loss
 
slightly but consistently).


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

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

Table 2. Interception values for cotton based upon yield apd emergence data; datafrom H.A. Elwell, CONEX, Zimbabwe. 
Expected - Intercttion Value for Emergence DateYield a:1 15 1 1.5 1 15 1(kg/ha) Sept Sept Oct 1 1Oct Nov Nov Dec Jan Feb

500 43 1] 39 34 29 23 161,000 62 7 259 55 49 41 32 2n1,500 72 9 269 65 57 48 38 282,500 84 11 279 75 66 56 44 323,500 92 87 82 
13 3

72 61 48 35 14 34.500 95 89 84 74 63 49 36 14 3 
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without rainfall simulation) are the usual way of expressing the bene
ficial aspects of various rates of application and incorporation of 
organic residues and mulches (22, 36). 

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

Table 3. Crop classitivation basad on similarities in soil-protective characteristic (16). 
)Dc'criptio 

A. How crops 
1.Tall, upright crops generally grown 

on unridged lands 

2. 	leguiiis, alnnuials- short, bunch 
anid perocunl)en t varieties 

3. 	Tall. tipright crops on ridged lands 

-1. Woody, lusli row crops 

13. Broadcast crop 
1.Tall, ulprigi. t,for fodd,'e 

2. 	 Short Itgurues broadcast for 

1oddcr an(d green mianure
 

3. 	 Mediim height plants for fodder, 
green manumre, etc. 

C. Orchardsiplantations 
1.Individual trees and hushes planted 

oin regulkir pattern 

2. 	H edged crops 

3. Thick stands (f nataral Iand exotic 
trees with little to no i,ass cover 

1). Grasslands 
1. Stoloniferous grasses planted in 

in rows froiii rniners: periiianiit 
pa res 

2. 	Seed established grass; bunch 

varieties 


Examphle
 

Annuals: maize, sorghu, sun
flowers; perennials: napier fodder, 
sugarcane 

Beans: soya, velvet, etc.: ground
intuts: t('vpeas 

Tobacco; grotp 1 crops on ridges 

Cotton 

See Al 

See A2 

Sunhemp, weed fallow 

Coffee, citrus, deciduous fruit 

Tea
 

Forestry 

Star. Kikuyu, torpedo 

Love grass. Sabi panicum, 
Rhodes, etc. 

3. 	 Specie,: composition related to Natural veld grasses, mixed species, 
natural soil and environmental mainly bunch, with some annuals 
conditions and perennials 
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very specificity; they are only relevant to the precise conditions ofthe experiment. Extrapolation must proceed with extreme caution.A few of the many examples that might be quoted include the 
following:

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

0- Comparison of the effects of no-till practices and conventional 
plowing on soil properties and yields of different crops. No-till hadnegligible soil loss (23).

0 Effect of narrower row spacing for a sorghum crop. Soil loss was 39 percent less than with conventional spacing (1).
All experiments that monitor the relationships among erosion andmeasures of vegetation and management show that other I'actors influence the exact nature of the relationship. Some of these factors 

are the nature of the rainfall, evapotranspiration, and infiltrationrates. In turn, these factors may depend at least partially on thevegetation and management. For the researcher there is often theconsiderable danger of circularity of argument, as well as lack ofaderjuate co.'trol ov-r plot and field expcriments. 

Vegetafiok a h!fldicator of crorio,. Vithin the complexity ofnatural systems, one variable effectively can integrate several othervariables and present an obseiver with useful information in asimplified manner (43). Plant indicators are one of the most powerful integrators, and they have two important areas of application
in erosion research: in general survey work for use as dateable markersof old soil levels and through species composition as indicators ofthe state of the environment or of soil types or conditions that are
 
particularly susceptible 
to erosion.Field m easureinen ts u ,,ing vegetation. Dunne and associates (10)described several ways oi using vegetation as a rapid means of fieldmeasurement of erosion. The exposure of tree roots is one common
method. But a mere accurate assessment used in Tanzania involves use of certain woody species, for example, ant-gall acacia (Acaeiadrepanalobiurn), that have a physiological mark on their stem (abulge or branching or color of bark) at the level of the original soilsurface (11). With suitable species, it is possible to develop a calibration curv- between age of tree (by ring count) and circumference 

at ground level. Therefore, nondestructive sampling can be carriedout linking age of tree and depth of erosion since germination of the 
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tree. There are several practical difficulties leading to sources of error 
with this methodology, such as ambiguity of original surface level 
or scarcity of suitable shrubs in some places. But it is an unrivalled 
method for gaining recent historicaj data on rates of sheet erosion 
without the need for expensive instrumentation. 

Indicatorspecies. As indicators, plants are extremely useful be
cause they are obvious features of the landscape and can react 
dramatically to small changes in environmental conditions. The reac
tion of grasslands, in particular, to overgrazing and intensive use 
is usually by a sequential change in species composition from vigorous, 
palatable perennial grasses to a reduced density of tufts of less 
palatable annual species (32). In central Zimbabwe, I observed 
Panicumcolorattlim with some Digitariasp,. on a lightly grazed site 
and Brachiariahumidicolaon an adjacent tbut intensively used site
an overall serious deterioration of the grassland that can be used as 
an indirect measure of erosion. 

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

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

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

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

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

Considerable research has gone into determining USLE factor 
v'alues. Noteworthy in this respect are the research programs fund
e-l by the French Office for"Overseas Scientific Research (ORSTOM) 
in West Africa and Brazil (26. 33). It remains an unfortunate fact 
that the complexity of tropicl f.-m"r:ig systems necessitates a vastly 
greater research effort to establish C and P values than has already
been conducted in the United Sta ,s, an impossible task with pres
ent resource constraints. Perhaps fh)r individual high-value crops, 
the research effort may be worthwhile. 

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

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

A key manual on farming systems research methodology is Plan-
Oing Technologic, A ' propriateto Farmers:ConcePtsand Procedures 
(6), published by CMMYT (Centro International de Mejoramiento
de Maiz v Trigo). It emphasizes a point that is particularly relevant 
for soil conservation research and planning:

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

Adoption of a tecinically proven method of soil conservation by
farmers is, in effect, the same roeedure as the adoption of any new
technology. That adoptio.i W' ,es u)on a number of interrelated fac
tors. In the main, farmers s. Ak technologies that increase their in
comes while keeping risks within reasonable bounds. Whether one
talks to a rich comiimircial farmer in a developed country or a shift
ing cultivator in the tropics, it is of little practical use to appeal to
his or her comservation ethics. Farming systems research, in analyz
ing the interrelationships in decision-making on the farm, hopefully 
may identify where new technology and what type of technology 
can be introduced without tipsetting the delicate set of conditions 
that the farmer perceives to be important.

CIMMYT (6, 29, 34) has identified a systematic set of procedures 
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that are useful in obtaining information on a farmer's circumstances. 
In brief, the procedure involves: 

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

0- Making exploratory surveys-informal interviews with farmers,
extension workers, merchants, and others with strong local knowledge 
as a means of narrowing down the circumstances of farmers. 4 
giaiding principle adopted by most farming systems research workers 
is that if a significant number of farmers in a region are using (or 
not using) a particular practice there is a good reason. 

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

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

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

on crop productivity
 

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

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

Because of pollution of surface water and groundwater and the 
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rising costs of agricultuial inputs, there has been an increased inter
est in soil erosion and erosion-caused productivity decline (2, 7, 13). 

Evidence and causes of yield decline due to soil erosion 

Stocking (21) attributed the lack of a direct relationship between 
soi. erosion and prodlictivity to fot r causes: 

- Soil erosion at:,d )rodiictivity, while interdependent, are not 
inlepernden variables. 

0- Under field conditions, reduced crop yield often L; attributed 
to factors other than thcse related to soil erosion, such as pests,
climatic chai'ge, soil salinity, water-logging, compaction, or others. 

0- l)iffecences in s(,il pr file ehara"e.,teristic, Laise differential 
effects ()[ Yield in soils with siltlilar levels of soil erosion, 

0 lMo parameters that affect crop yields aid are affected by
soil er,sii an- interrelated. Achange in one variabie induces changes 
in others. 

Soil er si, ii)fluene s cro p xield iy changing factors that limit 
pr(duction. il other words, progressive soil e.,sion increases the
IIa gni it Ic of soi I-rk la ted constr lits to pr, iduction. These constraints 
can be physk :1, chenlical, ov biological. Among the important soil 
physical cotiistriints aggrav ated by erosion ar, reduced rooting depth,
loss of noil water storage capac'ity, en sting and soil compaction, and
 
hardening of plinthite. Erosion also change' 
soil color and albedo. 
More)o'er, erosion reslts in loss of clay and olioids clue to preferen
tial removal of4 fine p'irticle,, from the soil surface. The loss of clay
influences soil tilth and consistency. Exposed subsoil is often of mas
sive strlit e and harder consistency than the aggregated surface 
soil. Dvelopme nt of rills and gullies may change nlierore ief, create 
soil variability, and render mechan ized farm operi.tions difficult. 
Another physical eff -ct ,f soil erosion concerns the management and 

yiming of farm operations. Achieving a desired seedbed With frable 
tilt[ n'ecessitates a delay in plowing,,until the soil is ade:juately wet. 
Soil chemical constraints and nutritional disorders related to erosion 
inelud low cation exchange capacity, deficiency of major p]ant nu
trients (N.P,K) and trace elements (Zn, S), nutrient toxicity (Al, Mn),
and high soil acidit"-. Soil biological properties, important factors 
related to lproluctivity, include biomass carbon and activity of macro. 
fauna, such as earthworms, Erosion-induced alterations affect soil 
biological properties. 



M(ONITOIN( S9.)I. Ei(Si()N'S IMPA(CT 189 

The lhss in l)rodIitivity set in motion bv accelerated soil erosion 
is a self-su staining process. Loss of production cn eroded soil fur.
ther dcgradles its pro)dil 'tivitv which. in turn, accelerates soil ero-. 
Sion. hlIe clilliiative effect observed over a long period of time may 
lead to) irreversible loss of pro(hctivity in shallow soils with hard
tied p)lInltilite or ill soils that respond oiily' to expensive managzement
;111( to addit iowil (iltplits. 

Monitoring erosion's iipacts (on crop production 

In 1,984 a of scientists recoini field, green-HroHip enlded possibl, 
house, and laboratory met hods to evaluate the effects of soil erosion 
Or 01r0(hctivitv (21). Nimerous teclhiques were suggested to establish 
tie (eauisC-ald-ft (,ct relationship :)et weeni (rosion and yield. These 
w5cr.~gr(Ji)ed iiot() fo)u1r cateorics: agro omic or direct methods, 
assessinl (if so)il l)iOi)ertits, geu)logical neiasurtinnts of weather
iu rat,, ail( III(Ahlig alnd l,rilictivitv indexes 

Direct niethods. Productivitv lIsst s cali be nieasniued tinder field 
conditio)ns where crop performiance over a period of time is related 
to recflrded soil loss or to erosion-induced alterations in soil proper
ties. l)irect met(hods coir'risiing avronownic experilments with natural 
Hr artificial soil l:,ss are described below. 

i'icd rcrd.t rom /ing-'rin agronomictrials. Eivaluation of long
terii yield recdords of agronom ic experiments conducted on different 
soils can trovide St)alc indirect measure of changes in productivity 
dhit t( changes in ,oil properties. [or examph, response fume etions 
over till f( soilP A to 1) in figire I indicate differences in yield 
reductioms diu io alterations in soil propt rties. Crop yield on soil 
A alparently was affected more drasticallv than oi soils B. C, or 
I). Althlaugh agroinmiic records of yield are av:ila01ie, it is often dif
fictiit to cvaliate soil l)ropert ies and attribule the Inmagnitude of 
chan)ges caused by erosion. 

Yield trelds over tine also can be assessed for different soil sui
face mana gemnt treatmients over the same soil. The yield data in 
figtfure ! could be ol) ai nd fr ', a tillage experiment ceilducted on 
siipi n , lan[ Tihe differential yield trends for tr(:atmem its A and 13 
roas, be related lo effects of ddfferclnt lwels of erosion c'aused by dif
etI.rent tillage netlhols. Such records from well-)lp mied tillage ex

perinlents et)nducted for a reasonably long pe'iod are rather rare. 
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Figure 1. Crop r wsponseto erosion in relation to soil profile characteristics for nutrient 
distribution and rooting density. Yield trends with time in C and D may be at'ributed 

to different levels of erosion caused by tillage systems. 
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Table 1. Relation between soil erosion, as measured on field runoff plots from 1970 
to 
(11).____________________________________ 

1975, and grain yields of maize and cowpea on an Alfisol in southwestern Nigeria 
__ 

Slop' ( '7) Regres.s'ion Equation CorrelationCoefficient 

Cowpea 
1 Y = 0.43 exp( - 0.036X)" -0.85A1 

10 
Y = 0.64 exp( - 0.06X)
Y = 0.49 exp( - 0.00,IX) 

- 0.97" 
-0.91 ^ 

15 Y = 0.29 exp( - 0.002X) -0.66 

Maize 
I 

5 
Y 
Y 

= 6.41 exp( - 0.017X) 
= 6.70 exp( - 0.003X) 

- 0.99c 
- 0.99c 

JO Y = 6.70 exp( -0. 03X) -0.891, 
15 Y = 8.3C exp( - C.004X) -0.86A 

' is grain yield in ton/ha; X is cumulative soil erosion in ton/ha.
tA = signific ,nt at 5 '" level of probability;B = significant at 1% level of prob
ability; C = significant at 0.1 of probabilitble stvel 

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

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

New erosion plots under naturalor sirulated rainfall.This is the 
most direct method to assess the effects of erosion on yield because 
the experiment is designed for this specific objective. Accurate records 
of soil loss and changes in soil properties are maintained over a period 
of time. Different levels of natural soil erosion over time are achieved 
by varying sirface soil conditions, for example, l)owed bared, natural 
\'egetativc c.'er, plowed but with a protective inorganic screen mulch 
cover, etc. The erosion process can be accelerated by applying sim
ulated rainstorms iundcer field conditions. Iarge field-type sinmlators 
are expensive, however, and )roduce variable levels of soil erosion. 
Appropriate crops are then grown with uiniform soil and crop man
agement systems. Figure 2 is an example of field runoff plots with 
a runoff and soil loss collection system. 

'~~ "Q,],, " ~ 

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

Anual Correlation 
lRain fk!! tRegression CoefficientL.ocation Soil (1n 1 ) Equation Ii 

Maize
 
)nw ()xic l ldlt1hlll.S 2.-80 Y = 1 590 - 2:33E + 7.681-' 
 0.94': 
Ikexmt ()xic IPahenstalfs 1,307 Y = 11,869 - 725F + 12.1 i!20.82" 

2
lira ()xic Palhustaltls 1,230 Y = -1,537- :357E + 7.18E. 0.61 A 
S. Nii.ria Alfi, oI, & ltistk 1,230-2,.40 Y = 5,,999 - 435F: 9.00' 0.43 

Onncw )xic I'ahclltull. 2..-,S0 Y 53-1 - 65..E +2.39t1-:2 0.91, 
Ikcnti ( ic Y - 50T.7Lah-1,,lfs 1,307 + I.O8I'2832 0.69"
lio , ()xic.Pahustalfs 1,230 Y 1.522- 5.3 E + E" 0.77"'.I.1-1 

S.Nigeria Alils(;l, & Ultisols 1,.2:1)-, ) y . 963 -60. 5F + 1.?!1EI 0.53" 
*Y ik Lrain ,itld inkviha: F iFkcln of soil removed.
 
1A significant a( 5'; hv (l f probahilitv; B = significant at I level of prob
abilitV: ( = significant at 0. 1",Icvel 4 probability. 

Dcstrfacint experiments. Artificial removal of ,:urfacesoil to vary
ing depths, followed I crop growth evaluation under uniform man
aigement, is a cominnon agronomic techniqte (10, 11, 14, 15). The 
technilue is rapid, simple, relati'ev inexpensive, but unnatural. 
Mbanwii and associates (1-1. 1.5) conducted desurfacing experiments 
in southern Nigeria and de'eloped regresiiml e(lllations relating maize 
and cowxpea yields to the depth of topsoil removed. Their results 
shIowed linear anld( quadratic effects of soil remo Ival depth on naize 
and cowpea yields ('l'abhle 2). The effects of desurfacing were more 
severe on ni,uizc than on cowpea and, therefore, were soil- and crop
specific. I ev luated the effects (f desuirfacing of an Alfisol at the
International Institute for Tropical Agriculture, near IMadan,
Nigeria, for varying levels of N and P (10). Application of major plant
nutrients cou ld not fully compensate for topsoil loss. It is possible
that, in additimi to the drastic r( Auction in availa)le w-ter, defi
cienev of some trace elements and toxicitv ,fAl and/or Mn reduced 
grain yields. 

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

I compared the effects of desurfacing and natural erosion on maize
grain yield for an Alfisol at Ibadan, Nigeria (11). Maize grain yield
fell 0. 13 and 0.09 t ha cm I of eroded soil for desurfacing to 10
and 20 cm de)tls, resl)eetively. On the same soil about 10 m away,
however, the decline 11 maize grain yield caused by natural erosion 
was 0.26 t ha Imi of eroded soil. The yield reduction by natural
erosion was about 1(3.25 times greater than that caused by artificial
desurfacing. For soils where chemical fertility is confined to the top,
thin soil layer, the effects on yield of removing 1 cm of surface soil 
are more drastic than the average effect spread over 10 cm of soil
depth removed by desurfacing. It is important to note that the enrich
ment ratio of eroded sediments under natural erosion is 3:5 for organic 
matter, clay, and plant nutrients (10).

Laboratort andgre'Ynhous, studies'. Tlhe relative croIp response vith
varying inputs of nutrients and water and at varying levels of coon
l)action can be obtained readily in greenhouse or growth chamberstudies using ',oil samples from appropriate de)ths to simulate dif
ferent levels fJerosion. The effects of natural erosion can be simulated 
by sieving out the fine soil fraction. The crop growth information 
thus obtained, through of a relative nature, can provide basic infor
mation on control factors, such as drought, nutrient imbalance, etc.
Aina and Egolu n (1) uscd this method to evaluate maize response
to surface anil subsoil conditions. Their data indicated yield improve
ment in maize by adding N, P, and K and high doses (3 and 6 per
cent) of cattle manure. One limitation of this method is the artificial
conditions iif crop grr)\vth in a greenhotuse environment on disturbed
samples packed in a confined space. which, again, makes the data 
obtained of relative importance. 

Assessinevt of soil properties. Two major effects of soil erosion are
degradation of soil physical l)roperties and loss of plant nutrients and
soil organic matter. Rather than evaluating crop response agronom
ically on plots on which the surface soil loss has been measured by
direct methods, researchers often estimate erosion indirectly fron 
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Table 3. Influence of erosion on soil physical and chemical properties (8). 

Correlation 

Soil Parameter ligression Equation Co'fJicieUt 

Organic carbon ( ) Y = 1.79 -0.002(E -0.71 

Total nitrogen ) Y = 0. 163 - 0.0002(EI) - 0.60 

Bra'-I (ppm) Y = 80.8 - 0.13(E) - 0.77 

Soi p1l Y = 5.6 - 0.02(E) -0.92 
Total porosity Y = 38.7 -0.02(E) -0.92 

*I is soil erosion (tha 1) 

changes in soil physical and chemical properties. Less accurate, in

direct methods of estimating soil erosion are less capital-intensive, 
however. 

Field surveys.,lield surveys of soil profile characteristics are used 

to assess the approximate loss of surface soil. Field surveys can be 

supported by detailed laboratory analyses of soil chemical and phys
croical properties to assess the depth of topsoil removed by past 

sion. This taired-plot evaluation technique is useful provided that 

relativhvl iineroded and eroded plots exist side-bv-,ide. \Vhile soil 
overerosion is estimated indirectly from changes in soil properties 

time, crop response is measured under similar agronomic practices 
of tillage, fertilizer a)plication, and soil surface management. 

One drawback of this indirect technique of estimating soil ero

sion is that changes in soil properties can occur with cultivation even 

without soil erosion. Disturl)ance of the soil surface by plowing and 

exptosure to climatic elements cau ses clay migration to the subsoil 

h(rizon, reduced soil organic matter content, and other changes in 

Knowledgesoil properties similar to those caused by sheet erosion. 

of plot history an] previous land use is very important. I observed 

significant relationships between soil properties and the accumulative 
n(tablv affected properties ofsoil erosion (Table :3)(S). The most 

this tropical Alfisol by soil erosion were total porosity and soil organic 

matter content. Furthermore, I found maize yield was related sig

nificantlv to soil properties as follows: 

Y = 1.79 - 0.007 (1) + 0.70 (O.(.) + 0.07 (M,) [1] 

+ 0.002 (I ) ....r = 0.90 * 

E is accumulative soil losswvhere Y is maize Yield in t ha ', 

(t ha -1), O.C. is organic carl)on (%), MO is total porosity (%), 
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and I, is infiltration capacity (cm). Results from usethe of thisequation also indicate that adverse effects of erosion on maize yieldcan be compensated for in part by adding organic matter and byimproving total porosity and infiltration capacity. The latter can beachieved by siul)soilin. 

Geomorphological approach. Researchers often use the geotechniqiues of evaluating weathering rate and the rate of new soil forma •tion to calculate soil loss tolerance. The latter is defined as the rateof soil erosion that provides for the permanent preservationprovenieIt of the soil as or ima resource and is equal to or less than therate of new soil formation. These techniques, explained by Kirkby(9), are base(] on "balancing the acceptable rate of soil loss"the "natniral rate of ne withsoil formation. " The rate of mechanical erosion is esti mated from the weathering rate as follows: 

where T iSthe rate of mechanical erosion (m/year); D is chemicalsoil formation or solutation weathering (am/year); and P is thedegree of weatliring, which is I for unweathereddesirable value for P bedrock. Ais 0.8. A knowledge of solutational weathering and of P,valu es for different parent materials can provide atentative indication of acceptable soil loss. This technique is moreapprop)riate to evaluate soil loss tolerance than to assess productivity loss (lilt, to soil erosion. The gc)tcchniqur,, ig-nores the edaphologicalaspects of 1la)nt numt rient availability and the importance of organicmatter a id the ela' fraction in plant growth.Stanlev and Smith (20) used a very similar technique to define ausable iatlhernatical finction for the computation of tolerable soil

l oss:
 

T(x,.v,t) = T: + ('T.--T,)12 + j(T . _ l'T/2](Csn + [(z - zI)/(z - Zn) Jn} [3]

whereT (x,vy,t) is tolerable soil loss rate at point (x,y), T, and 
 ' 2 are
lower and upper liunits of allowable soil loss rate, T, corresponds
to soil renewal rate, zn and z2 are minimumn allowable and optimumsoil depths, and z is the present soil depth.
I used this technique 
to compute soil loss tolerance for a topose(luence in Nigeria (12). Depending upon the effective rooting depthfor this particular toposequenee in western Nigeria, the soil loss tol
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erancc ranged from as low as 0.05 t 1iaI y for shallow soils to a 
maximnm of 2 t ha ' ' for soils with relatively edeep, effective root
ill' depths. 

Crop productivity models. Scicitists have atteii ted for many years 
to establish a rlat ionshij betwecn soil )roperties and soil prodile
tivitv on tilw basis (If 'ane control variables. The control variables 
or soil properties that drast'ical lv influence soil productivity differ 
i.rrmr soils arid agroecologi s. (Cortrol variabhs considered by 
\ ariolls researchers include root ~rowth and water depletion (8. 16, 
1,S). Kinirv mnd a soci at cs (S) d(escribed response curves relating snf
ficienc" for ro()t elmigatioi to each soil property. The soil proper
tics considered illchldtd potential available wate.r capacity (PAWC), 

Ib soil 
aerattiolm arid clectrical coirductiitv. On the basis of the sifficicnev 
of thesc variables it) relat ion to ioot ,.rowth, 

w'hiclh is influ ,enced texturc and strurturc: bulk hlnsity; )PU: 

Kinirv and associates 
(5) described the p-lriwlltivity index (lNi) as follows: 

,(Iic ,n)tw Icure A is t I Ir i I I jtt ial availal e water storage cal)ac
itv (StUFF,'lA\\ ).The rt's areihers assumed that a P1AWC of 0.20 or 
larcr norliiitiri. was ofSUIF'T),.\\AA wwasassigned a valle I if 
PA\\' > 0.2t0 amid lIA\\'(CA).2t if'PAWC < 0.20. 

B1is the sIfficiec" of aierartiori (St!1lAII1). The air-filled porosi
tv. S. was convcrtcd to a tforrm (A,relat ke resistance by com)rting 
the reciprocal I/S ard then s1n1r1rriilig relative resistarices by the 
integral J I/s dz. lie!ativc conductanrice, as a recip)ocal of relative 
resistance, is converted to sufficiency lasses by assuming the critical 
vaic of air-filled poro.sitv to be,0.08. 

(C is the sufficicncv' of bulk densitv (StUl'l"l)l), comuted as follows: 

SIilIF'I)13 = -0t.6s DI). + 1.88 for 1.3 < I) 1.55 
SLlFFD13 = -:3.32 I),+ 5.98 fur 1.55 < I)o 1.80 
SUIFI)B = t0 for I)1> 1.80) 

1) is the sliffi'iericv of pH1 (SUtlFlNS). estimated as follows: 

SU "PIIS = I .() if 5.5< 1II<.5 
SUF'PIlS = 0.16 pII + 0.12 if 5.0< )lI_< 5.5 
SUFIFlPJIS = 0.4-16 1)11 - 1.31 if 2.9<i)11<5.0 
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E is the sufficiency of electrical conductivity (SUFFEC) in 
nimhos/cm, expressed as: 

SUFFEC = 1.0 if EC<2.0
 
SUFFEC = 1.14  0.07 EC if 2.0<EC<16.0
 
SUFFEC = 0 if EC216.0
 

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

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

i is the 10-cm-depth increment number (i = 1,2,3, ... r).
This model has been tested to estimate the relationship between 

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

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

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

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

It is difficult to use empirical relations if the data base is sketchy.
Successful application of these models requires prior knowledge of 
(a) optimum rooting depth for crops, (b) plant-available soil water 
reserves, (c) appropriate criteria to assess soil compaction and crop 
response to different levels of soil compaction, and (d) tolerance to 
subsoil acidity. EI-Swaify and associates arrived at similar conclu
sions (6). They reported that replacing inapplicable sufficiency curves 



MONITORING SO1.IEROSION'S IMPACT 	 199 

with simple indexes and adding new parameters, for example, nutri
ent deficiencies, would improve the application of the PI index to 
Oxisols in Hawaii. 

Ili 	 addition to Pl, a range of proces;ses and economic models have 
eteCn dev(helo)ed to assess the er)sion-productivity relationship. One 

suech mordel is the err)sion-l)ro( ictivitv impact calculator, EPIC (19, 
20). This model simulates the physical tprocesses involved using 
ro! ticl y availa)le data. Sim] ilar to the p)rocess models, linear pro
grainmring iiod)tls also have bcen used to evaltite erosion-induced 
loss in productivitv (21). I prvio(llslv revi 'vcd the uses and liniita
tioi)s of such modlels (13). 

Conclusions 

It is important to he abhe to reklte crop yields to soil erosion and 
to tire additioinal inll its needed to maintain the same cro) produc
tiron. ''he most relevant approach to determine er sion-caused reduc
tioir ill soil lrodlictivitv is the direct agniioir(mic aproach to assess 
er( I) yie]lds on land from wvhich the loss o f surface soil has been 
as(sssed dircclv ()i field ruin(ff plots. The rates of natural erosion 
call he acc(leratedl)vyusing sini]ated rainfall. The effects of clesur
facing are i( or, (lrastic fovr soime soils but not as drastic as natural 
er(osi or for others. Pa rametric methodls of assessing potential pro
thuietivity can he usefil ill providing information relative to the effects 
oif (,rosioir. )rovide(d that empirical data relating crop yields to im
portanlt soil 1)ropcrtics exist. If suclh a (lata base is r()t available, the 
resutlts o)tai eC are of liuited rise. 
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Wind erosion
 

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

\Wind ercsion is worse in arid and semiarid areas where the follow
ing conditioms fr:qu'ntly occur: loose, dry, finely divided soil; a 
smooth soil surface devoid of vegetative cover, large fields; and strong 
winds (44). Arid and semiarid lands are extensive. Arid lands com
prise about one-third of the world's total land area and are the home 
of one-sixth of the world's population (37, 50). Areas most suscep
tible to w nd erosion on agricultural land include much of North 
Africa and tei Near Elast, parts of southern and eastern Asia, the 
Siberian Plains, Australia, southern South America, and the semiarid 
and arid portions of Northi America (44). 

Land 1:1det going desert ification becomes vul neral)le to wind ero
sion (8.5). On pastoral rangeland, composition of pastures subject 
to excessive grazing during dry periods deteriorates, the proportion 
of edible perennial plants decreases, and the proportion of annuals 
increases. Tile thinning and death of vegetation during dry seasons 
or droughts increase the extent of bare ground, and surface soil con
ditions deteriorate, increasing the fraction of erodible aggregates on 
the soil surface. In rainfed farming areas, removal of the original 
vegetation and fallow expose the soil to accelerated wind and water 
erosion. 

Excensive soil erosion in the U.S. Great Plains during the last half 
of the 19th century and in the prairie region of western Caaada dur
ing the 1920s warned of impending disaster. In the 1930s, a pro
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longed dry spell culminated in dust storms and soil destruction of
disast rous proportions in the prairie regions of both western Canada 
and the Great Plains (2. 62. 65. 76. 102).

\Vind erosion I)hIsically removes from the field the most fertile
portion of' the soil and, therefore. lowers land lproductivity (35, 68).
Some soil from damag.ed land enters stispension and becomes part
of the at riospherio diistload, H agen and WVoodruff (54) estimated 
that crding land inthe (;
rvat Plains contribhuted 244 million and
77 million tols of dust Jer y,

9
r to the atmosphere in the 1950s and

',)(s, resl)ecti.cly ' Jaenieke (63) ('stimated the source strength of
milleral dist I'lom)t lhc Sahara at 260 illion tons a v'ear. Dust obscures
visibilit v and )ollutes the air. causes autonobile accidents, fouls
niac'hiiie-v and iinperils animal and limanm health. Blowing s')il also
fills road ditcht s: rcb ie.s seedling suirvix'ai arid growth; lowers themarketal)ilitv of \'get able crops. such as asparagus, green beans.
avid hcttic(.: ilicreascs the smisceptil)ili'v of plants to certain types ofstress. iiidliiznu dis. a,.:aid contri butes to transmission of someplant p';1tho,<(,11 (.'3.'3..5,',.'59).
 

Soil crodibility by vind 

Scjentim,. 
 c,',
earl*ivizd
that !,oil crodibility, the susceptibility 
or ,'asc (,
dt''tchiilent and transport by wind, was a primary variable 
affect winwid (rosil . From wind t plunel tests, Chepil (17)deter
iiille(d illativ I('l ibilitics of soils rasonably free from organic
residliics as :I hlicwio of ap parenlt spccific gravity and proportions 
(fdry s,I a L(il illvarilis sizls. Clods la,'ger than 0.84 rim
ill,ialli iioiicr(o)dihl,:l
illtil( rancg of windspeeds used in
till tests. Sinec thei. the norierocliblv soil fraction >0.8.1 mm. as

(iet(rinimid bt,d r\ si,vini4, has been iscd to indicate crodibili v ofs,)iby winti. Illal) earls %(.rsiollthe (m Ii(',i of the wind erosion equation (26),bY 5)Ii] fradlio- wa.s,oale of three ziajor factors de\'eloped
 
frlni rlsli ts ()(tain d principaliy wit~i a portable wind timuim (113,
 

A'\Iiri,.'nsillicss soil (mo'litv ln.Ixi, .,was based oil the nonr(odihl Iras ti(ln. illn
e(,rcage (I f clods >0.84 mill il diameter
(22.27). "lw tlhamiisV of soil eroded illwind tiuinnel tests is governed
bI,tiltint\ hclntli and other ciiaracteristics. Therefore, erodibility
wais cxpre,,,(t '!1a dilliisi.les, basis S(, that for a given soil and

surface cond.itioll the sale rei.ative (-rodi)ility value would be ob
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tained regardless of wind-tunnel characteristics (24). The soil erod
il)ilit\' udex was ,Xpre.s(,( as follows: 

1 = iXA, [1] 

wherce X, , the quantity eroded from soil containing 60 percent of 
clods > 0.8.1 run and V. is the quantity eroded under the same set 
of' (olldition:S f mll Soil corntaining any other prop)ortioin of clods > 
0.8-4 1ll)l. "Ilrl( soil crldibilil indlex. I. gave Iarelative measure of 
crodibility. bit actual soil loss by windtl was not known.
 

Thcrehfore,. dluring the sevi'rc w\ind c(r(;Mi 
 seasons of' 1954-1956, 
from January throu gh April, ( hcpil studied 69 fields in western Kan

(and to 
iiny field (ro(dibili'v iasthiter:iiit Inrota \'arioums field con(litions (24). 
Il1c avcrage t .usually 

silsad eatern Tira( detcrriiinie the (]lantity of soil loss for 

depth of Soil erod(ed was indicated by thIe depth 
to Nvtic] crown it a i t roots of plants were exposeI. 

Seasonal loss \wis co cV.t'r'tc to ailrimt] Soil loss. and relative field 
ero(dil)ilitv for each field was deterirred by procedures l)re\,iouslv 
nitlined (23, 2(. 27). TIhc relatiou b(twcen annmal soil loss and 
relative fiid ro(libilit\ wit's asi follov\.,s: 

Y = a'x - I ' [2] 

wher, Y is arnnrural soil loss (toOfiacre) N is the dimensionless relative 
field erodi bilitv: and a, b. c. and d are constants equal to 140, 0.287, 
().01525, anld 1. 0 65. respuct ively. (Chepil (2-1) recogrized that inaccu
!acies in rtt{ tiriutll relaivel small anriual soil losses from depth of 

ril reut1,','al iiad(c )(\'rti'(r (lCiatx e field erodibilitv to annual soil 
by 2los K' rplatiorl hitdlv apl)roxilliat. 

\Wici it field is sill tih. barc,. \''(l. urishelterdl, and lioricrustecd, 
itt. jelativ, irod(ililitv is c(ptlral to thert tordibilitv index (lirined by e(la
tion I .'!To o)tain iotettial alnnual oil loss iI to ns per acre, I is 
suibstitttel for x in eiptlatiori 2. lqriatiori 2 was multiplied 1, one
third. tlieu lis((l to generate a table (109) for crodibilitv of' soils with 
different )CrCrCitagLs )f rie'o(lih)le fractious >()..1 rn (Table 

A mo re reliablc arid techically sol irirdiprocedure is needed to 
tstirr'ate or pr((lict the erndibilitv index witihot making plysical 
Uclastllrelrints. This whill(d save tini, aredi cxl icise and provideta 
i"e:iris to estimate erodibilitv more acrately. 
fi current practice , scientists ftf'.il estimiate soil (rodibility b' 

grotpini rig Soils. nat(ist.lh according to )r(d)riminant soii textural class 
(Table 2). 

http:nat(ist.lh
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Because of the utility of predicting soil erodibility from easily obtainable soil properties, table 2, or a similar one, has been used extensively. Problems associated with using table 2 to estimate soil erodibility include the transience of dry soil aggregates > 0.84 mm within 
a given wind erodibility group (WEG).

Actial erodibility is extremely dynamic and varies seasonally, 
yearly, and as tihe result of management operations. In a study onthe effects of season on soil erodibility, Chepil (18) found erodibilitv alwavs was higher in the spring thian in the previous fall if thesoil had received moisture occasionally during the winter. But theincreases were not of the same magnitude for all soils. The greatestincrease in erodibility from fall to spring occurred in the finest textured soil, the least in the coarsest. Sandy loam was highly erodiblein both fall and spring. Clay was least erodible in the fall, but about as highly erodible as sandy loam in the spring. The intermediatetextured soils had an intermediate erodibility in both spring and fall.Grouping is discontinuous and results in large, discrete jumps inerodibility with textural change. For example, the soil erodibilityindexes for loamy very fine sand (WEG 2) and very fine sandy loam(VEG 3) are 300 and 193 Mg/ha/yr, respectivelyv. All other soilsclassed in those wind erosion groups have the same erodibility indexes.Do they have the same erodibility? It would be better to predictpercentage of aggregates > 0.84 mm and then use table 1. A 

procedure mist be devised for realistically predicting dry soil-

Table 1.Soil erodibilitv, 1,for soils with different percentages of noncrodible fractions as determined b' standard dry sieving (109).
 

l'(r('cnt (9So(il1lrWilility bt, Pl:.rc,'a2 . ,( _i5 Soil 6lra'fion. > 0.8.1 111117 8 . 

0(195 561o .193 .137 -11 38110 359 336 314300 2)11 287 2NO 271 262 253 244s 238 22820 220 213 206 202 197 186193 182 177 17030 
4t0 

166 1 1 159 15,5 () 146 1.4! 139 13,1 13012(, 121 1i7 11,1 112 108 105 10() 96 9250 85 801 75 70 65 (11 28 5-1 52 4960 47 .15 .13 .10 38 36 36 3470 31 2927 25 22 1S 16 13 9 7 7 4
80 4 -
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aggregate status that accounts for yearly and seasonal fluctuations 
a-d dominant soil properties influencing erodibilitv. 

The aggregate status of the soil at any instant in time is the result 
of many aggregate-forming and degrading processes. These i)r(:,.sses; 
c.omprise a complex interrelationship of physical, chemical, and bio
logical reactions. Aggregation may be the breakdown of clods into 
more favorable size, or it may be the formation of aggregates from 
fi ner materials. 

Ai ,ther factor to )×w considered in a;sessing or predicting the aggre-

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

W,'.'( 
lPredominant Soil Tvstrv Class 

of SurJace Layer 
> 

Dry Soil 
Aggregat s 

0.84 In In 
( ) 

Wind 
Erodibility 

Index, I 
A(Mg/ha) 

I Very tite sandl, fine sand, or coarse sand 1 
2 
3 
5 

695 
560 
493 
404 

7 359 

2 Loamv very fine saul. tarmn 
14ditVi sanld, loii( \ t'f)trw 

soil n',ttrials 

lint sand, 
stn ,(l,of sapric 

10 300 

3 Very fint sald leam, fin. sant(v loau, 
SMtiv 0 ull,of. ('{aIirscmIsan loam 

25 193 

4 Cla'. silty cla. noncoaharoious clay loan, 
Or silty clay loam \\ ith morc than 35 
perentL (.KS Clcoll(it 

25 193 

-1I.(alarvofur loani 
,alcarcti. ckts 

iml silt ! l lior 
toomrand silt' clay loam 

25 193 

5 Noncalamu hittam ;amd sillI in with less 40 126 
thil 20)pi((' Ii % (')inte l (r sa 

ti V loilo I.sai " 'las . ild hlmic 
orLaattc sm~l lmah-riall,. 

Iv 

6 Nticalctrl-tis loam midosilt hoam w-ith 
thanl 20 percewn clim (',totelic: 

mor 45 108 

,ical tiermol. tla\ loam 
::35lpcir'enlt(clx\ c'mltt-ll 

with I,'sthait 

7 S cilt,talcart oiws ,iltyclaY loam with less 
lhan 35 percent cla, content, and filiric 
,ranic soilmaterial 

50 85 

S Soils not susettiblh to widt >80 0 
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iate status or erodiblIitv of a soil istheC iIIfluence of cro)ping history

and till
age. Page aid \Willard (S2) found that the degree of aggrega
tiol illa clIri,, )ats!alfalfa,-) r inegrass/al fail fa-bron)egrass rotation is 
two to 
three times greater than that for continuous corn. Cropping
s'stelis that included continmuos sinall grain, contilnous row crops,
and rotations ineluding fallo showed no significant differences in 
water-stable aggregation (81). Soils broken out of native sod lost much 
of'their aggrgatioil ilthc sur'face-tilled zone (81. 92. 100). Skid-
Imore llil( stldyl\ oI,a.ssociates, illai Soil physical properties as influenced
 
I".inanalmiieit of residues from winter wheat and grain sorghum,

fouind that 
,raiii sorghum or wheat iilrageient treatments did not
 
influeitce most of the soil physical properties meastired (92). Iowever,
 
the awgregate statils differed atmong crops. Soil 
 aggregates from
 
s1rghi plots weme simaller. iior, frag[il. less dense, and more wind
eroliIbh t hl 
 agregates from wheat plots. Ilarris and associates (57)

reported that agrono iiic
s.,tciiis affIct agregration significantly but
 
that interpjretimg c utrolliig iiiechanisins iscomplicated by tile di
\ersity of*lactors tlhrou i whi ch the effects are manifest.
 

IIallilitv to
I ,redict Ibo th aggr gatc status and the weather undoubt
edlv ilflhmcnc(, \\'oodlc11rHl
and Siddowav's definitioi of soil erodibility

109): "iw Ipotcitial averagev aimlhial soil loss from a wide, unshel
tred, is.,latei liId.o.r.ir tIi(climiate iii the viciiit\ f G,arden City.


Kansas." I ,lqit(of t)Ii-),oral variation of soil "agreg4ate status,

\\oodruiff anld Siddlowav suggested 
 that soil erodibilitv can be
 
estimated Iv stamiard dry sieving and lise:
of table I. Use of sieving

results assumes that the values determined (percent > 0.84 mim)
..charactcrize' atsil during the critical erosion period for the time
 
11111aiii of cii
the( wilin!10 Si l at ion (109).


For d(etermiing pcrceiit ages 
 of dry soil fractiois > 0.84 mm1111,
(Ahpil and \\oodrff 127) reconmmend(d the rotary sieve. A con
ventiona (lidi ore readily available flat sieve nmay be used, but 
re'iilts with it ar, ac"'trate than withless a rotating sieve. 

lcsarcihrs.",hmil1utse, the following procedlure when using a flat 
sicvc: 

- Obtaii 1 kg samples from the 0- tol 2-em surface layer when 
soil is reaslmablYl dry. If' isnoltsoil ncar air dryness, dry it in the 
laboratory befllre sieving. 

\\eig h the sanl)le and sieve iton a ).S.1-min (No.20), 20.3-cm 
(8-inch) dliamieter sicve itil the aggregates < 0.84 min diameter 
have passed throl( ghithe sievc. Be careful not to fragment aggregates 

0 

http:liId.o.r.ir
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(itiriI( sievingi. W\eigh ti aII (IIIIt of saInlph, reIaiIil omn the sieve.
 
W-( alculat the mass fra:tion of the total sample that was re

taiied() i tle sieve and itis( table I to (leti{,-miie soil (rodil ilit\'.
 
Sltppose frmi rep)liatcd sievings fromi a saml)e site that the total
 

aIllillit of ailr-dried soil for itll si\'iiig \'as 1)35) -15., ). and
 
19) 9r-allls alnd the ies wctivr aIltililts retajiled (,l the 0.8-1 l111n sieve 

afttul sicvill ,ere 270. 22. 2,)and 250 gr; is. "iecrefore, per
('tiltas4(9s (dtdr\ soil rtw ii ,, (.8-1 miii o ld be 2(i. 1. 2..0, 20.7, 
ti.l, sp. (irrespmiding soil erodibility values from2.s- rSl(t i,(, 
tabh, I ould b. IS(i. 19 7. 213. and 193 M/liha. re'spectively: the 
1ltill \Mtlld(bc( 197 M t,, ha, 

W\ind en.()iNit\ 

i fIwpil and al,\,,)ciatt, (2-5)proil)oscd a climatic factor to determine 
it ir. i il im s othe.r than tho(,se" ,oc]s,ili., for limatltic (.iiditio 

il l, %\t .iti' . ell i ffi tetwee ti:Sitli and fietldwiuid-tii il. 

ll tllt 'mr, t , w i "d,,!'.ist;Ili ,',' , ill', l,,rtich t .;d i¢\(,ilgc, ,, ] 'dspe 

I , . ,il f , t- rI I > ( l ti) tlit.dm basis that 
till, Id,, ,,id()I \;Ir,,l a . d,threi}bilit,. ll,.fvwk \%,ith thr l l -r u( ld lilo t1 
%\ ,,, It,: lw,'tl . l¢} ',ch l 'edto toan,iltoI llt!i, ',Irkwc''(61J\k, ,a" ;a'.si, 

I,', Tlhr i ft iIhm Iitim\ !(1 0" 

fi
 

-~ I~fi1:3 1 

i" In. l )l 1; )1\ Ith If) ifcIte . Ilw 3Sh)\ld it i (t. c f itIt(llcttI 
t Il it I I t 1aI I IifIt, l -1I 

'II,IItI ' it . \ c 1 11:1 li lt tI llf , ' \ ll iltc pe ilita
-l t Al lo I II h 1;0 mi Iimitti, Itt I ,.St a~ -.A i a l,fit to td tt that
 

rI' I ,t,, wiil i 'lctlt 1 lh
titlll li -. p i ifla il. ,v\s: 

\% ere Jr s t I ini l i i i i Iit iII JiiO iil ltiti I ill 1111 I, ist he iiittitily 
evaptiratiioii ill iii ii. alit1 T is tt-Ii p rat ill.( ill ( : . i( t lly v a ['IneS 
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were added to obtain an annual value, which was multiplied by 10 
to give: 

12 ( Pi 10/,) 
PE index= 3.16i1 ( 1.8T + 22) [5] 

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

As the PE index gets smaller as precipitation declines, as in arid
regions, the elimatic factor in equation 3 approaches infinity. In
application. an upper liinit is set b1 restricting rninimum monthly 
prcci)itation to 1:3 im (69). Monthly climatic factors also were calcuilatel ising an annual PE index with monthly mean windspeed 
(10,). 

Ihe Food aiid AgriciiltIure Organization approached the problem
of the climatic factor becoming a large value in arid conditions dif
ferently (.5). Agciicy researchers modified the Chepil and associates' 
iildex (25) as follows: 

=lti I ( I 

where i is the mean monthly windsl)eed at a 2 -in height, ETP is 
)ot e iitial e\,aj)otra ispiration, 1)is precipitation, and d is the totalnuiiiut)er of days in the 1mouith. In this case, as precipitation alpproaches 

zero. wiulspeccl dominates the climatic factor. Conversely, as pre
cit)itati( a)tpr acles ETP, the climatic factor api)roaches zero. The
influicime (d'soil water in theIFAO version is less than the squared 

Sdifluenevf soil water demonstrated by Chepil (20).
I liandld the influtience of soil water differently and included a

windspeed probahjlity dlnsit\' function followsas (90): 
(F -= e J" [I -- 12]o[7] f(ui)du [7] 

where.
 

Ri = u + y"/Qa2 [8] 
and CE is tle wind erosion climatic erosivity, which is directly pro
portional to miass flow rate of an all crodihle material: Q is air densi
ty 11and i, are windspeed and threshold windspeed, respectively; 
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Y' is the cohesive resistance of absorbed water; and a is a combina
tion of constants., k/In(z/z,), for k = 0.41, z = 10 m, z0 = 0.05 m; 
thus, a = 0.0774. 

The value for y is approximated as follows: 

y = 0.5 p2 [9] 

where tp is the equivalent soil water content, fraction of water (by 
mass or volune) in the soil, divided by fraction of water in the same 
soil at -- 1,500 J/kg (20, 90.). It was assumed that equivalent surface 

water content was approximated by the ratio of precipitation to 
potential evaporation. The ratio of precipitation to evaporation can 
be approxinated by the Thornthwaite PE index or the inverse of 

the dryness ratio (12, 56). The dryness ratio, D, is defined as follows: 

D = n/(LP) [10] 

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

The wiiidspeed probal)ility density function, equation 7, can be 
expressed as a Weihull (listribution: 

f(,u) = (k/c) (u/c) I exp[--(u/c) ] [11] 

where c and k are scale and shape parameters, respectively. Param
eter c, has units of velocity and k is dimensionless (3, 66). Weibull 
parameters have been deterinined from windspeed distribution sum
inaries at many locations in the U.S. Great Plains (53). 

E1quKation 7. with f(u) defined by equation 10, can be integrated 
straigh t rw'irdly when k = 2 as follows: 

C, r I.:3(" exp -1/c 2)] [12] 

where 1His defined by equation 8. 
The summation procedure for evaluating equation 7 can be writ

ten as follows: 

R , )F Qu) [13] 

where F(u,) is the cumulative distribution function: 

F(I,,) = I - exp [ - (u,/C)] [14] 
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When mean windspeed is available but the data from which the 
mean was calculated are not, the \Veibull parameters can be esti
mated. 

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

c = 1.12 ri [15] 

k 0.52 + 0.23c [16] 
Iquation.i 7 and 13 express wind power, XW'm-2. When multi

plied by the time duration in the accounting period represented by
f(Ai), they ivevc,)sivc, wind ,nrgv . This is the energy of the wind
in] exeess of that lecessary to overcome threshold shear stresses
re'present ccl by 1. En sive wind energ . is a useful parameter to
evaluate tle .-limatic factor for" the wind erosion e(luation.

Stlpp)s(' ic vishes to know an appropriate climatic factor for 
a 30-da\ 1)rio(l o4 gi\eni oiiditiois: i'an widspeed 5.8 in s 1.= 
average )recilpitati u 1it1. () net radiation = -t) \IJ n) 2 .
Then , from equations 15 and 16. c and k are estimated to be
 
1,,.5 ' id 2.0. respectiveiy.
ii a 'lle drv)ess ratio calculated from 
(Illiation 1) is 2.5 'r heat of valporization of' 2.15 MJ kgIThus. 

I .B i , i* , + =e ' 3(i 11 17 1 - s- [17] 
Eqtuation 
13 c.i,ll(be iised to calculate CE. However, because
 
k = 2.(). equation 12 was used 
 to calculate CE as follows: 

(:1,: -- i..3:Q'expI-(lFc) 2) - 141 .Vn [18] 
'Ilhrefore. tie(, er().sive wind ener.v for the 30-day period would be 
as follows: 

E i(IC tine --I I \V i '' 8.(i.1 + 10" sd x 30(1 = In 2373 MJ [19] 
If the umoliti(lis tive"a in this exani)le 30-day period were to

prevail f(,r an :'fltiro vear, then thw erosive wind energy would be 
•.53,' MI n -. That winid cinrgy. compared to the reference of

S10) .\] 2 I'fj s a climatie Iae'nr of 56.1 Also, front figure 1,for 
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Figure 1. Wind erosion climatic factor as influenced 
I)v dryness ratio and mean windspeed (90). 

a dryness ratio of 2.5 and a mean windspeed of 5.8 m s-1, the 
climatic factor is 56i. 

Ridge roughness 

Chepil and Milne (32) investigated the influence of surface 
roughness on intensity of drifting dune materials and cultivated soils. 
'I'hev found that the initial intensity of drifting was always much 
less over a ridged surface. Ridging cultivated soil reduced the severity 
of drifting, but ridging highly erodible dune material was less effec
tive because ridges disappeared rapidly. The rate of flow varied in
versely with surface roughness. Armbrust and associates (7) studied 
the effects of ridge-roughness equivalent on the total quantity of 
eroded material from soils exposed to different friction velocities. 
From their data, a curve can be constructed showing the relation



21-1 

E. L. SKIDMORE 

tween the relative quantity of eroded material and the ridgeroughness equivalent. Presumably, this was tile origin of the chart(109. figure 4) showing a soil ridge-roughness factor as a functionof soil ridge roughness, so that ridging may reduce wind erosion upto 50 percent. 
Ridge roughness e:timatcs the fractional reduction of erosioncaused by ridges of nonerodible aggregates. It is influenced by ridgespacing and ridge height and is defined relative to a 1:4 ridge-height

to-ridge-spacing ratio. 
Tables were prepared of ridge-roughness factors for various combinations of ridge heights and spacings (88). Hayes (60) suggested(valuating fields as either smooth, semiridged, or ridged and thenassigning 1.0, 0.75, and 0.50, respectively, as soil ridge-roughnessfactors. Williams and associates (106) fitted equations iothe curveof Woodruiff and Siddoway (109) to express the ridge, roughness factor 

as follows: 

K = 1.0, IIt /IR<0.57 
[20]

K = 0.913  0.153 In (1111W/I), 0.57< (IIR/IR) <22.3 [21]
K = 0.336 exIp (.013 11W1 /'I1), (HR2-/Ilf)-22.3 [22] 

where Hil and 
in n. 

I are ridge height and ridge spacing, respectively,A field with ridges 100 mm high and spaced 400 mm aparthas I1/!1R - , Because 25 >25. 22.3 and using equation 22, theridge-roughness factor K = 0.5. 

Field length 

Chepil and Milne (32) reported that the rate of soil movementstarted at zero on the windward side of fields or field strips andincreased with distance downwind. Later, Chepil (16) found that
the cumulative rate of soil movement 
with distance away from thewindward edge of eroding fields was the main cause of steadily increasing amounts of erodible particles, increasing abrasion, andgradual reduction in the rate of soil flow wvith distance downwind 
avala nching."


Rate of soil flow increased 
with distance downwind across aneroding field. If the field were large enough, soil flow reached themaximum that a wind of a given velocity could carry. Beyond thatpoint, the rate of flow remained essentially constant (21). That maxi
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I the any texture--about 50
11111111 wa about same for soil of 

gill IsI for a 17 m s Iwind at 10 in. The rate of increase for 

same as the order of erodibility for soilvarious soil textures was th, 

texture (lasses. 
the Ilaximum thatThe distance rC(lIired for soil flw()to reach 

a wind o(f a given velocitv can carry v'aries inversely with the crodi)il

ity of a field smtface. The more erodil)le the surface, the shorter the 

distance to reach inaxinium flow (23). 
rerelated relative wind ero(hiliity to the distanceCliepil (23) 

to reach a Inaxiiitim. 1Ilhis earlier work (1(3,
(liircd for soil fHow 

for the rate of soil movement as a func
21. 32), he psres'ntd datia 

field soils
tioln of distance froin the windward edge of" the for 

tat varied widely iin crodibilitv, le converted the relative surface 

e( dililit t ascd(i th ur factor'- soil clodliness, crop)re. idue, ridge

roitj cs;equtivalent, and soil erodibility- to relative field erodi

lility, tasc(l i addit ihnma factors- wind harrier, width of field, and
 

,\inl directi(n (23), These functinimal relationships between 
field
 

field width v.ith the many associated factors gave

cmi ,hili v id:tld 


was used ii'the wind erosion equa
risew tl ox the held length term .

vit. ,risidhre(l as the distance across a
()riilllk. ficld le!gth 

field iltlie III(,\ ilia wind (crsi(Indirectiom (109). lowever,sonie

es a,nilall wil(! occurs from nle direction as from another,tii 

li these so tlwr iss's prevailing wind erosion (irecti(.eltially no() 

force!; in 
('ises rcsear( llir ig;etl the l)ret))nderaiice of wind er(osioi 

field length
the prevailing \.inld crosin (irection to assessetialent 

(1 7. 9N). Iater, from a mre (hetilc(d taittl\sis, tables were prepared 

that give wind crosi)mt (iretion factors, nnilnbcrs that wheii multi

plied by field width give mediai travel distanlwe as a function of
 

sioin forces iiithe prevailing dircctioin and 
1irepuimhldmelu'(ct of wind (ri 

,vinderosion (irection from perpendiculardevi ti n of pre\vailing 

to)direction,)f field length (90). 
tile procedure for determiningII s.l'i it ) eltmo(eling efforts, 

l, for uis.in the wind erosion equation was simplified by ignoringu 

(list ril)utii)ns. Cole and associates (3.1) suggested the 

Ilowing: 
wil i tir.0ct i(oIi 


Ic 0 I= : (1I + w2) [231 
otherwise
= 1 CSC 0 

and I are the small and large dimensions, respectively, ofwhere w 
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a rectangular field and 0 is the angle between side w and the prevailing wind erosion direction. 
range from 

As 0 varies through n/2 radians, L willw to 1,with a maximun equal to the main diagonal ofthe field. The procedure Williams and associates (.106) used in EPIC,the erosion-prodluetix.itv impact calculator, was as follows: 
1 = 2 lwv(+ 
 - [24 

leos(,r/_2+ 
 - 4)) + wsin(n/2 

where Iand w are the large (length) and small (width)dimensions,
respectively, )fa rectangji, iield, ocfrom north in radians, is the wind direction clockwiseand 4 is the clockwise angle between fieldlength and north ill radians. Using equation 24,reetangular L = 236 m for afield where I= 1,000 m, v= 200 m, oc =n/4 radians,
and 4- (). 

Vegetative factor
 

Sciciitists realized early the value of crop residue for controllingil(i erosir) and reported quantitative relationships (14). From windtronel tests on plots especially prepared to obtain aC'Over aid range of vegetativesoil structure, Englehorn arid associates (39) found thexim'leit ia! ,Iationship that best expressed their results. Subseour t st ili,,s (19, 26 27) exprevy;cd the relationshipa =,(lhK)'. where x is th( 
in the form 

wind tunnel erodibilitv';erodibiiit *vinldex (pe'rcent of clods > 
I is the soil

0.84i iiinu), i is the dry weightof crop residle ill poI ds/acre: K is the ridgc-roughness equivalent;and a and 1)are constants.
Anounts of wheat 
sands ard less err 

straw needed to protect most erodible cunedibie soils against strong winds were e-tablished
(31). Standing strbbe -wasmuich more effective than flattened stubble
129). Standing sorghum stubbhle with rows perpendicular to winddirection controlled wind erosion more effeetivelythan rows parallel
to wind direction (39, 97).Siddoway and associates (86) c(imntifid 'k- ffro
vegetative c-overs influeni rg soil erodibility and developed regression eurations relating soil loss Lx' xvindl to selected amounts, kinds,and orientation of vegetative eo'ers, wind velocity, and soil cloddiniess. They found a comiplex relationship among the relative effectiveness of different kinds and orientation of residue. The relativevalue of kinds and orientations of residue incontrolling erosion must 
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he (tlalified by soil. wind velocity, and variable characteristics of 
the residues. Generally, Siddowav and associates concluded that (a) 
oil a weight basis, fine-textured residues were more effective than 

coarse-textured residues; (b) any orientation of residue, except flat

tened residue. rediced wind erosion; and (c) fine-leafed crops, such 
as grasses and cereals, proviNd a hih diegree of erosion control per 

unit weight. 
Those sticlies led to the rt latinship developed by Woodruff and 

Sid(h)o\N ay (109) showing tile influence of an e luivalent vegetative 

c(ver of smnall girain and s(rgl ini stubbly for various orientations 

(flat. standing) and i height,. then relating s(il loss to e(tiiv]Ct 

vegetative c(ver. 
Ftff rts to evaluate the )r()t(ctiv' r(ole of additi(nal crops have eon.. 

tin"uie In wind tuinvnl tests. ILylcs and Allison (70, 71) determined 

e(qunivalent wind er(siom pr(t (,(t io provided by sei,.cted range grasses 

ail crop residues. They found high sinple orreiation coefficients
 

fruon an equalim ()tthe form:
 

= aX, [25] 

where (St) isthe flat snall-grain equivalent, X is the quantity of 

resi(dlie or grass to be c(nverted, and a and B are constants. Tables 
:3and .1show prediction equation coefficieints. 

It isiiot practical intesting all co)mbinations of crops and residues 

to deteri ine their protection value as flat small-grain equivalents. 

TI-Or lfui.ra pract ice isiicded to estimate the pr()tection values of 

crops an resid tls not tested. I(ayes (59)suggested that ifany residue 

isII()t resarchers shluld use clrve for the crop mostrleselted a 

Iike ihw cr(q) il!(tlestitln.
 
INl5 ail Allis((n7I) cirrelated inmeasrale 1 arameters, which 

describe _rop r,,si(lws. inseveral (oinbiiiations to obtain an equa

tion fomr prdictinLg the flat smnall-gzrain eqluivalent of flat, random 

residie i as follows: 

+ (Pw/dt
S), (.162 li/d O.70' - 271 [26] 

where (Q, isthe flat srual - rain equivalent (kg/ha), Rw isthe 
residu(e aun it to be conuverted (kg/ha), d is the average stalk 

diantlur (in anit y is the average ,;pecific weight of the stalk 
.
(gciin" iat er wiheat, rape. ,()-b ealns. (ottoil, an(d Sllnflowers were 

1sied in tleveipiul-l c(,uation 26. 



Table 3. Coefficients in prediction equation (SG)e = aRwb for conversion of crop residues to an equivalent quantity of flat smallgrain residue, both in kg/ha (71). 

Crop Surface Height Row 
Residue Orientation Length Spacing Row Orientation(cm) (cm) (cm) To Flow Prediction a Equation b Coefficients r'Winter wheat Standing 25.4 25.4 NormalRape Standing 25.4 4.306 0.970 0.997Cotton 25.4 NormalStanding 76.2 

0.103 1.40034.3 0.990
Sunflowers Normal 0.188Standing 43.2 1.145 0.99876.2 Normal 0.021Winter wheat 1.342Flat-random 0.994 - 25.4 -Soybeans - 7.279Flat-random 0.782- 0.99325.4 -Rape 0.167 1.173Flat-random - 0.99325.4Cotton Flat-random 0.064 1.294- 25.4 0.997
Sunflowers - 0.077Flat-random 1.168- 43.2 0.998 

- 0.011Forage sorghum Standing 15.9 
1.368 0.993 

Silage corn - 76.2 Normal 0.353Standing 15.9 1.124 0.995- 76.2 Normal 0.229 1.135Soybeans 0.9981/10 standing 6.4Soybeans - 76.2 Normal9/10 flat-random - 25.4  0.016 1.553 0.991 

..-, 

0 



z 

Table 4. Coefficients in prediction equation (SG),= aXI for conversion of range grasw.es to an equivalent
quantity of fiat small-grain residue, both in kg/ha (70). 

G rass 
Grazinrg tteightGrass Specic. Managcment (cm) Predictiona 2Equation b Coefficients r

Blue grama Ungrazed 33.0 0.60 1.39 0.98Buffalograss Unirazed 10.2 1.40 1.44 0.97 
Fig bluestem Properly grazed 15.2 0.22 1.34
Blue grama Properly grazed 5.1 1.60 1.08 

0.99 
0.99Buffalograss Properly grazed 5.1 3.08 1.18Little bluestem Properly grazed 10.2 0.19 
0.99 

1.37 0.99Switchgrass Properly grazed 15.2 0.47 1.40
Vestern wheatgrass Properly grazed 10.2 

0.99 
1.54 1.17 0.99 

Big bluestem Overgrazed 2.5 4.12 0.92 0.99Blue grama Overgrazed 2.5 3.06 1.14
Buffalogras; Overgrazed 

0.99 
1.5 2.45 1.40 0.99Little bluegrass Overgrazed 2.9 0.52 1.26Switchgrass Overgrazed 

0.99 
2.5 1.80 1.12 0.99Western wheatgrass Overgrazed 2.5 3.93 1.07 0.99 

LID
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Until recently, all small-grain equivalence data have been limited 
to( dead crop residue or dormant grass. Armbrust and Lyles (6) 
reported flat small-grain equivalents for five growing crops-corn, 
cotton, grain sorghum, peanuts, and soybeans, as follows: 

(S(;, 	 = a13w". [27] 

where (SC). is the flat small-grain equivalent and Rw is the above
ground dry weight of the crop to be converted, both in kg/ha, and 
al and b, are constant coefficients for each crop. They found that 
if only rough estimates of (SG),, are needed, an average coefficient 
could be used. An average equation determined from pooling all crap
data with rows running perpendicular to vind direction gave 8.9 
and 0.9, respectively, for a, and 1b. 

Supposeic wishes to know the equivalent flat small-grain residue 
for a field with grain sorghii growing in -100 k-/ha of flat, random 
winter wheat residue when the dry weight of the growing grain 
sorglunm is 83 kgiha and the grin sorgh ulm is growing in rows 
perpendicular to the expected wind. Therefore, (S(),. for the grow
ing sorghiuni, from equation 27, would be as follows: 

(S(;),. 	 =- 8.9(8:3)f' = 475 [28] 

and, from table 3. (S(;),, for the wheat residue would be 

(S(;), 	 = 7.3(400) = 880. [29] 

lowever, because of nonlinear relationships, the flat smal!-grain 
equivalents are not strictly additive. Wlhwn more than one crop con
tributes to the residue, it is tbetter to combine the calculation into 
a single equation as follows: 

(SC), = a," a,". (lwt)"'' ", 	 [30] 

where 1) and ip.are fractions of total residue, Rwt, and a,, a2 and 
hl, )2 are constant ('oefficients for respective crops as in equation 
27. For our example as follows: 

(St;), 	 = (8.9) 7(7.3) (483)" [723 1 
= 1,190 kg/ha [31] 

Either the equivalent flat sinall-grain or vegetative factor is needed 
for the various proecdures to estimate wind erosion. The relation
ship between equivalent flat small-grain and vegetative cover wvas 
given graphically by Woodruff and Siddoway (109). Williams and 



2.21 WINI) EIROSI()N 

associates (106) fitted an equation to the graphical relationship as 
follows: 

S= 0.253:3 (SG),.' [32] 

Therefore, 

V = 0. 253:3 (1,180)' '' = 3,896 Mg ha' [33] 

A wind erosion model 

Researchers and scientists have used a wind erosion equation pro
posed hy Woodruff and Siddowav (109), with various modifications, 
for the past 20 years. The model was developed as a result of in
vcstigations to understand the mechanics of the wind erosion pro
cess, to identify major factors influencing wind erosion, and to 
develop wiind erosion control methods. The general functional rela
tionship between the indi.lpend(ent variable E, the potential average 
annual soil loss. and the equivalent variables or major factors is as 
follows: 

E -= f(I, K, C. I1- V) [34] 

where I is the soil erodibilitv index, K is the soil ridge-roughness fac
tor, C is the climatic factor, L is the unsheltered median travel 
distance of wind across a field, and V is the equivalent vegetative 
cover. These factors were discu,;sed in more detail earlier. 

Solvin the functional relationships of the wind erosion equation 
as presented by Woodruff and Siddowav (109) required the use of 
tables and figures. The awkwardness of the manuai solution 
pron-ipted a computer solition (43. 99) and development of a slide
rule calculator (89). 

The model has been adapted for use with personal computers (55) 
and interactive programs (40). Cole and ,.soci-tes (34) adapted the 
Woodruff and Siddmvav (109) model for simulating daily soil loss 
by wind erosion as a submodel in EPIC (106). The latter version was 
simplified by fitting equations to the figures of Woodruff and 
Siddoway (109). 

Solution of the wind erosion equation gives the expected amount 
of erosion from a given agricultural field. A second application of 
the equation is to specify the amount of erosion that can be tolerated 
and then solve the equation to determine the conditions required to 
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limit soil loss to the specified amount, for example, the amount ofresidue, field width, etc. Conseivationists have used the equation
widely for both of these applications.

U.S. Soil Conservation Service field workers have used the equation extensively to plan wind erosion control practices (59). Haves(5S) also 1rsed the wind erosion equation to estimate crop tolerance 
to wind er sion. The eqluation is a useful guide to wind erosion control principles as well (13. 80, 111). Other uses of the equation include (a) determining, spacing for barriers in narrow strip-barrier
systems (52). (b) estimatih.,, fugitive dust emissions from agricultural
and subdivision lands (.3. ,P7), (c) predicting horizontal soil fluxesto compare with vertical aerosol fluxes (19), (d) estimating the effects
of wind erosion on soil productivity (67, 106), (e) delineating thosecrol)ands in the Great Plains where various amomrts of crop residues 
may be reinowed witho)lit exposing the soil to excessive wind erosion
(.96), andi (f) estimatint ,'rosin hazards in a national inventory (104).

The following example of how to use the wind erosion equationto l)redict exl)ectecl so)il loss em ploys the variables used earlier, thatis. I = 197t ha 'yr '. K = 0.5, C = 56, L=236 in, and V =3.9MIg ha 1. To determine the crosi(r, estimate, however, requires a 
sl)ecial combination of the fact)rs. Several aplproaches are possibleto find the sol itio: ,graphs, figures. tJbles, slide rule, or computer.
I lere, I use the procedure )resented by Williams and associates (106).
This procedure is done stepwise, but it has been simplified computationallv by fitting equations to figires of Woodruff and Siddowav
(10)). The first step (E I) is to determine soil eroclibility, 1. Steps E2 
and E3 are dtermined by multiplying the factors indicated as follows: 

E2 = IK = 1N7 x 0.5 = 93 Mg ha yr [35]
E3 = IKC = 93 x .56 = 52 Mg ha ' yr I [36] 
E1 , the inclusion of field length, is 

"E4 (WF " + E3,', - E21 14h )2 33 Mg ha-'= yr' [37] 

where 

WV = E2(1.0 - 0.122(L/Io) -'' exp( -3.33 L/Lo) = 64 [38] 

and 

Lo 1.56 x 10"(E2) -'-21 exp( - 0.00156 E2) 4,465 m= [39] 
WF is a field length factor; it accounts for the influence of field length 
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on reducing the erosion estimate. Lo is the maximum field length 
for reducing the wind erosion estimate. 

Parameters 4', and V, are functions of the vegetative cover factor 
described by the equations: 

2V2P 	 = exp( - 0.759V - .. 71 x 10 + 2.95 x 10- V3a) 
= 0.026 [40] 

IV_ 	 = 1+8.,93 x 10 2V + 8.51 x 10-3V - 1.5 x 10-IVI 
= 1.469 [41] 

where V is in Mg ha ' and for our example, from equation 33. has 
the 	value of 3.9 Mg ha '. Therefore. 

"E5 	 = 4, E4'" = 0.026 (33)1' = ,1.4 Mg ha I yr [42] 

The estimate of 1.4 NMg ha vr I' given by equation 42 is the 
annual rate of expected erosion during the 30-day period represented 
by the climatic factor C. To determine the expected erosion during 
the accounting period, it is necessary to multiple the given estimate 
by the fraction of the average anntual total erosive wind energ , 
occurring during the 30-day accounting period. 

Management effects 

Rough, cloddy surface. Tillage operations that leave furrows or 
ridges reduce wind erosion, as discussed earlier. When ridges are 
nearly gone, veetative cover is depleted, and the threat of wind ero
sim continulis. a rotugh. cloddv surface resistant to the force of vind 
can be created on many cohesive soils with appropriate "emergency 
tillage." For exampe., Lyles and Tatarko (73) found that chiseling 
of growing winter wheat on a silty clay soil greatly increased non
erodible surface aggregates xithout influencing grain yields. Farmers 
can use listers. chisels, cultivators, one-ways with two or three disks 
removed at intervals, and pitting machines to bring compact clods 
to the surface. Emergency tillage is most effective when done at right 
angles to the prevailing \ iud direction. Because clods eventually 
disintegrate, sometimes rapidly. emergency tillage offers only tem
porary wind terosion control at best (111. 112). 

Residue. Living vegetation or residue from harvested crops pro
tects the soil against wind erosion. Standing crop residues provide 
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nonerodible elements that absorb much of the shear stress in the 
boundary layer. When vegetation and crop residues are sufficiently
high and dense to prevent intervening soil-surface drag from ex
ceeding threshold drag, soil vill not erode. Rows perpendicular to
wind direction control wind erosion more effectively than do rows 
parallel to wind direction (39, 97). Flattened stubble, though not 
as effective as standing stubble, also protects the soil from wind ero
sion (29). 

Soon after the disastrous "dirty thirties" in the U.S. Great Plains,
researchers demonstrated that stubble-mulching was a feasible 
method of reducing wind erosion on cultivated land (38). Stubble
mulching is a crop residtie management system using tillave. generallv
withotIt soi inversion, usually with biadCes or V-shaped sweeps (77,
7N.).
 

Other redliced a nd modified tillage systems have evolved with 
efforts to maintain residue on the soil surface. Chemical fallow (11)
and ccofallow (.41) systems use herbicides or herbicides and subsur
face tillage dIiring fallow periods to conserve a large qu'rntity of 
residue on the surface. 

Dirceetlv seeding small grains an(l other crops into stubble without 
a fallow period and without tillage is being studied and shows prom
ise. The advantages of this system, compared with the tillage systems
designed to preserve residles on the surface, include the following:
(a) tile standing stubbl, is needed for erosion control until the seeded 
crop piroduces enough cover to control erosion; (b) standing stubble 
more effectivdy controls erosion than does an equal quantity of flat
tened residue; (c) standing stubble, because it is not in direct con
tact with the soil, is less subject to decomposition than is stubble that 
has been tilled and mixed with lie soil; and (d)without tillage, the 
soil is not ptlverized. 

The goal is to leave a desirable quantity of plant residue on the 
soil surface at all times Residue is needed for a period of time after 
the crop is planted to protect the soil from erosion and improve water 
infiltration. The residue used is generally that remaining from a 
previous crop. Efforts continue to evaluate the residue needed to con
tr,)l wind erosi(on (75, 91, 96). 

Stabilizers. Researchers have evaluiated various soil stabilizers to 
find suitable materials and methods to control wind erosion (4, 5,
19, 28, 30, 72). Several tested products successfully controlled wind 
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'rosiori for a short time, but many were more expensive than equally 
ffect'tixe wi cat straw anchored with a rolling disk packer (30). Thc 

h)v1 'inr4 ar' eriteria f r surface-soil stabilizers: (a) 10() percent of 
the' (il surface ipMt br t)vered,. (b)the stabilizer miust not adversely 
alfttt pljt Irvth morentiwrLetce. (c) erosion must be prevented ini
tiallv anld rediedl fo. at least twoIl ltiths. (d)the stabilizer should 
Ite (.m t apply and liot re(trir, special (itiplent, and (e) cost must 
h(. lo e 'l(Iprditable us, (5).Armiibrurst and Lvles (5) found 
fi\e latlyiters ainl ()- resii-iil-\vater eririlsiori that met all of these 
r ein f-iii.its. Tlhey added, however, that bef(ore soil stabilizers can 
be Ilsed mlut ricil t tral land. it lInds iiiu1st be (levelolped to apply 
lilllarue i 1we rapidly*. Also. reliable p)rveriiersgeit weedl control 
-i'uicialsf tfor (m (,"iors-tcxtirt! stlils mu11st as wellI].(. be developed, 
s filitls tbat air r,sisttt torain h(op impact while allowing Nwater 

arld planlt I A),ts pi!Itt rat, tie si(. lbrrtto ilwit adversely affecting the 

Barriers. I's- (t wihill barriers is art (fleet ive iietlhod of redueing 
field \idtlh Ntl Ilagen (,:1) and Skidmoreto vid er,:,iol (9). 
art land,i( (heelotl .itodel ttat xelet uise(d with local winiddev 
(lat't
sn tws \\iitl hilr,'-,r c'fectixtriess ii rudlwing \vind erosion ftorces. 
lBarr ,(,r will r('(lti(t, \%iiiI ei Itt_'.sir ftir.es ritre thani will wind-

I c\ 
a sirui chrtl.tt.r(luc'e \\in forces I)v more than 50 
slpect-\ t l-ri ()rj(-it(-( ha~rriem.l(rhe wvi nds prufdotitillate froim 

\%will t-rotsioi 
lerctcitt 1tut, the hartrir !lxwardtuo2( times its height" the rcluction 
N%,ill he. L(.iiti.l bin shorter distances from the barrier. 

l)itfb-r.it (-Oilhiliatitois (1 trees. shrub., tall-growing crops, and 
rri'a5("'s (1art r('(1lu(, vuil) ersi,.. Aside frui comxcitional tree wind
breaks (42. ,..110). rliivi'other barrier systenms are used to control 
viitd erosion. TteY in(lutie aiial croups, su.lth as small grains. 
'0,1. SrMluII. SiI.rhgrss. 17, 52. 61): tallsn.flolwers (1.3. 4S. 
wlieatgrass (L 10): siigarcari(: ard rye strips on sands (John Griffin, 
S(C lagorlorlist . (C;i,,silhl. Flourida. jIersowd communication, 

.ihst huarri.i s\sterIIs for euit rolling wird trtusioi, however, occupy 
spa(.(- tfiat cuuul(l tllerwise be used for erp proluition. Perennial 
barriers g,,txsluuxv and ,ofte.i ;at-, establish ('36.difficult to 110). 
Such barrier., also coipete with crops for water and plant nutrients 
(71). As a rc'sIt. (In, iet effect idtmany trec-barrier systems isthat 
their ise, r ayaii bttltnit crop productiom (,16. 79, 4)4.95. 101). 

http:l)itfb-r.it
http:chrtl.tt
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Perhaps tree-barrier systems could be designed so that they become a useful crop, furnishing nuts, fruit, or wood. 

Striperopping.The practice of farming land in narrow strips onwhich the crop alternates with fallow is an effective aid in controlling wind erosion (21). Strips are most effective when they are atright angyles to the prevailing wind direction, but they also providesome protection from winds that are not perpendicular to the field 
strip).

Striperopping reduces erosion damage by reducing the distancethe wind travels across exposed soil, localizing drifting that startsat a focal )oint, and reducing wind velocity across the strip whenadjacent fields are covered vith tall stubble or crops.Although each method to control wind erosion has merit ard application, establishing and maintaining vegetative cover, when feasible, remains the best defense against wind erosion. However, thatl)ecomes a difficult challenge as l)ressure increasers to use crop residuesfor livestock feed and fuel for cooking. 

Conclusions 

Investigations of the factors influencing wind erosion led to thedevelopment of a wind erosion equation. The two-fold l)urpose ofthe wind erosion equation is to predict average annual soil loss froma field for specified conditions and to guide the design of wind ero
sion control practices.


Principles suggested by the wind erosion equation for controlling
wind erosion include stabilizing erodille surface soil with various
i-naterials, producing a rough, cloddy surface 
 reducing field widthor the distance wind travels in crossing a field unprotected with barriers and strips of crops; and establishing and maintaining sufficientvegetative cover. This last item is sometiuw,,s referr,,d1 to as the "eardinal rule" for controlling wind erosion.Although the wind erosion e(luation is extremely useful and widelyapplicable. users are cautioned that the value ol)tained for E is anestimate of average annual potential soil loss. The actual soil lossmay differ from the po~tntial becallse ef (a) variation from theaverage of wind and precipitation, (b) inaccuracies in convertingfrom relative field erodibility to annual soil losses, (c) relationshipsamong variables not well defined for all combinations of field and 
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climatic conditions. (d) seasonal variation of field erodibility, and 
(c) uncertainties inherent in the empiricism used in developing the 
eqtuatio)n. 

Research in )rogress to improve the accuracy and a)plicability 
of the in d erosion eu tation includes: 

- Determninimg the ercent age of eroding soil that can be sus
)endt'(l durinigr( isio tnder a wide range of field conditions and 

the residIetce tirl and fate of the varioi.,s sizes of particle suspended 
by vild erosion. 

0- RefiIing the soil misture term of the climatic factor, C, in 
the wind erosion e(Itiatiot. Tht cutrrent procedures assume that effec
tive mtioisture (f the surfawe soil pairticles varies with the PE index 
(,r dr( ess ratiot, but suirface iioisturt contetit is transient. Drying 
rate and d(try itss of particles, as I fttiction of soil hvdraulic proper
tics ti( climatic variables, e(I to b eXalmnined and then related 
it the \'it(l icrttsiti l)rocess. 

- (m'ivrting ximd erosion predictioni from I deterministic to 
ai slochastictmo(lel by incorporating probal)ility functions for some 
;)fthe (lytamtic variables. 

p I)neveh)i itg ore applicalble flux equations that can be inte
grated over timtie awtl ( predict soil erosion cluiring single windspace ti 
stotrms. S(il fltu fritt fields that contain tonerodil)le elements 
d(ecreases with titit, which suggests that aItime function is needed 
in the predict i(it e(lmiatiom. 
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Appendix
 

Common units of measurements used in erosion research and conversion factors. 

Conventional/ 
_I-riglish Unitsf Metric Flqiia'__ 

lignth: 

inch (ill) 2.54 entimetu'rs (ctll)
 

foot (it) 30,48 centiuctlr
 
Iile (11ii) 1.61 kilometers (kin)
 

iaiitich' iiile I.85 kilometers 
ang.otron (,,'') 10 1"meters (11) 

x )liight.year (.-i X 10 19 

l1.ii y, .ore. , uork, powecr ainl(/ lrcsIiri 

poiiid (Ib) 1.45 N'c'tons (N)
 

dlv.rl( I) " Newton
 

fh t-poillid 1.36+Joiles (J)
 
l'ritish Thermal Unhit (13t) 252 calories (cal) or 1.054 J
 
\Watt (\") I Joulcstee (JS)

horsuplower (h )7-16 Jmilh's/,,ec 

e rg 10 "Joule
 
;.tiiiosllih rc f:li 1.113 ar = 1.01:3 x 10' Pascals (Num)
 
lpoulld'inchh (l1)ill-, 6.90t;x1WiN/m 

: 

lPiwtal (Pa' 0 i'i) I N\,v)t). i(N'1 

Wc+i-hlf, film,'. ,sped anld anih 

(lai, (l 8.(4 x I1' Scolds '(S) 
ca r ( r) :3, 156i x< 1WYm-;condstl (s) 

mile hour oii/hI , 0.4417 iieter/seciurd (Iis)
 

knoot ).51-4t meter/mcioid

dht'v H 0.017-15 radian (rad) 

roand:.i (rad) 57.30 degrecs I )
 
siort tun 907 kiloigrams (kg)
 
piinl (ib) -153.6 grams (g)
 

cubic foiit (ft') 0t.028 cubic' Imieter (m1')
 

cubic inch (ill') 16.4 cubic centimeters (cm3 )
 
gallon 3.785 liters (I)
 
gallin per acre .:35 liters/hectare (I ha-i) 
quart (liclticil) 0.916( liter (1) 

Arca (inl( yie'ld 

.,017 square meters t111)acre 

acre 0.4.05 hectare (ha)
 

square foot (ft2 ) 9.29 , It) 2 square meter (ill-)
 

sluare inch (in"!) 645.2 squar- millimeters (01012)
 

square mile (mif) 2.59 squiae kilometers (kin ' )
 

pioid per acre 1. 12 kilograms per hectare (kg'haI)
 

pundjtl per acr 1. 12 x It) megagrams per hectare (Mg ha- )
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Conversion factors for wits related to the universal soil loss equation (USLE).To Concert From: U.S. CIqtora-t nits Mutiply B!/: 
 To Obtain: SI Units 
Rainfall intensity, i or I inchT
 

hour 25.4 Milimetermm 
Rainfall energy hourper unit of rainfall. e foot-tonf- .38x hge J 

acreinh 
hectare- millimeterStorm .en erg . E ha-mmfo ot-to nf 6 7 1 > 0r ( ~ d o Kacre 6.701 ×10o- l ia ol e'Iaceheetare 

haS t o r m e ros ivity , F l fo o t - to tnf i n ch - x 0 - .0ear e e e r. hali"m 
Storm erosivity, El ac re . ho u r 

hundreds foot-tonfacre- hour -inchh-
1 . 7 0 

17.02 

x 0t-h h1 -r u " 

megajoule -millimeterhe-dare •hour 

h a-m-i-

.j. mha.h 

Annual erosivity, Rt hundreds of foot-tonf inch _eae- houmr J am 

Soil e.-odibility, K: 

acrehour.-ea 17.02 me.ajozlhectare millimeterhour year ha-h-v 
ton- acre- hour 

hundreds of acrc-foot-tonf.inch hectare 
 - or r tmeg-ahhoule-mSoil loss, A ton metric toil m 

acre 2.242 .. 

hectare ha
ton 
Seil loss. At 

acre 2 .242 x 10-1 kilo-rar'This notation, "hundreds or*means numerical k gtErosivity,R = 125 (hundreds of ft-ton-in/acre-hr)El or R. can be converted from values should be multiplied by 100 to obtain= 12,500 ft-tonf-in'acre-hr. The true numericala value in U.S. customary units toconverse isa true for "'hundreds of' values in given units. For example,in the denominator of a >. 
value in units of Newton'hour (N'hr) by multiplying by 1.702.fraction. 

*Soil erodibilit., K, can be converted from a value in U.S.by multiplying by 1.317. customary units to a value in units of metric ton'hectare!Newvton-hour (t-h'ha-N) 
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Acacia species, 179 Bomidary effects 
Acidit, 188. 195, 197 rainfall simolator plots, 86 
Acmuistic dtevices small evision plots, 13-14 

depth m('a (iicm(ntand, 58 iiit-source watersheds, 32
 
rainfall kine.tic ('(orgy and. 150 Brazil, 166
 
w\(imct mmitHrim and 56 BroISn. lester. 97
 

,.\A tCnitM.117 Brovni.ll (reek. Nebraska, 60 
A.'h itlrSI.K. 15 17 
At rici ( alifornia, (66 

Itlslo.ill iiI aito;l( ill. 179 ( larb lll. s.'dili.l(it Yield of, 10. 61 

cerosivkiL iilvlIx., 111. 157 ( >ntrifuges, 61) 
rikcIr'di.llit yIld,, 2- i. -13 ( tntro International de MIejoraminto 

SI FISA, 112, IS) l1 (i, Maiz v lrigo ((MMY'l), 181-182 
.Sec ao s(pjtij( cantri-,, ( fa:to, USE., 21-22, 28 

.\ggr( Vation riOjstae.. anid, N) 
cmppini Iitn\ ancl, 20), soilloss and, 133
v 


'rodibilit\ i lext-s and, 1.12, 1.1.1-1-I5 sub-factor im -tlod ill,102-103 
,rouipt I iN (11 (ha lICI;111(1, 127 : le in-si (
 

veg.etative 'o(ver and, 1(6 CREAMS m(:l and, I
 
wind roldibilit\ LgrIpis, 20(6-208 river sc(liminio iI.s and. -13
 

A,riculItuira liHcsiarch Servi(c,. 102 ISLE and. 17 
Agrofoo'str. 1,S2 C.hemicals Iuinoff, and Fnision for 
Alb'di, 18 Agricoltural Manage ent Systems 
Alfalfa, 208 (CIREAMS), 112-111 
Algeria, -13 EIPIC and. 117 
Alumiim. IIl IM sediment yield and. 104 
Arid iras. ,S, 2)3 1USlF factors in. 18 
Australia, 29, 136 1INiN']1. Svc Centro International 
Aiitoidc piipu samplers, 46, 54-55 de Mejoranienito de Maiz v Trigo 

Clay 
Barrier systcois, for wind erosion, ratio, 1.1.1 

225-226 seasonal erodibility of, 206 
sediment yicld and, 59 
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soil productivity aid, 1l 8 
 laP1 !l;i,.r, 
 Y- pi* .,ji!ojicwind erodibilit, of,groiup. 207Colloid ratio, 1.t2 China, 40 ,Coloradto 
Dart Iiver, England, .48, (ii

Vi~ldalld60 enlsinleters, 56.12 
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processes 
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