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FOREWORD

This publication is derived from a 10 week course on soil
erosion given within the graduate Diploma in Irrigation and Soil
Conservation of the Faculty of Agriculture, University of Nairocbi.
Interest in soil ercosion and conservation in Kenya, and Africa,
appears to be increasing. A Workshop on Soil and Water Conservation
was recently held in Nairobi, the proceedings of a Conference on Soil
Conservation and Management in the Humid Tropics have just been
published and Wenner has produced a handout for technical assistants
on Soil Conservation in Kenya.

Although several good texts on soil erosion and conservation
exist, many are either out-of-date or are mainly concerned with North
American situations. This paper aims to complement the above
publications by giving a broad view of soil erosion, the erosive
processes and the environmental and agronomic factors which affect
the processes. It draws upon material from a variety of disciplines,
attempts to compile the results of recent studies and pays particular
attention to examples applicable to Bast Africa. I hope that it
will be of use to studernts, researchers and other interested parties.

I would like to thank the Department of Soil Science for

making available publication facilities.
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L TNTRODUCTION

Soil erosion is a topic which has gained popularity and &
prominence in the last three or four decades. Ko?da_(19?7) has
recently reviewed soil erosion and man's-.influence on it, gn@ has
called for an increase in research and application, such as through
the creation of an International Conservation Decade.. . It,must be
realised, however, that soil erosion:is a‘naturally-occurping_process,
and that much of fhé"contemporary concern arises from the "accelerated"
rates of sqil erosion under modérn.land.use_systemsh_gbmpared,to lower
"normal" or ''geological" rates. The term accelerated is not easily
defined, and some soil erosion is tolerable -and probably necessary.

The définﬁtioﬁ:of'the to1erable limits of“erosion_will be examined
later. v SR SR T .W

Accelerated rates of soil erosion first became apbarent in
old civilizations. The decline of civilizations, such as the Greeks
and the Romans, has occasionally been ascribed, in part,; to poor land
use management and the removal of the forest (Stallings, 1957).
However, Vita-Finzi (197L4) has cautioned against almost automatic
jdentification of accelerated rates of erosion with man's wmismanagement
of the land, and suggests that changes in ¢climate, and particularly
rainfall amount and distribution, are important contributory factors.
Moreover, ancient civilizations such as those around the Tigris,
Euphrates and Nile depended on rich alluvial materials. The degradative
effect of man's impact on the landscape depends to a large extent on
fhe ability of the enviromment to resist changes in the erosive forces
(its "buffering capacity”). In any assessment of the impact.of soil
erosion on man's activities, the benefits and costs must be carefully
analysed for the whole of society (Muthoo, 1976). Nevertheless,
extensive soil erosion has caused a significant decrease in the

productivity of the soil, through chemical, physical, and biological

1



changes in the s01l vody. The best documented examples are from the

-

Unlted States, where the SOll Conservatlon Service was established
after an anpre01atlon of the 1mportance of accelerated rates of soil
eroslon and land degradatlon assoclated with the drought of the early
N 1930'5. ' In 1934 it was estlmated that, from a total of 167 million ha
of arable land 1n the Unlted States, 20 million ha were totally ruined,
20 mllllon ha were almost rulned 40 mllllon ha had lost over half of
‘thelr top501l and another 40 million ha had 1ost more than a guarter
| of thelr t0p301l (Hudson, 1971) . “'Thus,;nearlj three-quarters of the
arable land was seriously damaged bj.soil erosion.
- The U S. Sozl Conservatlon.Serv1ce was established to combat
this problen and recent rev1ews of 1ts work have been published by
| Ackermann (1976) and Held and Clawson (1965) «
From the conservatlon v1ewp01nt, the soil may be regarded as
an exhaustlble but renewable resource under normal conditions (Held
and Clawson, 1965). The 'soil can be ‘exhaustéd by the extraction and
removal of plant nutrlents, and by the erosion'of the soil particles.
The nutrlents can be replaced by the appllcatlon of fertilizers or
organao matter and the 5011 partlcles can be replaced by the weathering
of bedrock. The problem of s011 erosion cah be viewed as the conflict
between short- and long-term accountlng perlods, characteristically
used in many "western" agrlcultural act1v1t1es. Short term aceountlng
seeks to maximize profats 1n the near future,.whereas long-term
accountlng aims to malntaln product1v1ty and proflts at a stable level
over 2 perlod of tlme. The former often causes a pronounced degradation
' ‘of the 301l.resource. - 3011 conservatlon, then, often involves the
sacrlfloe of short term beneflts for the long term maintenance of
_ product1V1ty (Held and Clawson, 1965, Warren, 197hY.
N Quantlfloatlon of the economic aspects of soil erosion and
conservatlon is often compllcated and difficult.  Studies in the U.S.,

however, suggest that ever in the 1950's the annual cost of soil



-erosion was well. over 1OO billion dollars. Thislrepresents the
combined effects ©of reduced croP ylelds and 1ncreased fertlllzer
requirements, downstream damage by floods, damage to water supplles
- and fisheries by 1ncreased sedlment load, slltatlon of harbours and
reservoirs, and increases in malarial areas (Stalllngs, 19571}.

What are observed values of 5011 erosion rates° | The
" ‘problem facing thls questlon is that 5011 erosion is often gquoted in
a.variety of different units, such as cm3/cm , tons/ha, m /ha and mm,
and both Imperlal and metrlc unlts. - . |

On a global scale, Judson (1968) estlmates that the world
soil erosion rate has 1ncreased through man s act1v1t1es from 9 to
24 pillion tons per year, based on measurements of susbended sediments,
and this observation_is supported_bj the measurenents of Gregor {(1970) .
Using a variety of data sources,‘Young (f969) has calculated a median
-erosion rate of 46 mm/1,000 yr for normal reldef“and Sba‘mm/ﬁ,OOO yr
~ for steep relief ~with interquartile ranges of 20—81-and éé:Q?O
mmy/1, 000 yr, reSpectlvely. | | T

One of the magor factors affectlng the er081on.rate is climate,
and through it, vegetatlon. Douglas (1967) and Langbeln and Schumm
- (1958) have shown that there is a relatlonshlp between soil erosion

rate and climate, whlch is best expressed as the amount of runoff per

. year. Thls relatlonshlp is shown on the follow1ng dlagram, (Fig. 1.1),

and reveals that the most er051ve areas are those w1th an annual runoff
of about 20 mm, equlvalent to an annual ralnfall of 200 to 500 mm.

.The discrepancy between the two curves reflects the fact that the
Langbein and Schumm cirve was based on dralnage‘ba51ns in the U.S.,
which have been affected by agrlcultural act1v1t1es, whereas the

' Douglas basins wereﬁessentdally undlsturbed by man. The discrepancy

‘suggests, again,.that man has caused an increase in soil erosion rates

by at least twofold.
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In Kenya, Dunne et al. (1977) have calculated hlstorlcal

nueroslon rates from. geomorpholog;cal relatlonshlps. In the Cretaceous
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conslderably lower than the values'quoted by Young (1969).»; The

‘Quaternary perlod was accompanled by more pronounced oscillations of

=L .
)4.4

,cllmate‘and vegetatlon, w1th in” partlcular, cooler and.drier periods
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assoclated w1th the glac1atlons 1nﬁemperate and polar reglons. The

overall eroslons rate in the Quaternary appears to be about 0.0029 cm/yr

'(equlvalent to 77 tons/km /yr) but the*drier periods were probably

accompanled by erOslon rates of O. 0075 em/yr (equlvalent ‘to 200 tons/

t the present tlme, studles of Kenyan catchments indicate

'eroslon rates of. 18 to 26 tons/km /yr from undlsturbed forested land,



and 50 to 140 tons/kmz/yr from lightly grazed, semi-arid lands.  Where
heavy grazing occurs, and in catchments which have undergone intensive
agriculture without adeguate soil conservation practices, erosion rates
are well over 1,000 tons/kma/yr or 0.1 to 1.0 cm/yr. It is these
accelerated rates of erosion which are the cause for concerm. With
soils 1m thick the 5011 has a 11fe of 100 to 1 OOO years, .and. the
most important fractlon of the 5011 w1ll be eroded first, léaving an
essentially unproductive residue. Rates of so;l.formationrmay be only
O.Qoalem[yr, showing that, under these conditione, soil becomes an
.eeeentially non-renewable resource. |

In tﬁe foiIdwing sections, the processes responsible for soil
erosion will be examlned, along with the major environmental factors
whieh affect these-processes._ Method of measurement of soil erosion

- will be reviewed, and flnally attentlon will be dlrectea towards the

effect of envlronment and land management practlces on er051on rates.
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2. THE BASIC PRINCIPLES
" An understanding of ﬁhewprqéesses_oftspil.erosion demands an

:appreciatianQf_the forces which-act to.move soil-particles, and the

resistances that the s0il body presents to these forces.
Forces

Force_re@uires energy, and all the énergy will be ultimately

derived from either gravity or climate.

Gravity forces are expressed in terms of theAweight of an

object, and this force acts vertically downwards. Most soil particles
rest on a slope, and in this case the gravity force can be resolved
into two components, a downslope component which tends to move the

s0il particle downslope, and a perpendicular component which tends

to hold the particle on ‘the slope. These can be represented, (Fig. 2.1).

(]

downslope component: mg Sin B
perpendicular component: mg Cos B

Fig. 2.1 Gravity forces acting on a slope.

As the slope angle B increases, the downslope component inereases and
the perpendicular component decreases, so that the foree tending to
move the particle effectively increases.

Water is a major force moving soil particles. When water
moves in response to gravity, potential energy is coerted into kinetic!
energy. Much of this kinetic energy is dissipated as heat within the
body of water and along the sides of the water channel, but some of - °

the energy may be used to transport soil particles. The speed of the
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E5MO#ing body of water ' is important and represents the balance between
 thé downslope component of the weight of water and the frictional
forces acting on the channel bed and banks. . The flow of water exertis

" forces on the particles at the base of the channel, and when these are

"'1aréér¢than the weight of :the particles and frictional and cohesive

. forces holding :the particle on the channel bed, the flowing body of
water can transport the particle downslope.
P In addltlon to water movement along the soil surface or in
2 stream channel, water mofement can also occur through the soil body.
Rates of movement however, are generally slow so that little overall
transpert of SOll partlcle is effected though small clay particles
can be eluviated from the upper to lower parts of the soil profile.

Water is also important in that rainfall possesses kinetic
energy, and this energy is transferred f:qm the water drbp_to-the
soil surface, though some is preserved in water movement after raindrop
impact. The impact force can be absorbed by the soil fhrough compaction
or crater formation, but some is also absorbed by upward movement of
soil and water particles. Where the slope is appreciable, net downslope
transport of soil particles will occpr;

The water in the soll also exerts a force on the soil body.
Beneath the water table surface, gravitj exerts a éressure which is
equal to the overlying weight of water, thereby subjepting:the soil
body to an upward thrust equal to the weight of watér ;hi;;lis displaced.
Thus, the effective gravity force, or weight of the soil, is reduced,
and this can cause instability in the soil body.

Above the water table, water also.occupies the soil pore
space, but not all the pores are filled with water. This water exerts
‘a suction, often called the soil moisture -tension, which increases as
the water content decreases. This tension ioroe,”;allea the capillary

cohesion, increases the effective weight of the soil body.

Expansion and contraction -of the soil body can cause the
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downslope movement of soil particles, and.this-expansion/contraction
is related to changes in temperature and especially water content, the
latter’acting through-the'capillary cohesion forces. -

Although tremendous forces are -available for the .transport of
soil parficles,'the:efficiency of thsse forces in transporting material
is very low. The following table gives an indication of the magnitude
and efficiency of the transport forces (Table 2.1).:

Table 2.1 Orders of magnitude of geomorphic forces and their
eff1c1ency in transportlng debrls (from Carson and Kirkby,

1972) .
" Force - - Total Work Done . Total Work Done  Efficiency
By Force In Downward Trans- %
‘J/m Jyr : — por;fof Particles:
J/m /yr.
© Gravity . BRI 1-100 o 1-100 100
Water flow. N S . s _
rivers 107 =10 ' 10-100 - 0.0
Ralnfall 1mpact '
_grass = 2000 . . .0,02 o 0.002
bare = . - .. . 500 : . 0.5 . I * Py
Heaving . = - o ‘ -
moisture - 2000 T 0.b T 0,02
Py Y4 S : S =7
frost 5 x 10 0.1 2.5 x 10
temperature 2 x 108 - 0.02 * 1.5 x 1072
Rééisfahcés_

The earth's surface.would be a plain were it not for the
”strengthg'or resistance, of the soil -body against the potentially;
erosive forceS'examihéa in the preceding section.

There are several properties-of soils which contribute to

‘this‘étrength:

, (a)'Particle size is-important in sdils. 'The conveniiopal-®size

limits for the major particle size classes are:.



Boulders ~ 256 mm

Cobbles 64 - 256 mm
VGravei o -2 - 64 mm

Samd | 0.05 - 2 mm

Silt 0.002 - 0.05 mm
Clay . <:o 002 ma

» - —

(b) Pore space is the volume of the 5011 that is not occupied by
solid partlcles, i.e. 1t is occupled by water or air. The total
porosity of soils can vary considerably depending on cultivation

practices, organic matter content and so on, but common values are:

Gravel .7- 25 - Loy

Sema 30 - Lo -
._Silt : “V  20 - 50%

Clay 45.e 60%

7 By comparison, most rocks nave verymiow'porosities, such as
10—4 to 1% for most lgneous and metamorphlc rocks, 5 to '20% for many

sedlmentary rocks (e £ shales, sandstones, 11mestones) “but up to 80%

for some volcanic rocks, for example tuff (Gregorj and Walling, 1973).
Equally important is the pore'size distribution. An

_adequate‘number of relatlvely 1arge pores are requlred for water
dralnage,-aeratron and root development whllst the small pores are
able to retarn_water against dralnage, and, hence, act as a reservoir
of so0il waterrm--.‘ | | -

(c) Shear strength 1s.1mportant in that this is the direct

re51stance agalnst the erosion forces. The shear strength of a2 soil

~or rock is derlved'from a number of components. : One is the plane
friction when one 5011 graln attempts to sllde past another; a second
713 the 1nterlock1ng of the 5011 gralns. These'are the internal friction
of the 5011 or rock, whlch is usually expressed by the parameter &, the
angle of internal friction, or tan g, the coefficient of internal

friction. The total force developed by this frictional strength is the
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product of the coefflclent of 1nternal frlctlon and the normal stress
attempting to push the 5011 or rock together, i.e. compressing. In
addition to the above frlctlonal components, coheslon aids to pull

particles together,

Thus, the shear strength can be represented'

s=c+ o‘tan Q where s shear strength (kgf/cm )

c = cohe51on':'"ﬁ
R 'tf.;j"—

normal stress

o
g = angle of 1nternal friction
The 1nternal angle of frlctlon is dependent on a number of
properties of the soil. For sandy materlals, it decreases as particle
size increases, and the poroslty 1ncreases. The shear streangth
increases as the applied normal stress 1ncreases.
_ Coheslon becomes 1mportant when the clay-size fraction forms .
_.an. 1mportant component of the 5011 or rock body. Coheszon is the
_bondlng of 3011 partlcles due to attractlve forces between them. Theseﬁ
forces con51st of,
(a) electrostatlc attractlon between posltlvely and negatlvely
_charged s1tes on partlcle surfaces, partlcularly clay minerals;
(b) van der Waal's forces, those whlch are a functlon of the

grav1tatlonal pull between partlcleS'

(¢) cationic brldges between partlcles, llnklng adJacent

-

rnegatlvely charged 51tes,
(d)_cementatlon of partlcles by organlc matter, iron and
-alumrnlum ox1des, hydrox1des, and carbonates,
(e) surface tens1on of water at water.contents below saturation;
(Baver et al., 19?2) : o
Thus, the more reactlve‘and the flner the partlcles, the
greater the cohe51on between them.ll Also; the hlgher the water content,
the lower the cohe51on in a 5011 body.:

There are a varlety of methods for measurlng shear strength.

11



Some commonly-observed values for soil and rock materials are guoted
in the féliowing table (Table 2.2 from Carson and Kirkby, 1972).

Table 2.2 Commonly-observed Shear strengths of various
soil~forming materials.

Material - shear_Strength,(kgf/cma)
c _ g°

Chalk ' o : 9 21
Sandstone o | 7 350 ) L4y
Limestone 45-350 ©  37-38
Granite - T 97-406 . ..  51-58
Talus (granite) .. | 0-8 o 18-36
Sandy soil | | 0 3343
sSandy granitic soil S ' o - 36-37
Clay leam - 0.1 25
Clay loam S 0.4-0.5 ‘ 29-30
Clay | 0.15 20
Qﬁartz (ﬁOd% clay) ' B R
Quartz (0% clay) - . o - .35
Muscovite. (1C0% clay) - o 24.5
Muscovite (0% clay) | o - 20.0

Ca-montmorlllonlte : -
(100% clay) - 10,0

Na montmorlllonlte

(100%-clay) . - 410

?hus, it can be seen that there is a cbnsiderabie range in

the rhear strength of materials. Cohesion ié high in intact rocks,
‘ such as sandstone and granlte, decreases to very 1ow ralues in coarse
weathertd materlal and then increases agaln in fine clays. ' The more
reactive the clay, the hlgher the cohe51on, but also the coheslon
. depends .on the type of absorbed catlon. The angle of 1nternal frietien
generally decreases as the 51ze of the material decreases,

{q) The other 1mportant property of soil wh1ch 1ends}resistance
to change is its plasticity, which g11¢¥s‘a s0il to change shape without
~eracking orxrupture - a deformatioﬁ in résﬁonse to an applied stress.

-In this characteristic, the cohesion is an iﬁportant control or the

12



I'plasticity%characteristics‘of.the soil, and aieo the water oontent of
the secil. L _ e _ - N }

There are two points nnich are connonly measured as indicative
of the p%ostioitytoheneoteristios of a soil, and these are Xnown as
the Atterberg limits;

The uppen'plastic limit {or liguid limit) is the moisture
content. at which the soil will barely flow under ennenniieo force. The
1owert§lastic limit is the moisture content at which-the-soil can barely
be roiied into a wire} The plasticity number kon_index) is the differenc
between.the two moisture contents. The method of mensufement of these
two parameters is discussed by Baver et al. (19?2).;
~ The change in the soil strength between these'limits represents
the influence of differences in moisture content on thetcohesion forces
in the soil. From a dry soil, as water is added, ‘theicohesion increasee
until the lower plastlc limit is reached- when the 5011 can be mouldel -
into e wire. This is equivalent to a pf value of 2. 8 to 3.3, As
further water is added the cohesion decreases untll the liguid limit is
reached (equivalent to a pF value ofanS),.nhen tne.oohesion is reduced
.such that the 5011 can flow under an applied stress. The plasticlty
1ndex is the amount of waten whlch must\te added to the 5011 to change
._the.nax1mum cohe51on to flow, and thereby is an 1nd1rect measure of

. the force requlred to mold the so:l.l° ' The plast1c1ty characterlstlcp

are 1mportant then, 1n re51stance to erosion and farm practlces, such

.. a8 ploughlng.

Several 5011 propertlestaffeot the plastlclty characterlst105'
these are malnly clay content and mlneralogy, a@sorbed cation type and
organic matter content.

| As plastlclty is a fnnctlon ;f the fnnest‘fractlons of the -
sollr the plastlc llmlt 11qu1d llmlt and plastlclty 1ndex all 1ncrease
with ar increase in the clay contentO-. The piastlc 11m1t increases only

slightly, but there are pronounced inereases in liquid limit, and, hence.

plasticity index. 1%



‘The type of mineral affects the plasticity measurements.
Quartz and feldspar clay-size minerals are'non-plastlc. W1th1n the
clay minerals,. the. plasticity generally increases in the series
kaolinite  illite montmorlllonlte, representlng 1ncrea51ng surface
area and the interlayer swelllng of montmorlllonlte.

The. type of exchangeable catlon on the.clay mlnerals is
impertant, through the cations' 1nfluence on the amount of water
adsorbed on the clay. surface. In general Na—saturated somls have
generally .low plastlc and liguid llmlts, but often have hlgh plast1c1ty
indices. K also introduces low plastic and llquld llmlts, but low
plasticity in@ices.‘A;On the other hand, the lealent catlons, Ca and
Mg, increase the .plastic and llculd limits. The SpeCIflc effect of -

different cations depends to a large extent on the type of clay mlneral
present in the soil, and its interaction w1th the catlono F

The fourth 1mportant characterlstlc; especlally from an }
agronomic viewpoint, is organic matter content° An increase in organio
matter -content generally causes an 1ncrease 1n the plastlc and liquid
limits, though there is ‘little change in the plast1c1ty index. These
results can be explained by the hlgh absorptlve capac1ty for water_ f
possessed by the organic matter; -this absorptlve capa01ty occurs up to
the plastic limit .and thereafter llttle further water is absorbed by the
organic matter, resultlng in llttle change in the plast1c1ty 1ndex,_:

These plasticity characterlstlcs are lmportant then, in that
_they control the response of the 5011 to changes in water content, and
the ability of the soil to resist deformatlon by applled stressese

Assoc1ated with’ these measures of 5011 strength is the structuro
of the soil, which is the threefdimensional arrangement of 5011 partlcles°
Soil structure is important in that 1t to a 1argerextent controls the
infiltration rate of the 5011 and offers re51stance to movement of soil
particles, by binding together the particles 1nto larger, less_moblle

aggregates. Soil structure is caused by swelling and shrinking of'the
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soilassociated-wfthhwettingand'drying:cycies,‘and the pressures
exerted hé‘elant roots”anu soif drgaﬁisﬁs; The stability of the -~
structure is 1mportant 4and this depends'on-the type of cation adsorbed:
onto the exchange complex, the cementlng efféct of iron and aluminium
oxides andlhyuroxldes, coheslon between clay particles’ and the binding"
effect of organfc matter'and products of microbial activities. A more
detailed ofscussion-of-sofl struoture is given in Baver et al. (1972),
and w1ll be referred to agaln in the consideration of - s6il erodibility.
) te). Last but perhaps not least the vegetation cover plays an:
important ro;e in 1ncreas1ng ‘the resistance of the ‘soil ‘body to erosive
forces.r Ldne component'of this ‘Tole is through vegetation and-its
assoc1ated surface lltter reduclng-the energy of raindrops, ‘and, hence,
ralnsplash of 5011. In addltlon, plant roots help strengthen~and bind

the soil together through thelr decomp051tlon products and exudates.

The 1mportance of vegetatlon in reducmng soil érosion will become

obvious 1ater.
It appears,‘then, that there are several forces acting in the

env1ronment Wthh tend to move s0il materlals downsloPe, and that these
forces are opposeo by strengths possessed by’ the ‘soil body. At”
7 equlllbrlum, the forces promotlng movement ‘are balanced’ by the forces.
opposzng 1t when the movement forces are increased, “then the opposition
forces will be overcome and soil w1ll move ‘downslope. -

| Although the above dlsousslon ‘has involved ‘a number of
measures of.movement“forces and soil stremgth, it is difficult to apply
these measurements to speclflc cases of so0il ‘erosion. As will be :seen
later; most stuoles of sozl.eros1on stlll 1nvolve empirical relationships
between the drlvmng forces and the soil resistances. This does not .
detract however, from the pr1n01p1es involved. © One can expect an-
1ncreasfng number of studles 1nvolv1ng fhe fundamental forces and

reslstances.
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3, .TYPES OF SOIL EROSION

From:=a geomcrpholqgicaljviedeint,utw0—major:;ypes of
processSes ¢an bélrecOgnizea that involwe the moygment-pf.soilimaterial.
There are, firstly, mass movements, which involve soil movement under
gravity, without significant assistance from other outside forces,. ... -
such as flowing water and wind. -Secondly, there. are surface processes,
which are dominated by the action of water and wind. These two sets
of processes are obviously of central importance in geomorphology in
that they control, to a large extent, the shape and distribution of
slopes.

(o) Mass movements

This category involves a range of processes, including rock=-
falls, landslides, earthflows, and soil creep.

Rockfalls are spectacular aand occur when the transporting
agent {gravity) is greater than the ability of the rockface to supply
weathered material, resulting in a coarse seree or talus at the bottom
of the rockface. As the phenomenon is of 1ittle importance to soil
erosion and conservation in agricultural areas, it will not be
discussed further, though a detailed discussion can be found in chapter
six of Carson and Kirkby (1972).

A more serious problem from the soil conservation viewpoint
is instability in the soil mass, such as exhibited by landslides and
earthflows. Landslides can be either deep-seated or shgllow, depending
on the depth of the soil mantle, the relationship between shear strength
and stress with depth, and the resulting depth of the failure surface.

A major property promoting landslide development is high pore water
pressure resulting from a high water table and downshope movement of
soil water. Landslides can also occur when the regolith is removed
from beneath a laterite layer, resulting in a slumping of the surface

(Thomas, 1974).
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Landslldes appear to be restricted to slopes of 35 to 60
in the troplcs, although they can ‘occur on slopes of 207 or less wh:Lch-j
have a hlgh clapAcontent _The distridution of landslldes follows steep
slopes, often related to stream dncision and land dlssectlon,'and hlgh
pore water pressures assocaated with rains, Earthquake act1v1ty'1s
often'the‘trigéerlng.mechanisn},and the remoral'ot forest vegetation
can 'préinet'g; 'magnde, development, fhrough loss of surface strength
and preei:-pi'tat,ion ‘intercéption (Thomas, 197h).

| o Earthflows.canﬂalso'affeot agrioultural'land, the movement
oceurring as:a tiscousiflou;mi They often oceur in clay-rich’sediments o
which pave a high sensitivity (i.e. high undisturbed:disturbed strength
ratio); a naturaf:uater:oontent"greater than'the"liduid limit, and
again are'relatedhto‘heavy:rainfall and trenors'CCarson and Kirkby, 1972).

| - szo intereSting:studies“on'landslide activities aand soil
conservation in'tropical-areas have récently been published,. = -

The first examines erosion in the stiff, overconsolidated

Joe s River Muds of the Scotland District in eastern Barbados {Carson
and Tam,‘1977) . Landslldes and gullying are extensive and produce a
"vadland" landscape whlch Nas increased in area by about 45? between
1951 and 1968. The increase im these landforms appears to reflect the
ohange.in land use fromzforest and grassland into cr0pland (particularly
sugar cane and banéna)'since the area was colonized.,” Over Half the area
shows signs of erosionland“instahility; with-deep"ravines:and landslides -
~and slumps on’slopesrof‘éoo'or'hore.'“'Nany"SIOpeshare‘steeper than the -

frlctlonal angle of the regollth and” mass mOVements are llkely to occur
__1n the future. |

Increases in overland flow and’ stream dlscharge have caused
the gully deve10pment and th1s has been alded by the relatlve fall in .
sea level. The landslldes are’ trlggered by hlgh pore water pressures,
assoolated w1th 1ntense ralns and” the movement of water 1nto ten31on '

cracks caused by drylng and shrlnkage of the muds. The soil
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importanflinﬂthe-féfmatién‘6f7SOiléi(e;g. Nye, 1954, 1955),‘bu£ which

is unimportant as a méthod of accelerated soil erosiom.

(8) Surface water—-induced movements -

Within this éatégéfy,‘seﬁerél'ﬁrocéSseS‘can be recognized,.

though, once égéin, they atre often intimétely.related,in‘nature.: These

categories are rainsplash erosion, sheetwash or overland flow erosion,

and channel erosion, such-as the formation of rills and gullies.

(i) 'Rainsplash erosion

' Raindrops falling at their terminal velocity of cloéﬂ to
8 m/sec possess energy, which must de dissipated upon £heir impaét_witp
the soil. Water moving through the soil or along its gufface posséssés
a relatively small amount of energy, so- that mﬂ?h of thé raind?op's‘
energy must be absorbed by the soil. The magnitude éflthis'énergy |

change can be shown (Hudson, 1971).

‘Kinetic energy of rain = % R'(S)z =32 R

Kinetié'energy of water moving
through the soil and as
overland flow - Lo

)2 .

od }Ni-—r-‘

3 2 1R
R T (0.0001) + E“E'(1

where:R ié'the mass of the water; % of the rain pasgesﬁintq
the soil, with a velocity of 0.0001 m/sec; and-%‘runs oft
" as overland flow with:aVvelocity,of‘1 m/sec.
The ﬁfoﬁouﬁcéd'dédfeése in the enéfgy-qﬁ-waﬁgr can be
absorbed by a variety of mechanisms. The soil can become compacted,
c?aters can form around the raindroP.impact, wate; drbplets'éan be
'splgéhed*uﬁwardé”énd soil . particles can.a}so'be splashed optwardé.
Theséflattef.thfpfécesses are well illustrated by ?ﬁoﬁhgraﬁhy;in mgéfvu-
teifbo;ks.‘ “
. Iffthe:éoilfSurface-has zero:lePe,fthen tﬁe-soil partic$§§;ﬁ

will be splashéd{in'a'fandom fashion, and there will be no net movement
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of soil partlcles in any onerdlrectlon. Where a slope'exists;fthen'
there Wlll be a net movement of partlcles downslope, caused by the
downsloPe component of the ralndrop energy, and the longer downslope
trajectories. of splashed sozl partlcles.
The amount of splash erosion will depend on a number of
factors. Many 1aboratory or, fleld stud;es have shown that there is
a good correlatlon between energy parameters of the rainfall (Particu-
larly momentum ‘and klnetlc energy) and the amount of splash (Bisal, - "~
1960; Bubenzer and Jones, 19715 Ekern, 1951; Ekern and Muckenhirn,
19473 Elllson, 19tk Free,r1960 Hudson, 4971).  In particular,:
Rose (1960) studled five East African 501ls, and found that momentum was
a better predietor of splash eroslon than kinetic energy, though Tas
poxnted out by Hudson (19?1) they are very similar for natural rainstorms.
-The .soil characterlstlcs also affect the splash erosion process.
Mazurak and Mosher (1968 19?0) studled the 1nfluences of different
rainfall 1ntens1t1es on the movement of 5011 partlcles “and aggregates-‘
" through rainsplash.;h They found that partlcles w1th ‘diameters of 400
to 501nmwere most readily detached- the larger ‘sizes were too heavy
and the smaller 51zes were not moved 50 much because of cohesive forces
increasing their effective welght : Aggregates freated with Krilium to
1ncrease their stablllty behaved in a SlMllar manner to the individual
partlcles, over. the range of slzes examlned, w1th 'a maximum detachment
at -sizes in the range 297 to 210nm._ Untreated aggregates, however, .
showed a maximum splash at dlameters of 2400 to 1700 nm; suggesting -
that they were broken down by the ralndrop 1mpact. At'these large
sizes, untreated aggregates splash erosion was about four times” that
of the treated.aggregatesr_ Tctal splash and the size range of splash
eérosion increased wlth_an(increase in rainfall 1nten51ty.' ~Farmer -(1973)
obtained maximun detachments with soll particles in.the diameter ‘range
800 to-300 pam, but fonnd'thatlincreases'in rainfall intensity did not

cause much(increase in the detachability of the particles.-"Working with
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clods,. Moldenhauer and Koswara (1968) found that large cleds of &
silty clay loam reduced the amount of sniash erosion, mainly through &
delay until the clods are broken down into detachable sizes. Further
studies into rainsplash are reported by Young and Wlersma (1973).

The water content of the surface also ‘affects splash erosion.
Dry soils often have a frlable; very easlly removed surface layer, but
then detachment decreases as the surface becomes wetter and more compact
layers are. produced or exnosed. The presence of a thin film of water
on the_801l,surface increases the splash effect, perhaps through a
decrease in cohesive forces between partlcles, but’ then the water layer
decreases splash when the waternlayer ds thick enough to absorb much of
the raindrops' energy (Palmer, 1964)- T

An. 1mportant by- product of the splash process is the formation
of 2 thin crust or cap of compacted partlcles ‘on the soil surface.
This cap nay be only 1 to 5 nm thlck, but is lmpcrtant in reducing
infiltration of water (and hence 1ncrea51ng overland flow), though it
may also reduce the erodlblllty of the sorl (McIntyre, 1958 a, b).

The crust or cap is less 11kely to be 1mportant ‘where the slope is steep
‘or where there 1s a rough mlcrotopography. - )

Splash erosion movements can be up to 150'cm (E1lison, 19L4),
and stones L mm in diameter can move up “to 20 em. The overall effect
is to.remove the finer partlcles downslope, leavxng a residual layer of
gravel and stones. Carson and Kirkby (19?2) show that the downslope
movement is llnearly related to the slne of the slope angle; On-a
slope of.10%, Elllson (1944) found that the downslope component of-
rainsplash er051on was three tlmes that of the upslope component.

Vegetatlon cover 1s 1mportant in that it reduces the impact
of the ralndrops, though thls‘nay not be effectlve in all cases. For
example, tropical raln forests may 1ntercept a large proportion .of the

rainfall, but drops falllng from the canopy as throughfall may. be large,

reach. term1na1 velocxty and fall onto a 5011 surface with a thin litter
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.layer and sparse understory, cau51ng conslderable splash erosion

*?{{Thomas, 1974).

(11) Overland flow

When the intensity of rainfall exceeds the.intlltration
capacity of the soil, water will accumulate on the soil surface, and
if there is a sufficient siope, water will move downslope across the

W'soilvsurface. This is known as Hortonian overland flow, after the

man who first.examined it in detail. ‘Overland flow can also occur in

lowlying areas where the soil becomes saturated through subsurface

seepage.
Thus, the rainfall intensity and infiltration capacity of

the so11 are cr1t1ca1 in determlnlng the snatlal and temporal occurrence

of overland flow,_. The 1nf11tratlon capaclty of the s0il is dependent

on a number of factors;

(a) the grain size distribution and the norenslze distribution.
Movement of water into and throughtthe soil is generally restricted to
the non-capillary pore spaces, andhthus the intiltration rate depends
. on the. non-capillary porosity. For texture classes,wthe infiltration
'capac1ty decreases 1n the order sand > sllt > claye. Also well
structured sozls will have hlgher 1nf11tratlon capac1t1es than poorly
. structured onesj; |
. (b)  the intiltratlon rate-decreases nith time as more of the
' soil'nores become occupied'by nater and the rate decreases to a constant
value, which is the ability‘of the soll”to transmitrwaterﬂdownwards -
the saturated hydraullc conductlv1ty,l

(c) since the water content of the 5011 1ncreases through
1nf11tratlon, the wetter the 5011 prlor to the storm, the smaller the
amount of water that can ‘be absorbed by the sodl-

(a) the storm 1nten51ty may also affect thc lnflltration capacityr

especially on bare or poorly covered 50115. As noted above, ra1ndr0p

impact can break down the soil structure and produce a relatively
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impermeable cap or crust, effectively reducing the‘infiltratiqn;capaeity:
The variation of infiltration through a storm shows the

o

 following pattern (Fig. 3.1)

Infiltration . | 7

. \\\\; o - dry initially
"rate - . qo~ . _

mm/hr : ~ o e wet initially

— ———— . -
"‘-_,__"-—-_-..._ ' .
e s -
o e s M g )

Time
Fig. 3.1 Variation in infiltration rate through time.

Average infiltration capacities are {(Kohnke and Bertrand, 1959):

Clay loam .2;5 o 5.0 mm/hr

_s__i:Lt loamn 7.5 - 15,0 mm/hr

Loan | 12.5 -  25.0 mm/hr

Loamy sahd © 25.6 - 50.0 mm/hr d
Sand/gravel ' 50°O‘ - 100.0 mm/hr.

The 1nf11trat10n rate of a2 soil can be increased by disturbing
the shrface iayer,'by adding organic matter, and by encouraging the
developmenf of stroﬁg root systems.

Another major component which affects the amount of infil-
tratlon and overland flow that w1ll occur is the interception of rainfall
by vegetatlon, whereby the 1ntercepted water is evaporated back into the
atmosphere, without reachlng the soil surface. The interception rate
depehds Ol nUmMercus factors such as the size, shape, and character of
_the vegetahion, the\intensify:and duration of the rainstorm and the
evaporative.power of the atmosphere. Interceptﬁbﬁ can be quanfitively
1mportant in the hjdrolbgie eycle, as can be seen from the following

average losses through 1nterceptlon 'of rainfall {(Gregory and Walling,

1973):
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Forests 10 - 30%

Grass . 30 - 60%
“ .. . Corn - 15%
Oats 7%
-Clover - Lo%

The data are derived mainly from temperate areas, aﬁd the
interception rates are probably lower in_tropical areas whefe rainfall is
generally more intense.

~ A fipal hydrologic component which reduces the occcurrence and
"-effectiveness of overland flow .1s dep;ession storage. Thig involves
. the collection of water in small depress%ons, the water slowlx
infiltrating into the soil or being evaporated into the étmﬁsphere.
.Depression storage may account for 2 to'Sme pf a rainstorm, depending
on surface roughness and configuration.

-Thereforg,uthg.water not intercepted, not infiltfa;ed and
‘not caught by depression storage will flow across the”sﬁrfgce as over-—

land flow, where the slope allows. Mhep the flow occﬁfs‘as a fairly
thin and uniform layer across the soil surface, it is known as sheetwash.
When the flow becomes more concentrated, however, the flow oc;urs in
rills, gullies and streams.

All of these water movements are.controlléd by the interaction
of the downslope component of the water weightland the frictional drag
exerted by ‘the soil surface or the channel walls. The ve;gcity of the

flow can be .calculated (Carson and Kirkby, 1972):

where v = velocity
g = gravity ' .
r = hydraulic radius (Bean depth of flow)
s = slope ' ‘ :
£ friction factor

. Therefore, ar increase in depth of water or slope angle

increases the velocity of flow, whilst an inc¢rease in the fricticnal
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factor (dependent mainly on the size and configuration of surface
particles) causes a decrease in velocity.

The type of flow is also important, in terms of the ability
of the water body to detatﬁ and transport soil particles. Where the
viscous forces dominate, fiow is laﬁinar; where the inertial forces
aéﬁiﬁéte; then flow Qili te‘turbulent," The ratio between viscous and
' inertiél forces is defined by the Reynolds Number - laminmar < 500,
turbulent > 2000.

T Tn thin flows on steep, smooth slopes, laminar flow generally
dominates. As the thickness of fhe water increases or the surface
rouéhnets increases,'tﬁén the flow will ‘beécome more turbulent.  Where
'tﬂé surface is.vérﬁ réﬁgh, such as where a-fiéld has grass or stones,
théﬁ;.although the flow is very slow; theé roughiiéss diverts the flow
such that a sinuous turbulent flow is produced.’

| Flbwing water has the ability to detach and transport
paft;cles;' Several forces operate on the béd to ralse and move the
ﬁérticle,.and once entrained, the particle car be transported in flow
Ey turbulence within the water body. When the flow rate or turbulence
decrééses; some of the soil particles Wwill be deposited.

In most cases, rates of overland flow.are very small - often
1 - 100 om/sec; and gemerally < 10 cm/sec (Ellison, 19472), so that
thé‘tractive'fofcé:éiefted by the water -on the soil surface is low, and
'féﬁ particles téﬁ bé'aetadhed from the surface. - The flow can, however,
readily transport fine particles, when they have 'been detached from the
soil surface.

Yoon and Wenzel (1971} have‘shoﬁn that rainfall causes a
considerable increase in the turbulénéé“df ovg?land flow, particularly
when the Reynolds Number is low (about 500) So'that fiow is laminar,
as is comzon with overland flow (Emmett 1970 ?earce, 1976) . Under
-t more turbulent c0nd1tlons (Reynolds Numbers -> 1500), increased turbulence

oceurs only in the upper layers ‘of' the flowing water.
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Thus an important aspect of soil erosion by overland flow
processes is that the rainsplash impact is needed to help detach the
particles from the soil surface, and the overland flow ie needed to
transport the detached particles downslope. The need for both these
processes to produce effective soil erosion hee'been shown clearly by
Ellison (1945) in an exneriment in which he snbjected a bare soil
surface to different combinations and seguences of rainsplash and over-
land flow and rainsplaehﬂ(Fisf‘3-2)f“:1

Changes in the erodibility of tne soil are alsc important.

In stage 1 the emosion rate.is high because a dry, friable surface layer
,13 readlly removed by overland flow-: as soon as this layer is removed
..a more compact less detachable layer 1s encountered and the erosion

rate decreases. The mncrease 1n1501l m01sture content also tends to

reduce the ease with which particles can te removed (Gr1551nger, 1966).

The rate of erosion rises agnin when thehraineplash_is added, as the

raindrop impact detaches more particles (stage 2), but then declines.

A brief increase occurs after overland flom is_removed,,probably because

the impact of raindrops is moneieffectmve when the surface fiim of water

is reduced in‘thickness_ﬂstagerB).; There is another rapid_incmease

when overland flow is re-instated, agailn reflecting the removel of a

detached. surface layer (stage 4), but decreasing soon afterweros, to

rise yet again when both rainsplash and overland flow occur (stage 5).

The general sequence show, however, that the amounts of soil removed

become smaller, suggesting that the‘soil is:becoming less erodible and

that a drying period would be needed tc_reproduce the high initial
erosion rates.
These aspects are emplaeised in the early studies of soil

erosion by Ellison (1947, a-g).
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Fig. 3.2 Variations in sediment concentration in runoff
as a function of time amnd combinationé‘df rainsplaéh and

'éverlaﬁd flowe

Thﬁé; overland flow's major role in soil erosion is that of
tfansﬁbfting particles'which ére'alréédy'detachedﬁ' The difference
between detachment énd’transpoff must be réalised, and that bﬁth are
neééssary in s6il erosion. Ellison‘(1947a)-spéculated*on the detach-
aﬁiiifj'and traﬁsporéability of different soils and éaﬁe'to‘thé‘following

genefal'rankiﬁg:

Detachability " Transportability
' fine sand -~ clay
. ‘decrease  loam i loam °
W': “elay “fine sand -

A dramatic example'of the need for rainsplash is given by
Hudson (1971). He covered one bare plot of soil with gauze, another
he Teft bare and another he covered with grass. Erosion rates from the
bare, uncovered plot were about TOO'times'aé:largé'as from the other
plots. This Hudson (1971) ascribes to the reduction in rainsplash
caused by the gauze netting. The grass is equally effective in
reducing rainsplash and increasing infiltration and decreasing overland
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flow. Both Ellison (1947e) and Hudson (1971) emphasise the 1mportance
Vof ralnsplash in 5011 eroslon. Ralnsplash has been found to be
1mportant 1n some areas, such as bare sltes in temperate forests
7(Kwaad 19?7) but a recent study by Morgan (1977) of erosion processes-
‘on bare sandy 30115 in ngland showed that overland flow was a more

. 1mportant contrlbutOr to soil erosion than ralnsplash

| It 1s extremely dlfflcult to separate out the overland flow
and rainsplash components of 5011 er051on. For example, in Hudson's
'k19?1) study w1th the gauze nettlng, the increase in erosion on the
unprotected plots 15 partly due to compactlon of the 5011 surface under
_ralndrop 1mpact. Elllson (19ﬁ?g) also observad that turbld overland
flow pa551ng through a parklng lot deposlted a layer of sedlment
beneath parked cars._ Thls suggests that the ralndrop 1mpact is also
important as aimechanlsm for 1ncrea51ng the turbulence of overland

flow and increasing its transportlng oapaclty. Thus,rthe separatlon
of rainsplash and overland flow erosion is aTather academic exerclse
since they are so synergistically inter—related ln.nature.v

(iii) Rills and gullies

‘Overland flow is the unconcentrated form of surface runoff;
nhere‘topographic variations exist aoroSS“a-slope, then the surface
runoff is‘llkely to become concentrated into small depressions. As
such, the erosive ahility of the flowing water is concentrated into a
smaller area, and the channel is likely to expand. There is a
continuum of sizes from very small ohannelsithrough to streams and
rivers.

The smallest member of this continuum is the rill, which can
be defined as: o

Mlocalised small washes in-defined channels which are small

Eehough'to eliminate by normal cultural methods'; gullies are somewhat
:larger:

"when they are so large and well established that they cannot
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;behcfessed Eé‘egriculfural implements” (Hudson, 1971).

The above deflnltlon is really an agrlcultural separation
based on thelr 1mpedance to agrlcultural machlnery. ' Gregory and
' Walllng (1973) suggest that rllls and gullles can be separated by
criteria of O 3m w1dth and 0 6m depth. The transltlon 1nto streams
and rivers ;s not so well deflned; an important_cheracteristic is
.thaf fills and gullies“aee ephemerel?tin thae-they carey water only
after.heevj sﬁirms, wherees streams and rive:s.flow fer'a mueh'longer
peried-and possess e baserflow derived from local greﬁﬁd'eefef SOUrcesS.

B . Rllls, gullles, and streams possess an erosive ablllty through

the energy possessed by the flow1ng water, The rate of water ‘movement
is dependent on the downslope component of gravity actiﬁé on fhe water
body,'and the resistances offered.ey the channel sides. The velocity

of flow can be calculated from the following formula:

n

V =

where V

i

velocity (m/sec);

R = the hygraulic“radius‘ef fhe.channel,‘ioe. the
cross-sectional area of water é the wetted perimeter;

S = the slope of.the water surface. expfessed in m/m;

n = the roughness of the channel bed and sides.

“‘H—-wetted perimeter

. cross~sectional area of water
n

.Fig. 3.3 Hydraulic characteristics of a river channel.

This empirically~based formula is known as Manning's Equation.
Commonly-found values of 'n' are given in Table 3.1 (Gregory and Walling,
1973; Hudson, 1971).
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—&lféble 3.1 -Somé'commonly_obsefve@*fhlues of Manning's "a"

n

Streams: B - sluggish,'ﬁeédy; deep pools - .0.07
- l. éleah,'étraight; ro pools, fine

sediment, flat bed ) | T 0.02
gravel/éobbles on bed -  3‘ . 0.0k
cobbles/boulders on bed 0 0.05
W_Flood plains: : shorf grass.__  . . .: -f_, :,Jb.OB
o matﬁre cfﬁﬁs - . ‘ . 70.0h4
déﬁse Eush - ' - © 0.08

Vegetatéd channels:sh§r£lérasé o S 0.045
| mediuﬁ:grass - : _ 0.06

long,grasé o | o 0.09

Roughnéss values have.alsoiﬁéeﬁ 6élculated f6r overland
flow, with depths usuaily'less than {O'mm,_and values raﬁée'ffom about
0.25 for sparsely vegetatéd su;faces to about 0,60 for a thick grass
coverr(Emmett,.1970; Pearce, ﬁ976;'-Ree EE.§l., 1997).

h As the:stream gully or rill flowg“ii converts its potential
energy (Eased oﬁ its height aﬁove the ﬁbaée level™) into kinetic"
energy. Most of this kinetic energy is diséiﬁated as heat created by

“iﬁternal friction in the waterbody aﬁd‘ffictién created on the channel
bed az;;ﬂ..sides° However,‘about.ﬁ to S%IOf thié energy'éan'Be used to
transport sediment within the channel.

rThé flowing body of water can ekért.sfrééées on particles on
the channel bed, which tend to raise the particle. 'Thé higﬁer-the
”vélécity of the water, the greater the $£resses, and, thus, the more
upward.movement of the parficles.. Therefore; aé‘the vélociﬁy
incréases, larger and larger pafticles can be.moﬁed. :'Thé term’
"competenée" referé fo the largest particleé which‘can Be moved by a
siream, and is mainly alfunction of the velocity of'fﬁe streémg‘though
other factors, sucﬁ as particle densitj ana céheéive:fqrces between

particles will alsc be important.
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1The.sedimenb ﬁofed in a channel can, rather arbitrarily, be
separated into bedload and suspended load. Bedload refers to the
materlal which moves by Slldlng, rolllng and saltating along the channel
bed and, therefore, moves very close to the bed. Suspended load is
material which is borne by the upward fluxes of eddies, and, thus,
travels away from the bed. lhe bedload contains the heav1est or
largest particles, whilst the suspended load includes the llghtest and
smallest, though there will be an 1nterchange between the bed and
suspended loads as the flow changes through the channel.

The type and amount of materlal whlchlcan be carrled in the
channel depends on the flow characterlst1Cs and the availability of
material from the channel sides asd bed. Two characteristics are
_ 1mportant.. One is the ablllty of the flow to remove partlcles, the
_eroslve characterlstlc, and the second is the ablllty of the water
to traansport the partlcle, the sedlmentatlon characterlstlc. These
,rcharacterlstlcs are strongly related to the ve1001ty of flow, and
this affects the stresses created on bed materlal and also the eddies
which keep material in suspens1on°

The relatdonshlp between velocity and erosion and sedlment-
ation of various particles of different sizes is represented in Fig. 3.4
(Morisawa, 1968). | | ' ‘

It shows that the_"eresive" velocity increases‘as does the
particle diameter, except for an 1ncrease in the clay and silt-size
fractlons. Thls is because these fine partlcles possess cohesive
forces which help blnd the partlcle to the channel bed and S50 lncrease
the velocity required for erosion. The "sedlmentatlon" veloc1ty shows
‘that'1 again, the veloc1ty required to tfansport increzases as does the
,partlcle size. | |

The graph is the basls of the 1dent1f1cat10n of crltlcal
velocities for cuteff channels, i. e,lthe maxigan veloc1ty that can be

2llowed without important erosion of the cutofx channel (Table Ba2,y
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from Hudson (1971)).
Table 3.2 ,wMaximum-ﬁelocities‘péfmibnible in cutoff chanﬁéls.
Maximum or cfitidal'felocitj m/sec

based on ‘channel slope of 0-5% . -

bare moderate grass cover very good grass
' : - : cover
silty sand 0.3 0.8 _ 1.5
coarse sand ' 0.8 ‘ 1.3 - : 17
firm clay loam ' 1;C-;" 1.7 ' 243
stiff clay 1.5 . 1.8 . 2.5
coarse gravel 1.5 - 1.8 - B -
hardpan, shale 1.8 2.1 -
1000
) ‘\\ E 1 - - "’""
100 h_ - rosken e
™ ‘-._“ ~ . - ) — - -
-~ -..EI‘Q i".‘""“" — ."“'/
‘\ﬁ. -
Velocity s Veqoelty -7 ‘
10 T et '
m/seé}g; Transportation Sedimentation
: Fall
13 Velocity
0.1
0.001 0,01 0i1- A 10 abo 1000

Particle diameter (mm)

Fig. 3.4 The fate of_ﬁarticles in relation to stream
L velocity. C : T

As overland flow becomes concentrated into Small:channels;
such as fills and gﬁllies,'the hydraulic radius increases =and the
velobitf increases. As the velocity increasés, the ability of the
water to tranéboff'matefial, both gquantitatively and in terms of
pérticlé size, also increases, resulting in an incision of.the-channel
bed énd én increase in the channél gradient in the upper part of the
channel éection, . Incision in the headwater atrea 6céursfﬁecaﬁse éf

the steepened gradient, resulting in-the "capture™ of more ‘overland
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.ﬁlqyrapd‘iqﬁeriqq ril;ii'resulting_in more e:oéion (Figo.B;S). Thus,

a ril%yq; g%%%xlnetwofﬁtdevglogs-oﬁ-a slopé. An iméortant stage in

this process is the fofma%ion of a master channel which is not destroyed
reach year by cultivatiqn practices. Where rills are destroyed each
.yéaf, new rill formation will be slow andrthere will be little opportunity
to concentrate the erosive power into permanent channéls;“‘ Wpe#:the

major channel is not destroyed by cultivation, a more devé;pped network

will occur, with a much more incised rill and gully network. Once

formed, gullies $end to be self-perpetuating.

~N

VR 2 2 2 T A A \/

undeveloped rill system ., developed rill systen
-~  Jeading to gully formation

Fig° 2.5 Development of rills into a guliy;

What factors control the:formation of rills and gullies?
Vegefatién cévér is imﬁorf%ﬁt, in that it increases infiltration rates,
‘and slows down and diverts overland flow. . Most acqounts of well-
developed gully systems come from a:egs‘with,semi-ari& climates, though

" they can also be found in temperate areas with a normally:denser veget-
‘ation cover. The intense rains found .in semi-arid areas fé%ﬁﬁr the
“development. of overland flow and rill agd_gully initiatiqn,.an& the
“generally sparse vegetation does not slow:down oYerland fléﬁ? Once
initiated; gullies can extend through ﬁcou;ing of the bed, maas movements .
ialong. oversteepened channel walls. and hegdwa:dlgxtensiPn:’_-He%dward

extension appears to be encouraged by sapping caused by pore water
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'“pressnrestat-the head, and a plunge-pool effect during storms.

‘Seginer (1966) . -~ and Thompson (1964) -have developed
models to predict the rate of gully headward extension, in lsrael and
G.85.4. respectively. They developed regression equations from observed
rates of extension and local characteristics. Seginer (1966) found the

‘area to -be the most useful characteristiey and the regression

Y. = bAO -50
where Y =  headward extenslon (m)
b = constant (2.1 to 6,0)
A = area in kmz, of basin which gully drains

explalned Lo tor70%-of the wvariation in.headward extension.
Thompson (1964) also found area of catchment to be important and also
inecluded slope of approach channel depth a ralnfall factor and a soil
factor. The combined regre551on equatlon explalned 7?% of the varlatlon
in‘headward exten51on._- The Seglner (1966) study suggests that headward
exten51on 1ncreases to a peak and then decreases, presumably as the
catchment area decreases, glVlng a'llfe-cycle“ for gully development.
The most exten51vely studled gully networks appear to be those
in the seml—arld S.W. U S A. These "arroyos" increase headwards at
‘rates of several m/yr, and the mecnanlsms of initiation and development
are probably appllcable to the senl—arld areas.of East Afrlca. Many
gullies can be related to certaln man-lnduced-changes;.such as conversion
from grassland to cultlvated land channellng along roads and tracks,
fences and bulldlngs, and cattle tracks. In the S. w 7. S A., sheep
-overstocklng and consequent decrease in vegetatlon coOver was orlglnally
cited as the cause of gully development. However, it also appears that
changes in clmmate, partlcularly towards a more semi- arld one with lower
rtotal ralnfall but hlgher 1ntens1ty summer‘ralnfalls, contribute to gully
development (Denevan, 196?, Malde, 19643 Malde and Scott, 1977,

Yi-Fu Tan, 1966). The same comblnatlon of land use changes and

36



intensified land use may also be applicable to some East African gully
" .networks, such 'as in Machakos District, Kenya and Dodoma, Tanzania

(Rapp et al., 1972bls

e iv) Relative importance of erosion forms..

i
E _As can be seen, there are a wide range of methods. whereby

soih can he eroded. Each is dependent on certain environmental
conditions, and, therefore, W1ll be most lmportant in different
envfronments. Unfortunately, there are few publlshed studles which
compare erosion rates for all the methods, in well defined areas.

Gully erosion is the most spectacular form of erosion, and
most er051on books contaln impressive photographs of gully networks.
However, in terms of damage to agrlcultural 1ands, 1t is not very
1mportant in that gullles often cover only a sall proportlon of the
land surface, and the gullled soils are generally not very productlve
(Hudson, 1971). Gullylng seems to be most 1mportant in seml—arld
areas. Rilling can be 1mportant such as noted by Rapp et al., (1972a)
in the Morogoro catchment Tanzanla.'

Landslldes are also mainly restrlcted to certaln areas,
'éenerally w1th steep ‘slopes, unstable soils, and hlgh ralnfall amounts.
Two cases have been noted above - in Barbados (Carson and Tam, 1977) and
the Mgeta area, Tanzanla (Temple and Rapp, 1972). |

8011 creep, although an ublqultous process, ig also regarded
as an 1neffectual mechanlsm of soil erosion., This is due partly te
the slow-rate of erosmon and n;rtly | to the fact that the top5011
moves slowly downslope, 50 that only the uppermost sectlon of the slope
~is likely to have infertile, exposed sub501ls. i

As noted above, the dlfferentlatlon between ralnsplash and
_overland flow 15 dlfflcult and rather academlc° | Bennett et al,, (1951}

regarded overland flow as being more 1mportant than ralnsplash ‘whereas

Hudson (1971) states that the reverse is the case. Few studies have
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been able to separate the two, though Morgan (1977) found that over-
land flow was more important than rainsplash in eroding soil from a bare,
.. sandy soil in England. Part of this confusion probably arises from

the spatial properties of the two processes (overland flow is usually
discontinuous whilst rainsplash is coqtinuous),rand that an important
component of rainsplash is the detachment of particles, which can then

" be transported by overland flow.

The combined effect of overland flow and rainsplash erosion is
the most important in agricultural areas and overall denudation rates of
10 mm/yr are not uncommon.  Rapp et al., (1972b) found this mechanism
to be the most important near Dodoma, Tanzania. -¢Glymph {1957) found
that sheet and rill erosion contributed between 10 and 100o of the
sediment from watersheds in U.S.A., and Hudson (1971) notes that

- gullying may become more important in semi-arid and tropical climates.
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4. - MEASURING SOTL BROSION

. .. - There are several ways in which soil erosion may be measured,
and these may be conveniently divided into imn situ methods, the estim-
ation of erosion rates from drainage basirn sediment yield measurements,

and those involving remote sensing, usually air photographs.

(A4) . In situ methods

There are numerous in situ methods available, dééending on
the type of erosion encountered and the attributes of the terrain.

One of the simplest methods used to measure the downslope
movement of soil is to insert a trough along the contour of the slope.
There should be 2 good contact between the upslope wall of the trough
and the soil, and this can be achieved with a plastic sheet or concrete.
A poor contact will result in the erosion of the soil near the trough
lip, or the diversion of runoff water beneath the trough. The runoff
and erosion rates can be converted to an areal basis by measurement of
the upslope catchment of the trough. Where this is not feasible, the
edge of the plot can be bounded by metal or concrete walls, though this
may introduce edge effects into the plot. Gerlach (1967) describes 2
design suitable for many conditions.

RBased on these designs, many permanent plots have been
established, though their size varies. In the United States, plots
70 to 90 ft long and 0.01 to 0.20 acre in area were used, and the
results from these plots formed the basis of the Universal Soil Loss
Equation (Wischmeier, 1959) . Othieno (1975) used plots 60 x 12 ft
in tea fields near Xericho; Lal (1976) used plots 25 x 4 m in Nigeriaj
and Roose (1967) and Roose and Lelong (1976) measured runoff and erosion
from plots 16 x 6 m or 200 to 600 m°. Temple (1972) reviewed the
results of runoff and soil erosion from four series of plots established
under different conservation systems, length and slope in Tanzania. In

general, the larger the plot the more readily applicable the results are
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to field conditionms. The Universal Soil Loss Equation dees include a
conversion factor for plots of different slope and length.

- Where soil erosion by.overland flow is not very important, but
where measurements of soil creep are required, then problems are
presented by .the very ‘slow rate of movement and the delicate nature -
of the processes involved. One method is to dig a soll pit and place
a narrow strip of aluminium plates . into one of the side walls. Bench-
marks-a;g ¢stablished, the position of the plates measured,,aﬁ@ the pit
refilled.  When measurements are reguired again, the pit is carefully
re-excavated and the position of the plates relocated.  Rates can then
be ca;cu%gted as the displapement downslope over the time period elapsed
(Young, 1960). Flexible tubes or glass beads are an alternative method.
Rates of movement are only a few mm/yr, though they can be higher on
steep slopes (up to 60 mm/yr).

~ The effect of rainsplgsh can be estimateq by placing boards
about .5 m high at right angles to the slope, and with small trqughs
at the base, on each side. - The troughs are protected from direct
rainfall and the upslope and downslope_pomponents can be weighed, the
differenqe_;epresenting the net 40wnslppé movement over the,w;dth of
the board (Ellison, 194k ,Kwéad} 1976). . An alternative method has
been proposed and used by Morgan (1976), which removes any wind .
turbulence effects on raindrops around the board. This method
involves a 10 cm diameter, exposed soil surface surrounded by a t;ay.
with an outer wall 10 cm high; the tray is d;tidedyinto upslope agd
downslope compartments, and the amount of soil in_each compartment‘is
meaqu:ed. Ihe net downslope movement,;s the difference between the
two, expressed in g per width of slope,‘calculated'f:om_the area of
exposed soil. Radioactive tracers ¢an also be used (Couttslgi.gi.,
1968), as can fluofescent beads ($oung and Holt, 1968)..

An,alternative_methqd_to,measuring the soil_qemoved from a

plot is to measure.the lowering of the land surfazce.  This can be
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done ‘either by establishing a series of benchmarks near ‘the soil surface
or measuring the soil ‘surface against some natural phenomena.

" “Perhaps the best example of “the former approach is the use of
erosionﬁpins;'wﬁiCE are nails up to 30 cm long;idri&énéintd the soil,
with a washer betweén thé soil surface and the nail head. The pins
can be laid out in a mefwork and the dist .s¢ ULewien thé washer and the
nail head measured accurately. Aftéf"a'periodVdf;éroéioﬁ;'thé“distance
can be reémeasured. Nails with lérge“héa&s'wiil‘téhd to protect the
soil from rainsplash effects, so that the washer may stand above the
-surrounding surface. In this case, the soil pedéstal'SEbulé'bqu.
removed ‘o that the basé of the washer is flush with the level of
" the surrounding soil surface. Where dépdéition‘ié'iikely to occeur
(such as on footslopes and flood plains) then the nail should be Teft
with up to 10 ¢m above the soil surface; ' in other &ésée; the nail héad
should be within 2 e¢m of the soil surface, to reduce the possibility of
damage. ’

' Erdsion ‘pins provide a cheap, quick way of obtaining erosion
data. * For example, Rapp.gzﬂgl;;”(1972a) were able to measgre an
avéragé erosioh loss of 2.5 mm of soil within a tWO-w;éklperi;d dufiﬁg
the rainy séasoﬁ'on"é 4° slope near Morogoro, Tanzania. -~ Temple and
Murray-Rust (1972) used stakes €0 MEASUre €r0S.vi saiow wow . ool 9311
rice and regemerating bush at Mfumbwe; Tanzania. They found ‘annual
soil Ilosses of up to 28 mw/yr under hill rice, while the various
conservation practices reduced the erosion rate. Regenerating bush
réduced the erosion tate to only a few mm/yr. TFrequent measuring of
pin iévels;éah allow a relationship to be established between rainfall
characteristics and erosiom rates.

:-. ! There are éeveralidiSadvanEéQés7uifh-fhéﬁhefhod;gﬁoﬁefer.

It has to be established that the nail or gim “--- 0 T n’wﬁ
affect the erosion rate, nor that disturbances by Stock or ‘soil

animals or eXpansion and contraction of the soil affeét the pin:soil
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levels. Pins may also be removed by lecal people.

A further
coqglication is tha# there is frequently é iérgé‘differénce.in erosion
raﬁes_between pins_opdthé saﬁe slope; emphasising the spatial hetero-
_'gengity of thererosiqn proce#ses. rThué, 2 large.nﬁmbef of pins are
rgquirealto obfain réiiable resglté;: On bafé} é;oding‘sidﬁes.in
. Carada, Pearce (1976) used piné with a densitf rénéiﬁg from ﬁ)ma'to
_ Q,4/m2,wrlrhe stand§yd.errors”calcuiafe@Aare #ariable; éeﬁeﬁdiﬁg on the
. topographic variéti;g-within each plot, bgf féﬁge-from ﬁ6 to 5?9% of
_ﬁhe mean, | -
A similar apﬁroach for meésuring changes‘iﬁ surface elevation
js to record the height of certain natural features above the present
_ surface. If these features_cap be‘assumed to haﬁe beeﬁ"lefél with the
{soil surface, then theif present height.£é§resents the amount of
_ erosion.  Stone pedestals can then be ﬁsed, though the probiem of
dating exists. | | |
Vegetatiop which produces a.rﬁot éjsfem or aﬁbtﬁer'pért of
the plant close to the soil surface can_;lso bé useci° ‘.As erosion

removes the soil, the old plant markers will be left above the new

- surface, or the free or bush will have protected the soil against
rainsplash, to produce a mound.  When the plant can be_aéed, the
amount of erosion. can be converted into an annual rate, | |
Lamarche (1968) used this tecknique to measure erosion
rates in a mountainous area of Qalifqrnia,.specifipally by exposure

of Pinus aristata (bristlecone pine) roots and tree-ring dating.

-Dunne (1977a) measured root exposures and mounds bepeath,&cacia

drepanolobium, A. tortillis and Cericio comopsis palsidia inlsemi-
arid areas of Kenya. The age of the plénté was estabiished from a
regression of age on girth; it was assumed.tﬁat the bimodal rainfall
.reglme prbduced two vegetative flgshgs agd:two rings.per year.

Haggett (1961) used coffee collars to measure erosion rates on old
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plantatlons 1n Bra21l:-H

| o Grasses and 51sal‘map.also be useful, but the problem of
datlng is more severe and ‘these have not been tested. " Preliminary
observatlons of exposed roots of dead grasses and grass mounds suggest
leroslon rates of ahout 2 cm/yr in MachakOS. - The problems inherent in

thls method are establlshlng that the plants have not occupled pre-

.exlstlng mounds and that the plant morphology does 1ndlcate the original

surface. Ralnsplash accumulatlon may also increase the relative height of
the mounds.

leferences 1n soil proflle morphology can 2lso be used.
| Haggett (1961) measured depth to the C horlzon in forested and coffee
plots in Brazil, and estimated that erosion had removed 20 cm of
top501l upon the conversron of forest to coffee° Morphologlcal
'.dlfferences were supported by dlfferences in soil texture. " Stone
lines may be useful in that they frequently occur at depths of about
1m in noneroded hllllepe soils, and can ocecur as stone pavements in
) some'sltes, leadlng to a speculatlon of about 1 m of erosion. Again,
A the main problems in thls approach are establlshlng a typlcal non-
eroded proflle and belng able to establlsh that thls proFWle existed in
" all locations prior to erosion. Obviously, profile differences caused
b&.topoéraphy and:“natural erosion' will have to be taken into account.
Routine survey techniques can be used for large.scale changes,
such as the‘headward.and 1ateral movement of gullies. Benchmarks close
.to thelerosionrteatures'and'stakes located in the gully walls have been
. utlllmed;" Frequent measurements can be used 1o estimate the volume
-of sedlment removed. An example is given by Malde and Scott (1977).
Slmllarly, Rapp et alg, (1972b) measured landslidé volumes in the Mgeta
‘area, Tanzania by survey technlques, supplemented by zir photo inter-
pretatlon.
- I.{'All the above methods depend on measurements of soil erosion
‘mhioh‘occursﬁnaturally. An altérnative approach is té-produce erosion .

experimentally and to relate this to naturally-occurring crosion. This
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ie ueually achieved by sfmulating roinfall in storms of standard
qihtehsity, dufntioh‘andrdmount, The‘desigh and operation of rainfall
simdlatofs has been covered in the literature tng. Hall 1969, 197C;
_Meyer, 1965) . The resultlng soil erosion can be measured by chunges
:1n elevatlon of the surface soil, or by welghlng the soml removed from
the plot and collected in =2 trough. The rainfall 51mulntor apnroach
_ilﬁ very useful in determlnlng the effect of fuctors such as sozl, slope,
erop type.and conservation practices on 5011 erosion dnd surface runoff.
The main prohlems are in the relatlonshlp between the artificial rain-
storm and ‘natural relnfall, in both type and frequency/dur 2tion/intensity.
Young and Burwell (1972), however, have been able to show a good agree-
nent between runoff and soil erosion from_a:tificial and natural rain—.

storms for a so0il in Minnesotao.

(B) Drainage basin methods

The above in situ. methods refer to individual plots or areas
" of so0il and thus require replieatiohs to achieve an aceettehle average
for a large area. Ah alternative approach 1s to exahine erosdon rates
for larger areas, usually defined‘cetchment_basins, by heaeurfng the
removal of soil in the stream or river leaving the basin.l This method
has the advantage that the integrated hosees_of soil can be fecorded at
one point, but frequent measurements are required and there are problems
in the extrapolation of erosion losses from individual areae in the
drainzage basin.

The material removed from a drainage basin.hyra stream or
‘river can be divided inte three types. The solute 1ead fepresents
" the material in solution, and is derived mainly from nutrieht_cycling,
leaching, and weathering. Thersuspehdediload is the matehial carried
within the body of moving water, usually sand to clay sizes. | The bed-
load is the material carried on the channel floor by sliding, rolling,’

or saltation, usually as coarse as or coarser than sand. S0il erosion
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,.'rates refer only to the SOlld load ao the solute load ¢an be iénored.

| The suspended load is calculated through measurement of the
dlscharge in the channel and the sedlment concentratlon. " Discharge is
the volume of water pa351ng through a sectlon of the channel usually
expressed in units of cubic feet per second (cfs) or cublc metres per
second (m3/sec). It is calculated by measurlng the eross- sectlonal

' area of the channel occupled by water and the mean veloc1ty of flows

@ =V .'A  where Q = discharge
V = mean velocity of flow
A = cross-sectional area:

The area can be ‘measured 5y'survey of the stream channel, and
the mean velocity is estimated by measurements of velocity at various
depths in and across the channel. This is required because the
velocity will be low where frictional drag. occurs, engn as along the
‘channel bed and sides;“' A current neter;is lowered into the water at
distances across the channel, and the velocity measured at varlous
depfhs; For deep channels, the mean of the velocities at 0.2 and 0.8
 of the channel depth can be used, or at dépths of 0.15, 0.350 and 0.85,
.or as an'integrafidn of the wholé depth profile. - In shallow channels,
”one measurement at 0.6 of the depth can be used (Gregory and Walling,
1973).

h ‘A'efage curve can then be produced by repeated measurements
of discharge at different times. A convenient method. of expression
is to plettrne discharge against;the level of the water surface, as
:ﬁeasured against an ebject"on the bank, such a@s a stake. . Rapid
dieenarge estimates can theén be made by merely reading the height on

the‘stake, and converting to ‘discharget
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Flogiomtin 22U LscrFrequent measurements. of; discharge allow the construction of

o - Suspended sediment can -pe @e@éuqu&ﬁgﬁg%%}gﬁéiég ﬂgﬁer samples
‘and drying~or-filtering to.obtain the %eight oﬁﬂﬁhe sedimen@= As for
‘“discharge,QsedimeqtﬁcanceqtrationéwiLl_vgpy thyggg@ the qafqr tody, and

'“*representativefSémplesfngedwpo bg_tak?g.;ﬁ-A;ngtQ?;ntggratqd sampler

~ 1is commonly used (Dumne, 1977b).

e

Multiplication of discharge. and sediment concentration at

specific times glves a suspended sediment rating curve:

Suspended
ool sediment
' (g/1)
. or daily. ..
- suspended-
-sediment . ..
(kg/day)

———
- T L e
Discharge or stage =
(mB/Seb) o (m)
From this curve, the snsPéﬁdéd'Sedimént‘load can be ealculated
for a stream on a daily basis. ‘"Tﬁe”annuai'hydrograph or flow duration
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curve can then be used to estimate the number of days with disghapges
of certain magnitude anéd transformed into an annual sediment loss fron =
the draincge basin.

Bedload movemenf is much more difficult to measure, and
usually invplves a trap laid into the channel bedf Bedload:discharge
curves can be produced to estimate bedload movement on an annual
basis, as for suspended sediment (Dunne, 1977b§ Gregory and Walling,
1973} . Bedload formulae exist, but arelhqt used very frequently in
erosion studies.

The susﬁeﬁdéa‘loéa;ﬁéaibéd rafié-depends on many factors,

e.g. channel size and shape and particle size, but a éommonly used

| ostimate is that bedload is about 20% of the suspended load. Sunmation

of suspended and bed loads gives the total load, i.e. the total amount

of solid material removed from the drainage basin by the .tiscam or

river; )
' Thus, the sediment loss from 2 drainage- basin may be exp:essed

1n.m3/k¢2:jf orttonnes/km2 yr, and this is the comﬁonest way to exXpress

s0il erosion rates for large areas.“. There. are, however, problens irn

" translating the sediment rates into erosion.rates for surfaqgs,within‘

the catChment.J

One problem, obviouély, is that rates can only be applied when
the basin covers oﬁ;y_one land use, %nd the_variations‘in topography
and climate are relatively small. Analysis of sediment yields from
large drainage pasins often produces 2 cthused picture, with low levels
of statistical significance (e.g. Jonson and Pzinter, 1074) . Fur%her—
more, the sediment in the river_may_not bé'de;ived frqm_the surrounding
soil;._ The sediment delivery rﬁtio expresses the relationship between
the sediment“removed-from a- catchment and the soil loss from the slopes.
This is 2 fupctién of §atchment size and relative relief, soil erosion
and chanpel scour Processes. In some catchments (such as temperate ére

with a thick cover of glacial debris) more sediment may be removed than

. _ E 51



soii é?qded from theﬂhillsides. In most cases,‘however, more soil is
eroded than sediment removed; the_so?l ercded but no?‘rgmoved remains
 on fdotslopes, debris fa;s;and,floéd plains.

. Dunne {1977b) quotes examgples of chagges in_sediment.delivery
ratio withLdrainage ﬁasinlarea and relative relief,‘based.on southeastern
U.5.4. data. The rafio decreases from about 80% with drainage basin
areas of 0.05 km2 to about 10% in drainage basins of 1000 kma. The
rafid'incréases with an incr?ase,in_relativé ;;i;%f;lexp;essed as the
‘ratidr§f'catchment re;ief to‘mainstream lengtﬁ. At hgightélengfh
ratios 0f 0.002 the sediment delivery ratioris about 4% and rises to
_ #bdut 80% in basins with a height/length ratio of about 0.05.

Thus, me;;ingful comparigons of the influepceigf l;nd use
prqct;ces'on sedimentryields and erosion rates can:only_be made when
:individual catchmentlvalues are converted to a_sﬁandard)ba§in size
:agd haig@t:length. Rapp et Eio,f(19?2a) give an_éxample of this
_ app:oach for a Tanzgnian catchmgnt.

Sediment generally ac;umulates_ip,resgrvoirs, and thgse
_deposips can be used to estim;te sediment yigld ag@ erosion rates.
"f?he volumes of_accumglated se@iment can bérestablished_by survey and
comparison with origipal.p;ans or by location of the original reservoir
bed. Dunne (1977b) gives a table of bulk densities wherebyisediment
volumg can be converted into weight. A further correction (in addition
td the sediment delivery ratio) negds to be applied.a;unot_all the
, §ediment carried by the river will be depogited._ This will depend
on the particlelsizg of the sediment (clays lesg likely_t6 be deposited
,tﬁag éands) andzon the r;tio betweeg the capaecity of the reservoir and
the annual flow. Danne (1977b) presents a curve whiqh shows that the
- éédiment trapped incrgases from only 10%,with a Cap#City:flOw ratio of
JO;OQB to 95% with a ratio_qf O.E_and remains constant with further
 inc;eases in 'the ratio.

Division of the amount of accumulated sediment by the age
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ng the reservoir allows an éstimation.of the annual sediment yield.

More pfécise rates, and chanées_in rates of sedimentation can be
-estimated from the dating of sediment levels, such -as by radiocarbon or °
1cad-210 isctopes (Dunne, 1977b).  Rapp et al., (1972b) have measured

sedimient yields in four reservoir-catchments in semi-arid Tanzenia.

(C) ' Rémote sensing

Aofiéi'ﬁhotdgraphy Sfférs advantages to soil erosiom measure-
ﬁeﬁt”in that intensive field.work is not reQuired;:and phctdgréphs can
dct. ds a historical record. Thomas (1974) measured land uée“changes
and‘gully-éxtensidn by comparing two sets of aerial photographs in
Machakos District. The'photdgraphs édﬁld'also be used to delimit areas
' Qhere tonal changeé suggest exposuré of subsoils or‘étone'linés,
‘indicative of soil erosion. | Temple'aﬁd Rapp (1972) wers able to map
and measure landslides from air phofbgrdphs of the Mgeta area, Tanzaniza, )
and a correlation between landslide area and volume can be:obtained,
aliowing the rapid calcﬁlation of erosion rates.

‘Jones and Keech (1966) have discussed methods of identifying
ISSil erosion areas from aerigl photographs, and Williams aﬁd'Morgan
'(1976) ﬁave developed;a'geomorpholdgical'ﬁapping method applied to soil
erosion. o " .‘ |

l Thé disadfantagés with aerial photdgfaphs'are that they can
'be of variable scale and distortion and are'ohly suitable for relatively
laréé scale laterai-movements of featﬁres, such as guilies,‘: ﬁlthough
-height measﬁréments can bé made with Stereoscopicrpairs, the accuracy
"ana-ﬁreciSion is generally ansuitable for measurements of surface lowering

Cun

or rill or gully deepening.
o Mulfispectral analysis from space satellites or air photo-
gréﬁhs may prove to be useful in delimiting eroded’areas through their -

influence on moisture and temperature chafaétéristics'(Rang5g'ﬁ977).
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5. THE MAGNITUD“'FREOULNCY OF bRObIVb EVENTS

e

A majer duestioa tﬁat needs to e asked in soil erosion
problems and tﬁeig-solation:is:‘ d;es the eresion occur as infregquent,
Iiatense efents or as frequent, small scale events? The design of
conservation measures.must take these magnitudeﬁfr%guency relationships
into account. | | o ’.

Magndtude:freqﬁencyAanalysea:have-been_develobed fornmany
common and:importan£-e§enfs. One good-examéle is that for the high
dlscharge of rlvers, whlch cause floodlng and economlc damage. The
magnltude frequency of floods can be calculated by observ1ng the annual
maximum discharge, ranking these discharges and obtaining the recurrence
interval of each discharge (flood), which is given by:

n+ 1

_recurrence interval (years)

r.i. = where r.i. =
m n = number of years of record analysed
m = rank of annual flood.

When plotted on special Gumbel probability paper, the poiﬁta.often ocecur
as a straight line, so that the_:ecarfepce interval of any discharge can-
be predlcted or, alternatlvely; the magnltude (discharge) of the
maximum flood llkely to be experlenced w1th1n any given perlod. Land
use on flood plains and flood design structures,are_often developed
around the '"50 year flood" discharge. |

A similar approach can be used for precipitation, either on
2 daily or annual basis, or, more commonly, for specific time periods.
An example of this is given by Taylor and Lawes (1971), who have
compiled a magnitude:duration:frequency graph for 16 East African
stations for periods ranging from 15 ninutes to 6 hours. The same
method of analysis has been used, except that groups of rainfall
amounts have been utilized, rather than individual measurements. Thus,
the amount of rain that can be expected within one hour can be
predicted for recurrence intervals of 1 to 100 years. It is unwise

to extrapolate for recurrence intervals longer than the period of record:
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In_assessing the magnitude:frequepcy relationships of erosive
events, the ¢hargcte;istics of the area studied and the ﬁrocgsses
involved will affect the dpminant eyent. The déminant event (or events)
is that which, over a period of years, causes the most soil erosion. In
particuiar, fhe dominant event's magnitude and‘frequency will be dependent
on:

e the climate, particularly the magﬁitude:frequency relationships
qf p;ecipitation;, | |

2. - the soil type;

3. -the antecedentfcondi#ions, particulafly the moisturevcontent
and soil st?ength prior to the efosive eventsé |

L, the vegetation type and its densitﬁ;r

- 5. the dominant type of erosion process.

As Hudson (1971) has noted, studies have produced different
results for magnitude:frequency analyses. | Many of thgrdifférences can
probably be explained in terms of the variations of the above five
factors. For many rivers in the United Statés, it appears tﬁat i% is
~.the bankfull discharge which moves much of the éediment in a river
channel and essentially shapes the river chanﬁel (Leopoid_gi_g&., 1964),
This bapkfull discharge has.a frequency)of once every.one or ﬁwo years.
However, as. the river flow becomes more variabie and the dréinage baéiﬁ
decreases 1n size or_becomes:steéper, the eitreme flows, less frequent
than once per one or two years, become more important in'fra;éporting
sediment. |

. Compared to river studies, tﬁere are rélatively few studies on
the magnitude:frequency_relatiopships of érosive e%ents on égricultural
land. | | -

In the United Stateg,lw;schmeie¥_(1962) fﬁund that the overall
pattern is for a large part of eroéion to be éarried put by.the freéuent,

small storms. This is not the case in all areas,las Hudson (1971)

bt

quotes an example. from Missouri in which 50% of the erosion of a five
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jear period'was Cansed by"a sinéle_storm. ~ Also for'the central
Unlted States, Greer (19?1) found that excesslve rate storms (defined
y 1nten51ty and duration characterlstlcs) caused over 50% of the soill
 eros1on from small plots in a.six year perlod yet represented only
g% of the total rainfall.

AIn bare plots in Canada, Pearce (1976) showsd that the dominant
erositeqevents.eere'storms of.ﬁ.to 6 hours duration,"which occurred about
pnee per year. For shorter durations;_the less frequent storms were
,1mportant In Bngiand, .Morgan;(1977) focnd that 99% of the erosion
frem a cultlvated sandy 5011 over a two year period could be related to
only 10 storms, from a total of 240, Over 50%76f the erosion was
caused by 4 storms. S e T -

All of the ahcﬁe analyses deal with erosion by—overland flow
and riiling in temperate climatesf For rainsplash erosiou, the n
Arlzona study quoted by Carson and Kirkb%‘(19?2) shows that,‘on vegetated
plots, the dominant events had recurrence intervals of O. 5 | yeara -

‘Also in southwest U. S A Malde and Scott (1977) have repdrted-on the
rheadward extension of arroyos (gullles), and, for one ~gully, the 1,m
exten51on over a flve year period was related to the major 4 or 5 rain-
storms whlch produced runoff° Antecedent conditions;-particularly
_ m01st, unstable gully walls, also affect the effectiveness of a runoff
event. Both the above studles occurred in a sem1 ar1d env1ronment.

Studies of mass movements, such as landslides and’ earthflows,
suggest that most movements occur 1nfrequently, possibiy at interva;s
of 5 years or more, though thls w1ll depend on the climatic charactol:
istics. Landslldes in mountalnous areas suggest this relatlonshlp
(e.ge. Paeth et al., 19714 Temple and Rapp, 19723 Rice and Foggin,

' 1971); Not surprlslngly, in view of its-slon'rate and delicate

;mechanlsm,‘there appear to be no magnltude frequency studles of s01l
‘7creep, though one mlght expect the frequent small events (such as

wettlng and drylng cycles and anlmal act1v1t1es) to domlnate.
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-Few magnotide: frequency studies of soil_erosion have been
.made in tropical and subtropical environments and many studies are
restricted by their short duration. In Rhogesia, Hudson (1971) found
that, in almost allAyears, more than half of the total erosion was
caused by the one.or two_heaviest;storms. The results of erosion
studies performed by other workers in Africa do permit some estimates

of the magnitude:frequency relatipnships.

Roose (1967) reported soil losses from bare plots in Senegal
~.over a five year period. Expressed in terms of the amount of rainfall

in each storm, the results are:

Rainfall Frequency % mean annual % mean annual % mean annual

amount (mm) (no./yr) rainfall runoff soil erosion
0~ 15 16.0 ' 13.4 3.6 ' 4,2
15 - 30 14.2 27.2 19.8 271
30 - 60 10.0 39.1 43,3, b1,3
60 - 90 1.6 9.5 11,7 19.7
90 - 120 0.4 3,5 7.0 © 2.5
120 0.6 7.7 4.6 5.3

The results show that the ralnstorﬁs of moderzte aﬁount {3C to
60mm) and moderate frequency (10 times per year) cause almost half of
the annual s0il erosion. r

Lal (1976) measured soil erosion from baré fallow plots on
slopes of 1, 5, 10, and 15% on an 4lfisol near Ibadan, Nigeria. . He

calculated the erosivity parameter R (ZI 100} for each storm, and

: 30 +
measured the soil loss from each plot. The data can be converted into

the following table, based on three Years' results:

R value Freguency  Soil loss (% total) - Soil loss (% total)

(no./yr) 1% slope 5% slope 10% slope - 15% slope
1-5 18.7 23.1 25.7 17.9 14.6
5~ 10 L,o 8.7 10.1 9.2 9.1
10 - 20 6.7 26.8 31.8 - 27.9 30.3
20 - 30 2.0 9.7 12.1 1.1 7.6
30 - 40 0.3 - 1.6 3.6 1.6 1.0
10 - 50 0.3 1.6 0.9 1.0 3.3
50 - 100 - 2.3 25.1 14,4 30,3 26.8
100 - 200 0.0 C.0 0.0 0.0 0.0
- 200 0.3 3.3 1.4% 1.1 7.3

It shows that over half o thé erosion is caused by sterms whieh oecur

60



‘;itﬁ a ffeqﬁencj*df 2 t6 7 times per yeéar. - It is also interesting
fe heéeﬂthat the heaviest storm (105mm in just one hour, with a mean
iﬁteﬁeity of 97 ﬁm/hrj'caused 6niy'ﬁ'to'7%'ef'fhe total erosion, despite
the'faet that e further 58.mm'of rain had fallen in the previous week.
‘The‘Seﬁegei and Nigeriaﬁ ekperiments occurred in’ similar climates, with
-aboﬁt.TZOb wm of rain fé} year, distributed in ene'feiny‘seésen.

Othieno (1975) and Othieno and Laycock (1977) measured soil
“losses ffem'plots‘near Kericho, Kenya. The measurements covered three
’ years}'dﬁfing which time a tea crop was developing, and the intervening
bare soil was either kept free of weeds by tilling or by the application
of a herbicide (mon-tillage). The mean annual rainfall is 2160 mm.
Othieno gives both the monfhly soil losses and losses for individual
storms, as a function of rainfall intensity. Unfortunately, of the
5ix plot-yeare available, only.four show good accordance between the
tabulated monthly losses and those shown 2s a function of individual
etorme; fer fheee.h.plot-yeers the resultsrof a maénitude:frequency .

‘analysis are:

Year and treatment. Nunber of ' Number of storms to

' erosive storms - give 50% soil loss
1971-72 non-tillage 32 6
1972-73 tillage 17 3
. 1972-73 non-tillage : A 22 5
1973-74 tillage ' 16 4

Again, the results suggest that it is the events which occur
3 or 6 times a year that cause most of the 5011 eros1on° The tea
canopy developed from 1 te 20% in 1971- =72 to 60 to 70% in 1973=7Lk wIl
a subsequent decrease in soil lost (from 160 tons/ha in 1971-72 to about
I tonsfha'in 1973-74), The results for the above plots, and for the
plots treated with mulch or oats between the tea, suggest that with an
1ncrea51ng cover the more 1ntense and 1nfrequent ralnstorms produce a
larger proportion of the soil loss. This is to be expected, as the -
“vegetative or-mulch cover: would protect the soil from 211, but. the most

intense storus.



" Unfortunately, the tea study is the only detalled one which
alloﬂs an analysis of magnitude:frequency in East Africe, and, even then,
it‘is located in a highland area with a high rainfall. A preliminary,
indirect analysis of soil erosion could be made in East Africe by using
the rainfall intensity:duration:frequency data compiled by Lawes (1974) .
The following assumptions have to be made: B

a. 1o séil erosion is caused by storms. with an average intensity
of > 25 mm/hr, based on 30 minute duration;

b. kinetic energy can be predicted from rainfalltintensity

 (Hudsom, 1971);

C. there is a strong linear correlation between soil erosion

and the kinetic energy of storms > 25 mm/hr and the EIBO

parameter (Moore, 1978).

If these assumptioﬁé can be accepted, caleculation of the
magnitude: frequency of kinetic eneréy > 25 mm/hr and the EI}O for the
meteorologicﬁl stations should be good indicators of the magnitude:
fregquency of soil eroéion. The above calculations for KB 25 and
EI30 have been perforﬁed for-33 Bast African staiions, each with a reco:.”
of at least 8 years. The results are presented as the percentage of
mean annual KE 25 or EI}O’ which occur in 30 minute fainfall periods
with a freqﬁency of less than or equal to 5, 1, 0.5, 0.2 times per year.
If there is a strong correlation between the rainfail and erosion para-
. meters, these percentages should also be a good indication of the soil
erosion occurring in these rainfall periods.

The results show that at the wetter stations (e.,g° Eguator,
Entebbe, Gulu, Kisumu, Nairobi-Kabete and Tororo), about half the annual
soil erosion may be:caused by 30 minute rainfall.periods which occur
with a frequency greater than 5 times/year° High intensity rainfalls,
with frequencies of less than once per year, do not cause a large

proportion of the soil erosion..
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Ploperty (KE > 25 or EI}O) in Storms. of Frequency (no./yr)
n Less Than or Equal to That Indzcatcd

[CUBERSYE IR eAL VL Rt e)

KE > 25 EIBO
- freguency " ‘frequency
Station 5.0 1.0 0.5 0.2 - 5,0 . 1.0 0.5 0.2
Bldoret 2343 39,5  14.8 © A9 83,1 55.2 24k.2 8.9
Equator k0.1 | 3.0 3.0 0 49,3  13.6  13.6 o)
Kisumu 60.% ~ 18.5 6.1 6.1 « - 77.9 . 32.1. 135 13.5

 Kitale - . . 45.8 18.1 7.8 3ok 60.8 30.0 k.6 7.0
Lamu .4 20.1  20.1 o . 73.9 33.5 335 0
Lodwar . 100 . 69.5 30.9  30.9 100 81.0 h6.2 Le.2
Makindu ' 100 32.2 © 19.0 .8 100 -. k7,0 32.2 1.7

“Malindi . - 100  23.4 10.7 5.0 100 37.3 19.9 10.7
Mombasa 57,2 18.6 9.3 5.9- 69.8 31.6. 18.7 13.2
Nbi Airport 100 27.6  27.6 16.1 100 42.5  42.5 28.0
bi Kabete 45,1  21.5 - 2.7 2.7 . 5k.0 30,2 5.2 5.2
Nakuru. 100 40.3 23.9  11.7 400 60.2 k2.7 22.7
Nanyuki 52,5 28.8 17.3 8.9 65.1 L43.2  29.5 17.3
Narok 100  29.1 17.5 8.0 100 43.5  30.1 14 L
Voi 100  25.7 - 2k.2 9.8 100 48.2  39.6 18.6
Dar Es Salaam 73.2 29.2 3.9 3.9 83,2  4h.h4 7.9 7
Dodoma 100 31,9 - 16,0 10.5 100 48.4  29.5 20,
Kigoma 100 | 23.5 5.7 5.7 100 36.8 11.6 1.
Lyamungu 71.% 23.2  12.1 12.1 80.7 FAR.0  21.2 21.
Mbeya 100 %2.4 16.0 1.9 100 b45.2 26.0 b
Mwanza be bk T 27.3 1.6 1.6 60.7. . - 411 3.1 3.

- Tabora 73,0 27.5 8.7 13 82.8 h2.4 16.8 3.
Zanzibar 46.3  13.2 7,9 ¢+ 1.k 60.0 .22.8 14.8 3.0
Entebbe 55.1  12.1 6.6 3.6 69.2 22.1 13.3%" 8.0
Tort Portal S2.k 8.0 3.9 1.5 66.7 1.6 7.8 3.0
Gulu 37.4. 6.3 £.3 2.1 50.6 11.8  11.8 Lob
Jinja 59.5  17.h4 1.0 1.0 . 75.2 30.8 2.1 2.1
Kabale 100  15.5 1.7 1.7 100  23.0 2.9 2.9
Kampala 50.4°  15.6 7.8 2.5 6k.6 26.5 15.1 5.5

. Kasese 100  10.0  10.0 . 2.0 100  19.9  19.9 4.0
Masindi 54,6  12.5 6.7 1.0 69.4 22.6 12.3 2.3
Mbarara . 100 22.0 2.8 2.8 100 32.3 5.0 5.0
Tororo b1.3 10.2 £.1 .0 56.9 C48.7 . 11.9 0

At the semi-arid and arid stations (e.g. Lodwar, Makindu,
'Nakuru, Voi and Dodoma) the pattern has changed, due partly to the
smaller number of rainfall events and partly to the increased proportinn
of intense rainfallé. Almost half of the mean annual EI}O value for
these statlons is caused by 30 minute events with a frequgncy of less
than once per year, and up to 20% by events occurring once in % years.

This rather crude analysis of the Bast Afrlcan(51tuat10n does
suggesf that the drier the climate, the more important the rare events. -

As. general conclusions, then, soilnerosion‘byapy@rland flow

and rilling eppears to be dominated by events which occur 5 to 10 times
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per year in humid areas, and once per year in arid or semi—arid
climates. The denser the plant cover, the more important is the
extreme event. Where gullying is important, eYents_with return periods
of 0.5 %o 5 years are probakbly dominant, due. to the_cumulative effect

of overland flow concentrating in gullies, and_the rapid increase 1n
erosive ability of gullies with increases in discharge. Landslide
activities are also 1ikely1to_be_dominated byievegts with recurfeﬁce

intervals of about 5 years.
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6. TEE CONSEQUENCES OF ACCELERATED SOIL EROSION

In the previous sectleee, tﬁe aechanisms of andmeasurement of
soil eros1en have been examlﬁed ' The'important question still remains:
what effects do accelerated rates of soil erosion have on.man's
activities° Thls can most convenlently be dealt w1th by separatlng
these effects into those whlch effect the agricultural productivity of

the’ soil, -and those which cause downstream changes‘in‘rivers and streams.

Agricultural effects

Many- examples' can be found of the effect ofatopsoii'rémoval
on crop yiélds. In the United States, a reduction in topsoil thickness
from 30 to O-cm generally produced a ‘reduction in yield of about 50%, for
a wide range of crops such as cotton, corm, hay ard grapes (Stérlings;
1964).  Beasley (1972) estimates that redﬁbed'productivity from eroded
s0ils in the United States cost'aboﬁt~$5@O'millien;per'year, based on
wid-1960's data. In Nigeria, Lal (1976) observed a decrease in about
50% for cowpeas and maize when the top 12 em of an Alfisol were
removed, Not all examples show a decrease in yield associated with
topsoil removal; for example, Grosse (1967) noted an increase in
productivity when the topsoil Wae-removed”from‘eeme'PafébraGEQrde soils.

The overwhelming evidence, though;'is-f5r°a'éignichant
decrease in productivity associated with topsoil removal or'soii'eresion,
This decrease deépends on 2 wide range of soil characterieties;;énd'how
they vary with depth in the soil.: . The impoftaht'éharacteristics_ceﬁ?
be’'divided into two groups, chemical and physical,.

S0il erosion affects the chemical properties of soils by
selectively removing the finest particles, whibh:often contain the
majority of the nutrients available for plant -gréwth. - In particular,
the eroded sediment often containg a higher proportion of silt, clay
and organic matter than the original SOil;-"One'cohﬁoﬁ method of

expressing this difference is the erosion ratio: =+
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Erosion ratio = silt & clay in eroded sediment
IR - sand & gravel

..+ .- 8ilt & clay in original soil.
T sand & gravel = C

and the enrichment ratio:

__'Enriqhmentﬁratiq;é % available or total nutrient in eroded sediment
' . °. % available or total nuirient in original soil

Barrow and Kilmer (1963) Have reviewed experiments in which
the enrichment ratio has been measured, mainLyAfrom sqi}ghigmtﬁngorn
Belt of the U.S.A. Avgi}able_nptrieﬁt.enriqhment1ratios“are generally
highgr thaﬁ that for total nutrients because most of the available-
nutrieqts are attached. to the erodible-particles. General enrichment

'ratiosnaré:
1.2 to 4.7 for organic matter

1.2 to 5.0 for total nitrogen

1.3't9 3.1 for total phosphorus
‘3.3 to 6 for available phosphorus

1.1 to:?.3 for total potassium

k.7.to 12.6 for available potassium.

1.4 ko 2.4 for available calcium and magnesium.

The above figures apply mainly to temperate soils. Lal
(19?6)_measured sediment lczses from plots in Nigerliz, 2nd found-that
the qverall-erosion ratio was 2.3, though. it .was higher on 1% slopes
and lower on 15% slopes, reflecting the dbility of -overland flow on
steep slopes to transporf cbgrser ﬁarticléé. 'Thg overall enrichment
ratios ﬁgre 2.& for organic carbon

1.6 for total nitrogen

5.8 for available.phosphorus:
11.7 for*éxchangeable potassium,’
1.5 for exchangeable calecium

1.2 for ekbhgggéable&magneSium.

The enrichment ratio decreased with inereasing slope; =as ZorC Giiw ST
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sand was eroded.

| V Lossesnof nutrients can also occur 1in the dissolved form
in tne runoff water. This particularly applies to recently added
fertilisers whicn may be dissolved by the surface water and pass
across the 5011 surface in overland flow, thereby bypa551ng the
"fi#lng" properties of the 5011. This is espec1ally true for

phosphcrus which is readily fixed by soil particles, but can be lost

_through surface runoff In the Nigerian experiment, Lal (19?6) also

measured dissolved nutrients in the runoff; He found tnat, under bare
fallow, the dissolved nutrient loss was generally higher than that as
available forms on the eroded sediments, except for nitrogen, which was

measured only as total nitrogen on the eroded sediments. Both

.dissolved and adsorbed nutrient 1osses were reduced when a crop cover

was 1lntroduced, emphasising the role of vegetation in prctccting the
soil surface, reducing runoff and increasing nutrient uptake and cycling.
At Samaru, Northern Nigeria, Kowal (1969) measured soil erosion

and nutrient losses under different management and'crop conditions on a

loamy sand soil, bench terraced at 0. 4% slope; He found enrichment

ratios of 1 & to k. 8 for total nltrogen, 1o 6 to 3 4 for exchangeable
pota551um, O 8 to 1.6 for exchangeable ca1c1um and O, 8 to 1.7 for
,excnangeable magneSLum. Thus, significant losses of nitrogen and
potassium cccurred, and these were reflected”in.lower soil‘contents at

the end of the experiments. Silt and claj-were preferentially:removed

in erosion, with silt and clay ratios of eroded:original soil of 1.7 to

ERE
hSoil erosion affects the pnysical characteriStics'in a number

of ways.__ Compaction of the soil surface by raindrops reduces 1nf11—

_tration rates and increases overland flow. Then, 1mpermeable crusts

may form (McIntyre, 1958 a, b) and these can iﬂ“ﬂ% - ~2cliing emergence.

Lal (1976) records a decrease in lnfil tration rate from 35 to 2 mm/min
Il

on bare fallow plots on 10% slopes in Nigeria w1th1n a 3 year period.

ot
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. Removal of the flnest partlcles and comPactlon of the surface
1ayer also reduce the water holdlng ablllty of the s01l, In the
ngerlan study (Lal 19?6) there was a decrease in water held at all
soil m01sture ten51ons, and a decrease‘ln the m01sture equlvalent and
avallable water capaclty overva 2 yearﬁperlod on a bare, fallow plot.

Sub501ls usually have a lower poroslty,respec1ally macroporoslty,
than the surface horlzons, and removal of the top501l often reduces the
effectlve root volume avallable to a plant as well as the rootlng depth.

The overall effect of these phy51cal changes, then, is to
reduce the amount of water avallable for plant growth, and to make the
crop more susceptlble to drought.

It is dlfflcult to a551gn product1v1ty decreases on eroded
top501ls to elther nutrlent or avallable water changes. Beasley (1972)
_fquotes a study in Mlssourl in Wthh the tops01l was removed from one
_plot adeqguate fertlllsers added and the ylelds of corn compared to an
equlvalent non—eroded fertlllsed plot. Over an 18 year perlod the corn
yleld from the eroded plot was about half that from the non—eroded plot,
suggestlng that decreases in avallable m01sture 1srthe 1mportant factor.
Qbviously, where water 1s potentlally 11m1t1ng to crop growth decreases
in m01sture avallablllty w1ll be most 1mportant' where the 5011 15;

A depleted of nutrlents, such as some hlghly leached, troplcal 50115, then
nutrient losses w1ll be more 1mportant. o -

In Kenya, decreases in water avallablllty are probably more

important, though nutrient losses may be 1mportant in hlghland areas.
In the KaJlado Dlstrlct Dunne (197?) has estimated that about 5 to
10% of the ralnfall is converted 1nto overland flow, and if all of this
water was absorbed by the 5011 and avallable for transplratlon by
wgrasses, then product1v1ty would be 1ncreased by 8 to 16%. . The soils in
_:the Ka31ado area generally show few decreases in avallable nutrients
w1th depth, 50 nutrlent losses are small compared to water losses;

A s1m11ar type of calculatlon could be performed for maize-
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growth ip'phe‘semi—arid areas of Kenya. For example, in Machakos
.Distqictjathe;yield ofrmoize has been found to be strongly correlated
with seasonal ralnfall (Dowker, 1971) .
5

¥ 1514 + 120. 06 (R—E? 64)- 610 r =hp.72

. where 3y yleld in - Kg/ha

LR = seasonal rainfall (0~12O days) ;ﬁ co‘
- Assuming 10%_of tho,seasopa}_ralnfall runsroff a§ ovorland
flow, conservation measures to ensure that all thls water would be
_ absorbed by the . soll would result in a maize yleld 1ncrease of 25%
(assuming a mean seasonal rainfall of 28 cm) _ When 2 5A 1ncrease_1n
soil moisture occurs, a 14% increase in maize io produced._ Thus,
conservation measures to ensure a%l the_;alnfall is aboorbod oy:the

soil is a worthwhile practice in these semi-arid regions.

Downstream effects

The main downstream effecto of séil er051on rolate to the
rapid rate and high volume of runoff and the 1ncreased sedlment load.
Most conservation measures reduce the amount of overland flow, though
Morgan (1972) has observed overland flow occurr;ng as a result of
terracing in Malaya, On deep, permeable soils near Kuala Lumpor,
most of the precipitatioo infiltrates and paosos downslope as through
flow; terraces intercept this water_and e:anoform_;t_into overlahd
flow. | -

The increased volume and speed of.runoff fromrerodod éreos
produces a higher and more rapid discharge peak_io thoﬂdoonotoeam.areas,
often ioading to flooding. The reduced iofiltrafion.also oaosoé-lower
base flows;: thus the extreme dlscharges of o rover system are egtenuated.

The increased high dlscharges can cause severe-er051on of the
gully and stream systems, and scour the bed of ohe main channel.. River
banks can also be eroded as a response to the 1ncroase in peak'd1scharges
Beasley (1972) estimates floodplainoﬁd streaﬁ Baﬁk efosion to cd;£‘347

mllion annually in the U.S.
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fThé_inpreaééd\sediment,concentrations-and loads ¢an also ™
§reafe'pr§blems. For man&’drainage basins the sediment delivery ratio
is low (generally 0.05 to 0.80Q), that is. not all the sediment removed by
erosion reaches-tﬁéarivef‘sttem.‘--Gully.erosion probably goes directly
into the stream or river, but much of the rill or sheetwash erosion
probably accumui%fés Bn lower;rgéntle foot slopes. ~If an eroding area
ﬁpves sediﬁénﬁ iﬂfd'affelatiéelnylat'river area, aggradation of the
chénﬁeiﬁfio§f &én odcur;'feduéingnfhe carrying capacity of the river, as
well ésldeﬁosifiﬁg Sédimenf'bh the flood plains. - Braided channels are
common examples, though not all braided channels are related to high
sedlment loads in gentle channel sections. Channel responses to changes
in discharge‘and sediment are examined by Leopold et al,, (1964) and
Schumm (19695.J

Increased turbldlty of river water 1nvolves increasec costs
1ﬁ watér £reatment and purlflcatlon. Eroded sediment often accumulates
-iﬁ reservoirs and behind dams, reduc1ng the effective life and capacity
of.tﬁe'dém. Sfofﬁgeﬁdepletion rates of 5% per year are common
(Beésiéy, 1972).- Tﬁé fﬁfés.are higher for small seservoirs than for
léfge ones; | Huason-(19?ﬁ) gives two methods of estimating storage
depletlon‘or sedlment trapplng by reservoirs.’

A f1na1 problem, mainly restricted to areas where agricultural
practicgs are intensive, is pollution caused by erosion. The nutrient
étafﬁé oflﬁan;.waférwéYS'in Europe and‘Ndfth America has been changed by
the'rémoval-of nutrients, pafticularly'phoSphorus,*ffOE fertilised fields
'thfouéhVSSiltefosionraﬁdibvérland flow. The eutrophication-of some
.;lékes hAS'beeﬁ attributed to agriéultural‘pfactices;n-‘Furthermore,
normally terrestrlally 1mmoblle partlcles ‘such’ as DDT, can be trans-
ferred 1nto water bodles adsorbed onto soil.particles, thus bringing

potential damagé to aquatié‘ecbsyStems,
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7o THE PREDICTION OF SOIL EROSION

The “a¢curate messuremént of soil erosion is generally an
expensive process, so ‘that the construction of appropriate soil
conservation measures is dependent on reliable ‘éstimates of soil
erosion rates, under given environmental and management conditions.

The need for ‘smch a predictive tool became apparent in the U.S.A. in

the 1930's. = Much of the research work of the Soil Conservation Service,
established at that time, has been directed towards the identification

of the important factors controlling soil erosion and their quantifi-
cation in predictive eguations. Soil loss has been- measured from small
plots under various climates, slopes, lengths, soils, crops and management
practices. 10,000 plot-years of data have been collected, and these

data form the basis of the universal so0il loss- eguation.’

Musgrave (1947) first established the five factors which

control soil erosiom:
{1) climate (R) -
(2)  seil erodibility (X)
(3} slope angle and length (LS)
(k) crop and management {(C)
(5}" conservation practices (P)

Quaﬁtificatibn of the above factors was carried out by
analysing the soil loss data for the experimental plots.under controlled
conditions, Medifiestions are still being made as more data become
available (Soil Conservation Service, 1977) and a compendium of papers
on the method and its application has recently been published (Soil
Conservation Society of America, 1977).  Basic informatiom is still
lacking for many tropical countries, sc the benefits of the method are
applicable mainly to North America, though evaluation of the factors has
been performed for some other areas (e.g. Roose, 1975).

This empirical approach is nseful, in that the effect of each
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factor can be quantified, allowing a modification in crops or manage-
ment practices to adjust soil losses. The empricism involved means that
the approach can only be used in areas where the fundamental relationships
in.the erosion process are the same as‘ip the_areas from which.the
equation was derived. -.

+,. Wischmeier (19762ihas recently re-iterated the main limitations
of . the approach. -The equation predigts losses of ;oii moved off defined
' slope segments, not erosion within the segmentm(for example,_:ediéﬁri-
bution by rainsplash). Nor can it predict the amount of_sSil whicﬁ
may accumulate on the footslope. The differences betwéén soil 1555
and scil erosion are_important.lN_Gully_ero;ion i# not §nciﬁded_in.the
equation, which deals with losses due to sheetwash and rilliééi |

The equationrcpntains pyedic#ive errors. Wigchmeiérrt19?6)
checked the mean annual soil loss pf‘189 plots against that frediéted
by the equation, and found that the average error was aﬁout 10% (1.4
tons/acre from a mean of 11.% togs/acre). Over 84% of %ﬁe plots were
within 2 toms/acre of the predicted value. Althgughrthése figﬁres are
impressive, it must be realised that thgy have been obtéined from care-
fully cont;olled, typical plots in the U.S.A., and errors will probably
be much larger for areas, soils;énd crops not included in the original
analysis. For African conditions, an accuracy of ;ﬂm;might be observed,
unless the individual factors are carefully exgmined. Moreover, the
errors increase when calculations are made on the bgsis of individual
storms, in which the so0il loss is strongly affecteq;by antecedent
conditions; ‘the variations in antecedent conditions are balanced out
éﬁ an annual.ﬁasis;
There are two main ways in which the universal soil loss

eﬁﬁétién can be uéed; One way-is'to pfedict annual or long term soil
.losses from a field under given management and ¢rop c¢onditions.
-Differences in crops and management can then be tesféétfor their effeect

on soil loss.
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TheISéoondﬁway‘islthe reverse of the first., It is to set a
. iimit to the amount;of soil.ioss which can be tolerated, and then to
adapt crops and‘conservatlon practloes to snec1flc fields to ensure that
the 5011 loss is kept below the tolerable level. This approach requlres

the establishment of acceptable levels of soil 1055"dr erosion, a topic
vhich has been discussed by Smith and Stamey (1965) and Stamey, and
Smithu(19éﬁi ‘anoii lossés céhjbe‘fegardedfas tolerable when they do
:not detrlmentally affect the long—term productivity of the soil ® Whilst
5011 is being lost through er051on, it is simultaneously being galned
hy ohemicai and physioal weathering of thé‘pareht materials = Rates of
-weéthoring are infrequentiy measﬁfed, bﬁt'may be between 0.2 and 0.5
tons/hh/yr. The tolérahle rate of soil loss will also depend upon the
depth.and.fértility of the soii: " deep, fertile soils are more able to
absorb soil losses tham are ohallow, infertile soils.

on the above basis, tolerable upper limits of soil loss have

been establlshed (Table 7.1).

Table 7.4 Tolerable soil losses (from Arnoldus, 1977)

: : Annual Soil Loss - " Molerance Value
- Rooting Depth (tons/ha) _

e _ Renewable Soll 'Non-Renewable Soi12

0o - 25 2.2 I Co2.2

25 - 50 ' H.5 S .22

50 - 100 6.7 : . h.5

100 - 150 - 9,0 ‘ 6.7

150 11,2 a2

qRenewablé soil:‘ has favourable substrata that can be renewed by
tillage, fertilisers, organlc matter and other
management practices. .

2Non—renewable SOll has’ ﬁnfafourable substrata, for example rock,
.or soft rock that cannot be renewed by economic
means. :

!

Whllat the equatlon is useful in predlctlng s0il losses from
f1e1ds, it does not examine the fate of the eroded 5011 once it leaves

the field. Tn the U.S.A., much concern has developed over the fate of
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eroded soil which enters river channels-or‘reservoirs,.and causes
1pollut1en;i- Thé unlversal s011 loss equatlon is not competent o
'accurately”predlct sedlment vields from dralnage baslns (Beer et al.,
19663 Wlschmeler,'1976) Partly in response to thls 1nadequacy, and
partly tc improve the rredictive ablllty.o?nso;}.eroslon_models by
removing some of their empiricism, reseafeh'inwthe U.S.A. has developed

a more detalled model of sorl er051on,
The startlng point of thls model: is- based upon Ellison's

(1947) recognition of the two-fundamental,processes in seil eresion :
particle detachment and partlcle transport, and the roles of rainsplash
and overland flow in them.- Meyer and Wischmeier (1959) have developed
a model whlch 1ncorporates these components to predict 3011 movement down
a slooe segment (Flg. 7.71). | |

‘ The model requlres functlons tor each of the processes
invoived and many of these functlons have been derlved emplrlcally
from 1aboratory or fleld measurements (David and Beer, 19?5, Foster and
Meyer, 1972: Toster et al., 1972a, h;‘ Onstad and Foster, 1975; Young
and Mutchier, 1§72)° This approach then, still involves some |
emp1r101sm but does allow a predlctlon of eroslon and depo51tlon on a
slope, and thence an assessment of the eroded s0il which reaches the
river channel. The model is in the process of belng callbrated for
different watersheds, and some'promlslng comparlsons of predlcted and
observed sedlment ylelds have been made, but much more work is required
before the method will be as effectlve as the unlversal soil loss-

equation.
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model of soil movement downslope.

By comparlson to sheetwash and rlll eroslon, gully erosion

predlctlon has been the subgect of few studles. Beer and Johnson

(1963) and Thompson (1964) examlned gully area changes in the U.S. A.,

as 2 functlon of env1ronmental varlables such as slope of approach

channel gully depth and length runoff character15t1Cs, 50115 and

p051t10n of the gully w1th respect to the watershed lelde and main

river channel Seglner (1966) carrled out a s;mllar study in Israel

u51ng gully head advancement as hls dependent varlable-' air photo—

graphs were used to deflne the change in gully characterlstlcs over

a number of years. Logarlthmlc or llnear regr9551ons were found to

be the most effect1ve predlctlve form, and correlatlon coefflclents

of between O 7 and 0.8

were obtalned. Malde and Scott (1977) have

monltored gully advancement in the southwestern U.S. An and have found

that advancement was closely related to runoff events, but that the

relationship was complicated by variations in antecedent condltlons.

Based on the

~

above studies, a gully retreat equation has

been proposed for areas in the U.S.A. which receive 500 mm of rain

annually; it has not been tested in other areas (Soil Conservation

Service, 1977b):
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Cr o= 165_wo,&6.‘pq.2o

~where . r = rate of retreat of gully head (ft/yr)
w = drainage basin area of gully (acres)

p = summation of rainfalls 0.5 in per 24 hr, for
the lifetime of the gully (in/yr)

Finally, a predictive equation has also been developed for
wind erosion in the U.S.A., again based on empirical relationships
(Chepil, 1963%; Skidmore et al., 1970; Woodruff and Lyles, 1965).

No estimates of the accuracy are given. The equation is:

£ (I.K.C.L.V.) =

=
n

where E = soil loss by aeolian processes

I = soil erodibility, based on the proportion of the moil
0.84 mm on dfy sieving

. X = soil surface roughness

C = climatic factor, based on soil molisture and
evapotranspiration and wind velocity

L = field length along prevailing wind direction

V = vegetation cover.
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8. RAINFALL EROSIVITY

Rainfall is the driving force behind most of the "accelerated”

‘erosion rétes, through-its effects as raindrop impact and soilsplash

and its creation of overland flow. Rainfall erosivity is the potential

2bility of rain to cause erosion, and obviously is an important
component in the prediction and control of soil erosion.
Many studies have been conducted in the laboratory and field

to assess the relationship between different rainfall parameters and

rates of soil erosion, under controlled conditions. General parameters

such as annuval rainfall and the seasonality of rainfall have been
~ tested, but appear to be applicable only at small scales, such as
global or continental (Fournier, 1962; Jensen and Painter, 1974) .

Laboratory studies of soil erosion have shown that the
energy parameters of rainfall are as important as the total amount.
In particular, the rainfall's kinetic energy and momentum have been
found to be strongly correlated with rainsplash erosion (e.g. Free,
4960; Hudson, 1971; Rose, 1960) . As these two parameters are
closely reléted in nature, they are equally acceptable as predictors
of splash erosion.

Rainfall intensity is another parameter which might be
expected to be important in soil grosion, as intense rainfalls are
more likely to create overland flow. The critical intensity in
creating overland flow will ocbviously depend on characteristics such
as soil type, infiltration rate, soil moisture content and vegetation
cover. At Kericho, Othieno arnd Laycock (1977) found that little
erosion occurred when the rainfall intensity is less than 20 mm/hr,
and Hudson (1971) and Smith and Wischmeier {(1962) regard rainfalls
with an intemsity <25 mm/hr as non-erosive. On the other hand,
French workers in Africa regard the maximum_rainfallrintensity as an

important parameter, such as > 60 mm/hr for 15 minutes (e.g. Fournier,
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19673 " Roose, 1967).

-The most detailed analysis of rainfall erosivity has been
carried ‘out in the U.S.A., where. soil erosion from large fallow plots
has been compared to various rainfall parameters .over a number of
years. For each storm, soil loss was correlated with_rainfali_
parameters (Wischmeier and Smith, 1958).. For five soils, correlation
coefficients increased in the following general order:;i

max. 15 minute intensity < max. 30 minute intensity
< rainfall amount < rainfsll energy < combined réigféil
amount, max.r15 minute intensity and max. 30 minuter
intensity <kinetic energy and max. 30 minute intensity
< kinetic energy and max. 30 minute intensity plus
antecedent precipitation and total rainfall since
last tillage.
The corrélation coefficients (r) increased from_about 0.65
to 0.95 within this sequence. On this basis, Wischmeier and Smith
(1958) recommended that the product of the kinetic energy and max. 30

minute intensity (EI,,) bée used as the most effective rainfall erosivity

3
“péraheter. This parameter has been incorporated into the Universal
Soil Loss Bquation, for individual storms and for the whole year.
'The summed EIBO values are divided by 100 to become the rainfall

erosivity parameter, R.

The EI values can be calculated by examination of.

20
hyetograms, which record rainfall amount against time, giving intensity.
Thus, the max. 30 minute intensity can be measured for each storm that
satisfies the criteria, i.e. a storm must have at least 12.5 mm of rain
and be separated from other storms by.a period of at least 6 hours with
less than 1.3 mm of rain. The kinetic energy cangot_be_calculated but
can be estimated, because,severalrstudieg have shown that there is a

' reasonably good correlation between rainfall intensity and kinetie

energy (Hudson, 1971). Although some errors will occur in the
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prediction of kinetic energy from rainfall intensity, these are
érbbably émall, especially. when compared- to other errors in the
Universal Soil Loss Bguation (Xianell, 1973; Kowal- and Kassanm,
© 1976; - McGregor and Mutchler, 1977; Rogers et al., 1967; Stocking
and Elwell, 1976, |

One factor whichfqan,increase;clod brealkdown, particle
detachment, and erosion rates is wind speed. Yor examplg, Lyles
et al. (1969, 1974) found that 66% more soil was lost when rain was

'accompaniedjby a'13 m/sec wind thar when there was no wind. However,

- there appears'to be-little.likelihood of being able %o incorporate

. wind speed.within routine estimates of rainfall erosivity.

"Although studies have shown a high correlation between EI}O
and 50il loss on an- annual basis in the U.S.A- (W#ischmeier and Smith,
1962), the correlation is poorer when expressed on the basis of
individual storms, and when applied to.othe; areas. For example,
Ahmad and Breckner {1974) found correlation coeiiicients of 0.4 to
0.6 for three soils in Tobago, and Lal (1976) obtained.correlation
coefficients of 0.7 to 0.9 for an Alfisol in Nigeria. Rhodesian
studies have shown that, for vegetated plots, the EI}O parameter is
less efficient than an EI parameter based on shorter periods of
.maximum rainfall intensity (e.g. E15 and EI15) (Elwell and Stocking,
1973a,b; Stocking and Elwell, 1973).  The rainfall erosivity
parameters have been d%scussed in more detail by Moore (1978).

While rainfall erosivity values ha#e bgen established for
North America (Wischmeier-andtSmith,.1962), few studies have been
made in Africa.. Roose (1976) has prepared a map showing the
. distribution of the R parameter in West Africa, based on.a strong
correlation between mear annual rainfall and R. Values range from
over 2000 in the very wet coastal areas to 100 in the Sahel. In
Rhodesia, Stocking and Elwell (1976) found R values of over 300 in
the high veld andVEastern.digﬁficts, decreasing to bgloy_jQQ in drier
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. The paucity_of-rainfall intensity measu:ements in Bast
Africa hinder the calctlétion of R values. HoweVef, Moore (19?8)
has calculated the kinetic energy of rain falling at intensities
greater than 25 mm/hr (KE > 25 parameter) for 35 stations in Kenya,
Tanzania and Uganda, based on the data contained in Lawes (1974).
For 15 minuﬁé periods, the kinetic energy values range from-about
2000 J/mafyf'in semiarid northeastern Kenya to over 23000 J/m?/yr
in parts of Uganda. & map.chows thé:3istpibation of theKE " 25
parameter, based on correlations between KE > 25 and mean aﬁnual
rainfall, though the accuracy is not very good (avéréée stanﬁaid
errors of about 2000 J/ma/yr),

Although this parameter shows the general pattern of
rainfall erosivity in Rast Africa, it cannot be used in tﬁe Universal
Soil Loss Equation. Wenner (1977) has calculated R values for 11
Kenyan stations, and there is a stroﬁg garrelation between tﬁeée
values and the KE > 25 parameter (r = 0.952). Thus, the KE 25
values .can be_cqnverted into R values for the‘35 stations, based on
the assumption that the same R:KE'> 25 relatiorship applies to the
-Tanzania, Uganda and remaining Kenya stations. . ‘These celculations
have been performed {Moore, 1978) and give thg_following results
(Table 8.1). | | |

The estimates show that R values range ffom less than 100
in semi-arid Kenya, 100_to 200 in much of éeﬁtrgl_Kenya aﬁd Tanzania,
to 200 to 400 in the Kenyan agd Tanzanian hiéhlands and over #OO in
" - .much of Uganda. Loecal ja;i;tions in topogrgphy will obviouély
affect the R values. T | |

Another important chgraéteristic of rainfall erosiQity is
its temporal distributiop, particularly with reference to thé
development of a protective crop cover. ianast Africa, gearly all
the annual R value is concentrated in the rainy season(s). Moofe

- (1978) has analysed the distribution of the most erosive rains,
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Table 8.1 Estimated Rainfall Erosivity, R, Values For East
' African Meteorological Stations. '

Station ' R Station R

Eldoret - 258 Dar es Salaam . 293
Equator . 210 . . Dodoma : 146
Kisumu 476 Kigoma - 287
Kitale - . 316 Lyamungu o 227
Lamu 178 Mbeya ' 147
Lodwar - 40 Mwanza 282
Makindu 103 Tabora ) _ 252
Malindi - 167 Zanzibar ’ 451
Mombasa - 248 . BEntebbe 493
Nairobi Airport 1o Fort Portal ' 503
Nairobi Kabete . 225 Gulu ‘ 546
Nairobi Wilson 171 Jinja Le7 .
Nairobi Dagoretti 157 - Kabale 197
Nakuru : 119 Kampala 340
Nanyuki 163 Kasese . 21k
Narok 146 Masindi . 487
Voi - 134 Mbarara ‘ 235
: Tororo 646

taken as daily rainfall toﬁals dfi>¥25 or-EG“ﬂm@-;nd:companed ta. -
the onset of the rains, which also follows Fisher's (1977) eriterion
of starting.when thé 44day rainfall total exceeds SOmm. The timing
of the erosive rains is most likely to be critical in the lower
rainfalllareas,.where planting and germinatioﬁ‘cannot start until the
dry season iélcompleted. . In thé wetter areas, planting can start
earlier and the vegetation cover can be more protective by the start
of the rainy'season. |

For stations with a pronounced long, 4dry season{s) the
timing of the > 25 and;>-50mﬁ daily rainfall totals has been
:calcﬁlated (Moore, ﬁ9?8). These stations are Kitale, Makindu,
Mombasa, Nairobi Airport, Nakuru, Narok, Voi, Dar es Salaam, and
DOdoma..I.In.genetal;;abouﬂTTO%.ofuthﬂ,§j25-or 550 mm daily Fainfalls
oceur within the first 30 days after the onset of the rains;_ This
30 day period would be likely to have a low-piant cover, for both
arable areas and grazing land (Fisher, 1977; Sfocking and E;well,
1976) &

fhus, élthoﬁgh the R values for the %ow rainfall stations

4in EBast Africa are low, their effectiveness is increased because most
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of the erosive rains fall when the soil is exposed.
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9.  SOIL ERODIBILITY

The erodibility of a sozl is its susceptlblllty to erosion.

The erodlblllty is dependent on ‘the detachment and transport of soil

‘ partlcles by ralnsplash and overland flow, and as spch is related to

: ph351cal and chemlcal propertles andtmnflbtiatlon rate of the 5011
T Two commonly adopted approaches have been used to estlmate
s0il erodibility. One approach is to measure erosaon from field
plots under carefully controlled conditions, using either natural or
simulated rainstorms. Comparisons of the amount of soil eroded allows
a ranking of soil erodibility, and when other factors (rainfall
erosivity, slope length and angle, crop type, etc.) can be quantified,
the Universal Soil Loss Equation soill erodibility 'K' factor can be
calculated.

The second approach is to measure erodibility under
controlled field or laboratory conditions, and then to idemntify
important soil characteristics which appear to affect the erodibility
of the soils examined. From studies on a number of secils and for
different properties, simple or multiple regression equations can be
developed to readily predict erodibility based on a few properties.
This approach removes the necessity for actual weasurements of
erodibilty of all soils.

The first approach suffers from the problem that each
erodibility value applies only to the particular soil, and cannot be
readily transferred to other, different soils. .. The second approach
can iﬁvolve detailed laboratory analyses, and the best regression
analyses are still not perfect in their predictive abilities.

If soils existed as individual particles of sand, silt and
clay,; the assessment of erodibility would be relatively simple.
Mazurak and Mosher (1968, 1970) and Farmer (1973) have shown that the

detachment of soil particles by raindrop impact is generally highest
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'in the fine sand fraction. ' 'In real soils, however, the problem is
'complicated-by the“formatioﬁ of aggregates which may resist detachment
because of their increased size, or which may bhe broken down into more
detadhablé si?es'by':ain&rop impact.  Fnrthermore, aggrégation
cpntrols,'ﬁp a‘lgrge extent;‘fhé'infiitration apd permeability rates,
which, in ture, affect the rate-of overland‘flow. Thué, the number,
size and stability of.aggreggtes are an important control of soil
erodibility. = For example, Moldenhauer (1970),_Moldénh§uer and Kemper
(1969) and Mokdenhauer and Koswara (1968) found thatrlarge clods
reduced rainsplash erosion and increased infilffatioh rateé, mainly
through a delay until the clods were brokeg down by raindrop impact
into detachable sizes. |
Much attention has been directed towards thé measurement of
soil aggregates and their stability (e.g. Deshpande et 21., 1968;
Greenland, 1977; Hamblin and Greenland, 1977). | Althoﬁgh the methods
employed are very empirical, organic matter and-active iron and
aluminium oxides and hydroxides appear to be the majorragents in
_stabilising soil aggregates. |
Bryan (1968) ﬁas-reviewed the early studies which searched

for properties which explained variations in soil erodibility. Many
of these-early studies concentrated on the particle size distribution
of the soil, and the ease with ¢hich the soil coﬁld-bg aispersed.
For example, a '"dispersion ratio” waé proposed based on the ratio of
silt and clay contents in the undisperse& and dispersed. states. The
elay ratid“;expressed.the ratio of. sand to“silpdpiuSuclay; ‘The
- proportion of water stable_aggregateS‘above cértain sizes. was measured,
as were .sesyuinoxide:silica ratiocs and type ofrexchangeable cations.

" Each of'these‘parameters was  found to be useful inldistinguishing
between "erodible" -and "non-erodible" soils-under local conditions,
‘but often the criteria were of limited applicability to soils in other

areas. This was due, in part) to the arbitrary naturé.of some of the
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. analyses and their poor repnodu01bility and, in part, to the complex
t”nature of 5011 erodibility and differences in the 1mportance of each
probarty between different so:.ls°
Bryan (1968) applied the maJor erodibility indices to

rainsplash er051on from 88 50115, under laboratory conditions.
Correlation coefficients between erodibility and indices ranged between
0.1 and C. 8 With the best results being obtained for the surface
aggregation ratio and the proportion of water-stable aggregates > 0.5
mm or > 3 mm diameter.
| Pereira (1955) also examined various soil properties in
reletion to two East African soils, a sandy loam from Uganda and a
:Kikuyu red loam from Kenya, with differences in erodibility being
.related to different cultivation practices. He found:that no one
prepenty n;s nerjﬁeatiefeetory in explaining differences in erodibility,
based on field observations, and this he ascribed to operator "
variability in analyses and the insensitivity of the methods to small -
~changes in soil properties significant enough to increase erosion.
.Ahnh(19%8) eoneiaers micro—aggregation of silt and clay particles to be
important, and to impart a "pseudc-sand” texture on the soil.

| Bruce-Okine and Lal (1975) have developed a simple method
for essessing soii enodibility;' Analyses of water-stable aggregates
do not incorporate the influence of raindrop impact, so their method
measures the number of standard drops of water required to desiroy
air-dry clods, the reeulté being expressed as the kinetic energy
posseSSeieby the raindrops;' For Nigerian soils, they found a sand:
elay retie of 0.5 criticaly -et ratios > 0.5 fewer drops were required
to cause destruction of the clods.

A1l of the above methods are very empirical, and standardi-

sation of apalytical conditions is critical for comparisons to be made.
Recent research has_given more attention to the basic properties of :

water and 5011 which affect soil erodibility. For example, North
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(1976} has developed a method of measurlng aggregate strength by
subjecting aggregates to ultrasonic energy. The breakdown in
aggregates is measured by determlnlng the suspended clay content a
peak is reached, beyond whlch addltlons of energy do not cause further
~ aggregate breakdown. Cruserand Larson (1977) and Sloneker EE.El‘w
(1976) have examined the influence of shear strength and pore water
pressure of soils on detachment, and Ghadiri- and Payne (1977) have
‘studied the relationship between raindrop stresses and crumb
disintegration.: At. the monent _these studdes have a very idnited
value from the practlcal v1ewp01nt but more theoretlcal studles can
be -expected to 1mprove our knowledge and understandlng of 5011
- erodibility.

Several recent studies have developed regression eouations
to predict 'K' values from soii éarameters.. Barnett and Rogers (1966)
.examined soils in southeastern U.S.4., Dangler and El-Suaify (19761,
- .El=Swaify and Dangler (197?) and Yamamoto and Anderson (1967, 1973)
studied Hawaiian 501IS, Mannering and Wlschmeler (1969) analysed 55
soils from U.S.A., and Young and Mutchler (1977) performed experiments
on 13 Minnesota soils. Numerous‘physical, chemicaisand mineralogical
analyses were carried out and used in simple and multiple regressions
against measured 'K' values. Individugl seoil properties rarely
possessed correlation coefficients greater than O;?, but multiple
regressions involving 6 or 7 parameters can often explain_uf to 95% of
the variation in 'K'. Although this approach has produced impressive
-results, it remains to be seen whether a predictive equation can be
developed which is applicable‘tolall soils, and which involres easily
measured parameters. | |

From earlier work, Wischseier et al. (1971) identified 5
501l parameters which are most important in'cdntroiling goll erodibility.
These are per cent 511t plus fine sand, per cent coarse sand organic

matter content, structure and_permeabltdty. ' These authors have
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converted thelr regre951on equatlons into a namograph which allows a
rapld estlmate of a 5011' 'K' value, giver the 5 parameters. The
ﬁredietedJ‘K; value should be w1th1n11n.04 of the observed value for
95% of the samﬁies, bet this nwmograéh was deveioped mainly from soils
"in the central U.S;A;, and.the accurecy will probabiy be lower for
‘ soils of other areas. |
Three other soil characteristics can influence the erodibility,

and these can be difficult to evaluate. A'stone‘or gravel layer on
the soil surface can reduce erosion by increasing infiltration and
reducing rainsplash detachment; a stome or gravel layer uiay reduce
the 'K! vaiﬁe bj'0,0B'to 0.15 (Epstein et al., 1966). A second
eharacteristic is crusting or capping, which occurs'when.surface
aggregates are broken down.by raindrop impact and a thin, impermeable
surface layer is formed (MeIntyre, 1958a,b; Tacketf and Pearson,
1965). This layer redﬁces infiltration end_inereases overland flow,
thereby increasing erasion, though turbulent overland-flow may disrupt
"the layer and cause a temporary decrease in erosion.: The Y“'*cha.nisms
of the process of canplng or crusting are poorly understood but the
‘phenomenon appears to be most evident in somls with a weak structure
-ena ccnfaiﬁing significanf'amounts of fine sand, silt and clay.

| The third factor influencing erodibilit& is the moisture
content of the soil. This influences erosion through changes in
‘rainsplash effectiveness and the duration of the period before overland
flow commences during a storm. The 'K' factor value increases
sereral-fold from z dry to a wet storm, under the same rainfall
reonditions (Dangler and El-Swaify, 1976). |

Soil erodibility can be decreased by the addition of mulche-

or coﬁditioners};'1Numerous'sfudies‘ef'the'effect of zrmditiomers on
soil structure and erodlblllty have been p,;re_i:;sée.g..Gabriels et
al., 1977; Pla, 1977 Soil Science Society of America; 1975).

S S a . '
Although some organic conditioners (esg. polyérylamide) or biltumen
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emulsion can be effective, the large quantities require& restricts
:-ntheir*application'to“tery'sensitive,.erOding areas which warrant the
-expensive treatments. <

- ‘Féw measurements of the erodibility factor 'K' have been
- .made ' for tropical soils.: In Hawaii, El—Swaif# éﬁd‘Daﬁglef (1977)

produced the following values:

- Torrox clay loams 0.15 =~ 0.22
Humult silty clays 0.00 - 0.09
Ustert clay- - 0,300
Andept clay loams | .07 - 0.17
Orthid- and ‘Andept S o

fine sandy 1oams 0.25 - 0.55.

In southeastern J.5. A.; clayey and fine loamy Paleudults and
Hapludults possess 'K! values of between O 17 and 0.37, a clay Humult
of 0.02 and a Chromudert of 0. 32 (Barnett 1977) ~In WBst Afrlca,
Roose (1977a) as51gns 'K' values of 0 05 to 0O, 18 for ferrallitic soils
and O 20 to O 30 for ferruglnous tr0p1cal soils de'"_oped from granite.
Roose (1977b) also observes that the nomograph gave satlsfactory
results, except where the soil possessed a rocky or gravelly surface
Ilayer. o . _ .

| In Kenya,.Barher Et_al,”§19781.hare measured 'K' values of
O.QS for a Nitosol_(Kabete) and 0.60 for:a‘Luvisol (Machakos). From
data glven by Dunne (1977) for the V“j’adu D_strf't; 'Kt values of
0.1k for a Vertlsol 0.35 for a clay Rendzina and 0.50 for a sandy
clay loam can be calculated.‘

In the absence of the requlred analytlcal and morphologlcal
1nformat10n,.approx1mate YK values can be derlved from texture classes

(Holzhey and Mausbach 1977)

. sandyr . 0.10 - 0,20 crgde
“loamy - 7 - 0i20°Z 0.40 EE
silty 0.30 ~ C.45
0.ko.

“clayey . - - 0,25 =~
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= 10a SLOPE ANGLE AND LENGTH AND‘ERQ§ION—CONTROL PRACTICES

Whereas the rainfall,grqsivityiand soil ero&ibility factors
can be modified in only a small way_by;?hg farmer, the,%pgle and length
of slope of the field are more readily alterred. ’“Throﬁghrchanges in
the slope angle and length and erosion-control p;écticgs, soil losses
can be reduced to acceptable levels. |

The angle of the slope affects soil movement through its
jinfluence on downslope rainsplash of particles and the velocity of
overland flow. Phe length of slope affects the discharge of water by
overland flow at the bottom of the slope, and, therefore, longer slopes
may be expested to have a higher transporting abilitye.

Zingg (194%0) appears to be the first worker to evaluate the
infiuence of slope angle and length on soil loss, and produced the

following expression, based on field and laboratory experiments:

f=e 81.4 L1.6

where X = soil loss
c = constant
S = angle of slope (%)
L = length of slope

Wischmeier et al. (1958) separated the angle and length
components, and found that the influence of angle could be ‘Best
represented by a gquadratic expression:

E = 0.43 + 0.308 + 0.04s®

soil loss
slope (%)

where E
s

n i

Studies of slope angle and soil loss in the Tropics, however,
have suggested that soil loss is a function of the square of the slope
angle (%), or even a higher exponent (Hudson, 19713 Roose, 1977) «

Lal (1976), working with plots of 1, 5, 10, and 15% slopes in Nigeria,
observed exponents of 0.5 to 1.2 for soil loss and plot angle, though
poor correlation coefficients between the two variables were obtained

for plets with a crop or a no-tillage treatment. The exponents were
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generally lowest for the series-of plots with mulch or crop treatments,
as might be expected if the cover were to siow- down overland flow and
reduce rainsplash.,-“Rgosel(1977)‘alsq notes that variations in .slope
-angle of only :0.5% carn cause.considerable variations in soil loss in
Senegal. .

Zirgg's (19%0) original study showed that soil.loss was
. related to the 0.6 power. of slope,length, and an exponent of 0.5 +0.1
was incorporated into the.early versions of the Universal Soil Loss
Equatioﬁ:(wischmeier'gi.gg., 1958). The slope length factor's effect
seems. to be very variable, depending on charactgristicsusuch as_soil
type and vegetation cover. Lal (1976) fournd a variable but general
jnerease in soil loss with an increase in.slope length. = Hudson (1971)
" notes that, under Rhodesian. conditions, thé‘e£ponent is higher than
0.6, and Roose (1977} quotes a.study from Benin, West Africa, which
indicates that the influence of slope length on soll loss is neither
constant nor important.

Part of this problem lies in the relgtive-impqrta;ce of
sheetwash, rill and rainsplash_er;sion on a plot.. ~ Foster gt al,
(1977a,b) suggest that the slope. length exponent varies between O and
1,  for slopes in which inter-rill erosion is dominant to ones in which
rill erosion dominates.: .

In the Universal Scil Loss Equation, the length and angle

- factors are combined into one 'LS' factor (80il Comservation Service,

1977):
LS =’ A B (430%% 4 30X + 0.43)
\,72.6; _ 6.574
where A = field slope length (ft)
. m=0.54if 8. 5%
= QO. L}‘ if S Ll'%
= 0.3 if 8§ . 3%
X = Sin © where @ = angle of slope (degrees)

Graphs have been produced to allow easy calculatlon of the

LS factor. A 9% slope, 72.6 ft long gives a LS valué of 1.
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- AlL of the above experiments and calculations have .been
Cdnduéted-fcr'plots with a uniform slope angle, The question of
" “changés -in so0il 1loss when plots are nottuniform'in"slope angle has
2 'been examined by Yourg and Mutchler (1969a;b). They used a rainfall
simulator on 75 ft long slopes with an average angle of 8%%,;but with
either”a‘unifbrm; concave or convex shape, so that angles varied
between 2 and’ 14%. Runoff increased slightly from the concave to
" uniform to convex slopes, but the increasé was not. significant at the
5% level. = There was a pronounced change in soil loss, however, from
" the uniform tbKCOncave'sldpes“of about. 35% decrease (significant at 1%
< level). - There was an increase of only about 5% from the uniform to
convex slopes (not significant at 5% level}, possibly due. to poor
detachmént of s¢il particles on' the upper, flatter sections of the
2 -éonvex'slopE} Soil movements occurred within the plots, with the
'-Concavefslopé~tendingato-become more concave, the uniform retaining its
uniform nature, and the convex slope's point of maxiamum inflection
' moved upslope. ~ For points on the slopes, the gradient of the upslope
5 m.was found to be most strongly correlated with soil loss, -though the
- correlat¥on is not very good (r% = 0.b43). ¢
- D'Souza and Morgan (1976) have also examined the eéffect of
slope steepness and curvature on soil erosion.
As a general conclusion, then, soil losses .should be less
-~ than expécted on-concave slopes and slightly higher than expected on
convex slopes. Positions of maximum erosion on the slopes will also
differ. L
Foster and W%schmeier.(19?497havé recently proposed a rather
complicated method fof évaiﬁéting the‘LS féctor fdr irregular slopes,
and the approach has been reviéwed by;A;ﬁ;idﬁs (1977).  The method
invpi%éé_spliff%né fﬁe-éloﬁe iﬁto equal léﬁgth.segments, or using a
ﬁomaéra?h.:_ R C e e e e

As noted by Roose (1977) the slope length and angle factor
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(LS) is the ‘weakest link in the Universal Soil Loss Eguation, and for
" accurate predictions of soil loss, adjustments have to be made to
allow for differencés 'in the relative effectiveness of different types
of erosion, as affected by soil type, climate, vegetation cover, etec.
Man can change the LS factor by modifying the slope angle

‘and/or Length. -Contour ploughing and strip cropping or grass

. stripping ¢an. effectively reduce the length. of slope by causing

depression storage or by slowing down overland flow and ‘allowing
bench

water -to infiltrate. - Similariﬁ,,éerracing reduces both the length

and angle-of the slope.

The Universal S¢éil Loss Equation incorporates these changes
in its erosion-control practice factor (P). Based primarily on
experience in the United Stateés, recommended values are given in Table
10.1 (Armoldus, 1977; Soil Conservation Service, 1977). Downslope

ploughing is assigned a value of 1.00.

Table 10.% 'P' Factors For Contouring, Contour Stripcropping, and

Terrac::.ngn
Land Slope 'P' Values 1
. "% . contouring . contour - terracing
strip cropping 2 b
1.1 to 2 0.60 0.30
2.1 to. 7 . 0,50 oo 0.25 - 0,10 0.50
7.1 to 12 0.60 0.30 0.12 0.60
12.1 to 18 . 0,80 .. 0.0 . 0.16 . 0,80
18.1 to 24 0.90 0.45 0.18 0,90
24,1 1.00 . . 0.50 :
1

‘terracing which involves reduction in .slope length only, i.e. channel
terracing; a refers to off-field sediment load, whereas b refers to
© the soil loss from the slope, much of which will accumulate in the
channel.

The wvalues in the above table should be regarded as only
approximate. For bench terra01ng, or for normal terraclng, an
alternative approach to the 'P? factor is to calculate individual
length ahd sloPe angle values° The values in the table indicate that

contour ploughlng becomes 1neffect1ve at slopes.> 12%, but strlp

cropping and contour ploughlng comblned can reduce soil losses on
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‘slopes’of up to 24%%.  Terracing. through the introduction of channels
-on’ slopes 'is not very effectiye, unleéss closely spaced, .though the
terraéé channels do accumulate eroded material and reduce sediment
.yields. -

“There -are few published evaluations of other coaservation
practices. Roose (1977) has studied the effect of grass strips in
West ‘Africa; the strips are 2-4'm wide and set in fields 20 to 50 m

"wide cultivated with crops. A 'P' factor of 0,10 -to .0.30 is
‘recommended for this pfaétice,_basedion the ability.of the grass
strips to absorbd water and entrap eroded soill. . Tied-ridging is
estimated to give a 'P' factor.of 0.10 to 0.20. Roose (1977)
recommeénds the adoption of cultural practices (mulch, rotation, early
‘planting, etc) rather than mechanical practices in humid tropical

areasSe
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11. CROPS AND THEIR MANAGEMENT

“ihé fihai fabtdr'affécting'ébil‘erbéion is the f&pe and
amoﬁnf:of vegetationfcover.’”'Thé type of.cropiwhich'is'érOWn on a
T;oiitié“obviéusljfdepéﬂdent on numerous factors such as climate, soil
fertility, econemics and social/cultural attitudes.- In addition,
crops should also be grown in such a way that fheyfhelp maintain soil
feftiliéy.and‘kéep s0il erosion d6wn to acceptable levels.

. The crop-management factor is the most easily modified of the
" ?ive factors which control soil erosion, and thus represents the
éésiest solﬁfion to sgil'érosiéﬁ prbblems. " This is emphasized by the
fact that most mechanical control measures {such as %terraces, ridges or
contour ploughing)’can reduce erbsigﬁ losses from arzble fields by
- about hailf (see éhaﬁter 10), whereaé‘chaﬁges ign the type of crop or its
management can reduce soill erosion by a tenth.

The vegetation cover affects soil erosion in a number of

ways: -

(1) a dense cover absorbs most of the kimetic energy of
raindrops, and the ‘rain that reaches the soil ‘as canopy drip or
stemflow does not cause much detachment of soil particles or structural
deterioration. There are exceptions, however. In tropical rain-
forests, raindrop size and velocity may increase after canopy absorption
of the rainfall, and this can cause much soil detachment, as well as
localized overland flow resulting from stemflow {Ruxton, 1967).

(2) a dense, permanent cover can keep infiltration rates
high, so reducing overland flow. There are numerous examples of the
inerease in infiltration rates through a grass ley, and the decrease
upon the reversion to an arable crop. The beneficial effects of a
grass COver on infiltratign can be proncunced in tropical areas, but
they are often short-lived, with low infiltration rates being recorded

after only one or two years of an arable crop (e.g. Pereira et al.,
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”1954 19673 Wilkinson, 1975a; Wilkinson asd Aina, 1976).
- "(3) the presence of a permanent cover oOr the return of crop
residues to the soil can result in eu‘;mprovement in soll structure and
'stehility."~The heneficlal effect,appearsﬁtoxbe less éronouhced and
more short-lived in ‘tropical thguqinwtemperatersolls, possibly because
‘of‘iuoreased,rates-of organic matter decomposition snd weaher structural
bonds in the former. | o
(4) a layer of litter or trash on the soil surface affords
protectlon agalnst ralndrop 1mpact and. detachment.
(5) the presence'of lltter or ‘vegetation retards the velocity
_.of overland flow, and thereby decreases sorl erosion. This may not
always be the case, as De Ploey et al. (1976) have observed increased
;er051on rates from grass covered, as opposed to bare, laboratory plots
at angles >£8% . This appears to be related to the creatlon of
turbulent eddies on the downslope slde of grass blades.l.iﬁ‘
~ Phus, a vegetation cover generally reduces er051ou losses
compared to a bare soil. . The magnitude of th1s reductlon depends on
factors such as soil type, cllmate, type and dens1ty of vegetatlon
cover, preceding management practloes_sndrthe tyges of7s01l erosion
“involved. _ |
Much work has been, carried out in the U. S A. to quantlfy the
'orop—management factor for use in the Unlversal 5011 Loss Equatlon.
Wischmeier (1960) has developed croP—management factor Values for 100
- different.crop rotations.. . The method is based on the recognltlon of
five crop-period stages: .
rough -fallow .
seed bed
establishment

growing crop
‘residye or stubble.

o e

A" ¢rop-management - factor value is as51gned to eaeh of these
stages, expressed as a percentage of the sozl loss compared to a bare

fallow soil.. -The .annual or, seasonal cr0p-management factor ('C') is
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calculated Ey asse551ng “the percentage of the ‘rainfall er05171ty (R)
whlch falls w1th1n each stage, multlplylng the crop-and the R factors
‘ for each stage, and summing. them.
As an example, Wenner (1977) has.estimated the crop-
=ﬁamaéemeﬂt factor ‘for a contlnuous‘maaze crop near-Nairobi:

Crop Stage . Dates . BSoil Less Annual R. ..C-Factor

Ratio (%) (%)
4. .15/03% ~ 15/0k 92 1k - 0413
2 “45/04 = 15/05 80 . - - 27 0.22
3 15/05 -. 1/08 50 17 0.09
L 1/68 - 4/09 85 : 2 . 0.02
T 1/09 - /1185 5 ) 0.0k
1 1/11 - 1/12 gz s 03 0.12
o2 1/12 - 1/07 80 8 0.06
3 1/01 - 1/03- - .50 - - .12 0.06
b . 1/03% ~ 15/03 85 2 - 0.02
SRR o 0.76 Total
K For this example, the annual C factor value would be 0.76,

whereas a bare fallow would be assigned a value of 1.00, 1.e- the maize
crop reduces the soil loss by =about 25%. . The protection the maize -
‘affords the 5011 varies from 50% -{crop stage 3). to 92% (crop stage e -
: n Although the crop-management factors have beenreetabllshed
for North Amerlcan conditions, many of the cTops- .and thelr management
ame imapplicable-to tropical conditions. Table,11e1 giyea some C
factor values that have been established for tropical crops, based
mainly on experlments in West Africa and Hawail. The values range
con51derably for each Crop, depending on the precise crop type,
management practlce and  rainfall erosivity pattern involved. These
data, combined with the more appropriate: values given by. Wlschmeler
(1960), should enable an initial attempt to apply the Universal Soil
Loss Equation to different East African crops, theugh only approximate
estimates will be produced. |

Given the wide variety of crope;'management practices and
iralnmall er051V1t1es present in tropical areas, it mill be a
con31derable t1me before ‘reliable, local:C. factor values are ava:.lable°

Tiwell and Stocklng (1976) have proposed an alternative method, based
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«h:hTahle 11,1, Some Characteristic¢ Crop-Management Factor ('C') Values

for Tropical Crops (from-Broodks,- 19773 -Lal, 19763 and
Roose, 1977)

Q

e
R
‘.-l :
e .
4}

~ Crop Type

forest, dense shrub 0.00C1
- good grassland ' 0,01 -
.poor grassland 0.1
‘corn, sorghum, millet 0.4 = 0.9
fertilized, dense rice 0.1 = G.2
Gotton, tobacco (second cycle) 0.5 ="0.7
peanuts - 0.4 - 0.8
cassava, yamn L 0.27= 0.8
_palms, cocoa, coffee 0.1 - 0.3
'pineapples: surface mulch -0.01 -
.residue buried 0.1 = 0.3
" residue burnt 0.2 =" 0.5
, - 0.17 - 0.31
irrigated sugar cane ' 0.29 (planted before rains)
0.11 (ratoon)
maize -~ maize, mulched 0.0k - 0,05
-maize - maize 0.25 - 0.35
maize - cowpea, no tillage 0.05 - 0,10
- cowpea - maize 0.16 - O 40

on the cover den51ty.tpercentage of the 5011 covered) of crops. They
_recommend that crop protectlon classes be establlshed based on
l51m11ar1t1es in cover den51ty and plant morphology, and those elasses
could be substltuted for the crop—management factor.( The method is
s1mple and cheap and warrants further 1n;est1gatlon (e g. Wllklnson,
19750). -

Although quantltatlve evaluatlons ot croP;management factors
. are, lacklng in troplcal areas,lthere are nUMErous studles of the influ-
. ence of different. cr0ps, management practlces and rotatlons on soil
-losses ?rom experlmental_plots._ The recent Conference on Soil
Conservation and Management in the ﬁumldHTroplcs produceo—rev1ews
of work in East and West Afrlca (Ahn, 19??, _Okigho, 1577) South
 Asia (Lalj 197703 Panabokke, 1977) Latln Amerlca (Lal, 19?7c) and the
_Carlbbean (Ahmad 1977). | Jones and WIld (19?5) also examlne soil
eroalon 1n the West Afrlcan savanna, and Lal (19?4) has rev1ewed the 2

influence of shlftlng cultlvatlon on 5011 eros1ona

Temple (1972) has collated" data from old experlmental plots

in Tanzania. These involved crops such as mlllet, sorghum, coffee,
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banenes;“ueize‘an@ gress;.uith.differeut_ﬁeuegeuent prsctiees such as
¢lean weeding, mulching, grass strips‘eud ridées.

The tea:experiment at Kericho appears to he the enly modern
Kenyan evaluation ofﬁthe influence of managemeut preetices on soil
erosion (Othieno}r1975; Othieno and Laycock, 197?)3?u"lea fields
treated with herblclue or hand weeded,prouueed high'(uﬁlte,ﬂ69
tons/ha/yr} sdil'lesses for the first two years, but in'the'third
year dropped to_less than 5 tons/ha/yrmuheu the_teafcrbp'hadjestablished
a 60 to 70% ceyer; lInter-cr0pping with oatsier placement ofra
lovegrass mulch keét“soil losses less than_5 tons/ha/yr in each of the
three years,'?r- |

Most ef the attention of crop-management;lufluences has been
directed towardsl arable crops. Recently, more attention has been
Apeld to grasslauds-end woodlands;'Where'overgrsZing and overstocking
can cause majer.sell ereslon probleus. The Soil Conservation Service
(1977)_£es.§repesed various C values.for grasslauds aua woodlands,
muenging frem-0.01 wlth'95-1éd%“éround cover to 0.2 to O.4 with 0%
éreuud eever and veriable'litter and bush‘eanopy. ‘Arnoldus (1977)
. reproduces the table.
h | mlwell and Stocklng (l9?5, 19?6) have examlned soll erosion
fromrvarlous grazing lands in Rhodesla, and express the crop factor as
léereentage ground cover. They found’ that there was little reduction
ln erosleu frem plets as the grouna cover rose to :above 36%, but
ere51ou losses“were large on plots W1th a sparser vegetation cover.

| Dunne (1977) studled erosion from small rangeland plots

under slmulated ralnfall in Kaglado Dlstrlct Kenya. He found that
leros;on losses deceased asrthe vegetatlon cover 1ncreased aud that a
basal eever value of 20 30% may be regarded as crltlcal in preventing
exces51ve erosion.l The c factor values presented by the Soil
| Conservat1on Serv1ce (19?7) also suggest ‘that relatlvely little further

reductlon in er051on occurs when ‘the ground cover 1ncreases above
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20 to 40%.  Dunne (1977) also noted that overstocking cap-increase
soil erosion by destréying %eggtation,_compggtigg_the soil surface and
degrading the soil structure. ‘He specglaﬁes_On the impact of
'different,stqcking densities on vegetatipq“cpver”and soil erosion.

Changes in the crop-management factor can be used to reduce

;* so0il erosion losses from agricultural fields. Some of the ways in

which'thisfmight_be aghéived are examined below.
. (1) Changing the crop type can reduce erosion, but this is

a rather drastic change which may-involye ag?qnomic,rsqcial and
. -economic¢ aspects of more importaqge than soil,cgpservation.
- (2) Increases in.crop density reduce sqil erosion. Hudson
1‘(j97ﬂ)-quotes;én example of:this_apquagh‘ﬁrqm Rhodesia. Increases
in maize dgnsities.fromﬁasooolto;3?QOOrp;gpts/ha, plus more fertilizer
and ploughing—inrof‘residgeSJ‘resu;ts in a dogb;ing of the‘@éize yield
—andqa-reduct;onrin_sqil“grosionrfrpm_12.3 to Q:T‘tpn/ha._

: _7;~Pr0blemstwith,t£is apﬁ;oaehbgrgftyat_;pgregsed,plant densities
are only‘féésible whe;e_there,aré adequgte_gupplies.qf wate;_énd
.nutrients. Where poPulatioh pressures are h;gﬁ on ipfgrtile soils
“or in-dry years;.close spécing'may pegult_in guch reduced,yiglds, It
..As interesting to note_that,Hudgon's §j971) example was the‘response in
a wet year, with.over 1000“mm of rain in the season.

(3) The most sensitive period for soil erosion in arable
crops -is during seedbedipféparation and_in tpg earlylstages_qf growth,
" In Fast Africa thié is“compoundgd byithe fact,that_mﬁﬁh of ﬁﬁe erosive
ngrain.fal;s during t@is pefiod. | Thg:eygsign hazard can be reduced by

ensuring that the epop Be_planted_asisoon as possiblg, éhough this may
- be diffigult.in areas whe¥e thglrﬁipfa;l”isje¥ratic ;nd the soil too
“hard to till prior to the first:rainstor@._‘ ﬁ

(&) Rotations and grass_leys have been introduced in North

o ;America,‘and;their beneﬁicial effect on the C factor for succeeding

‘arable crops is shown by Wischmeier (1960). For example, the C factor
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for crop stage periods F ‘and 1 for the first year of maize after
ﬁéadoﬁ are ébout.half‘thosé‘in'continuous maize.. However, the second
year values are 80 to 90% of the continuous maize values.

 This points out a major failing of leys, particularly in
tropical areas. Improvements in infiltratior and soil structure, and
nence decreases in soil erodibility, are often slow to develop, yet the
beneficial effects last fbr.oply one or two years afterwards. This
has been shown for East Africa by Pereira et al (1954, 1967) and for
West Africa by Wilkinson (1975a) and Wilkinson and Aina (1976).
Increased rates'of'éfganic matter'decompoSition and highef rainfall
erosivities'may be the causes of this rapid deterioration.

(5) Inter-cropping may imbrove the' cover by introducing a
Acrop which matures more rapidly'aﬁd offérs a moré effective protection
éarly.in the growing season.  For example, Fisher (1977) has shown
that beans establish a ground cover more rapidly than maize, -and could
be suitable as an inter-row crop.  Alternatively, prostrate plants
' such as sweet potato or légumes could also be used.  Othieno (1975)
fouﬁd'fhaf cats between tea rows was very effective im -reducing soil
erosion whilst the tea cover was being established. TLal (1977a) also
" notes reduced erbsion from maizé-cassava mixed cropping, compared to
pure standé;

Problems with this approach are ‘that establishment of the
crops may be difficult in drier areas and that édﬁp6tition\between the
Séopslcduld significantly reduce overall yields. - Fisher (1975) found
at Kebete that maize-beans mixed cropping.can give higher yields than
puré stands in good réiny seésdﬁs; but can give lower yields-in poor
rainy seasoﬁs; '4Compétitidﬁ for moisture and nutrients is the major
limiting factor, so the téchhique'majibe applicablefto'thé more humid
areas of Kenya, but ineffectivé irn the drier areas.

(6) Numerous studies have shown that the application of a

muleh or leaving the previous crop's residue on the surface can reduce
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soii”éroéiéﬁ;‘- Othiéno (1975) has shown this for tea mulched with
T‘i6§égrass; aﬁd‘Témplé'(19?2) has given examples from Tanzania.
Applicgfion'Of a rice straw mulch at 2 tons/ha reduced erosion losses
to hégiigibie velues from an Alfisol on gentle slopes in Nigeriaj
‘hiéﬁér é%ﬁiiéati&n’rates'aré required on steeper slopes. Roose (1975,
1977) gives further examples from West Africa, and there are a large
pumber of American studies {e.g. Lattanzi et al, 1974; Meyer et al,
4990y, )
| Mulch reduces soil-erosion by decreasing she soil detachment
i 5roééés b&Iraindrob impact, by deereasing surface sealing, by increasing
'déﬁfeéSion storage, by slowing overland flow-and by improving the soil
" structure through biological activities (Bal, 1976).
Problems with this approach lie in the cost of establishing
2 milek. Roose (1975) quotes. costs of $150-250/ha for heayvy mulehes
in ivory”Coast.  The maximum amount of plant material should be left
.on;tﬁe soil surface from the previous: crop, but this can interfere with
harvesting techniques (e.g. sugar cane).  Adequate amounts of organic
matter must be available, but this may not be feasible in §rier areas
where grazing and land pressures are high. Furthermore, ¢rop residues
may be rapidly attacked by termites and ants, so that the residues or
':ﬁuigﬁ are inefféctivée during the following rains (Fisher, 1;%7).
| (7) Zero-tillage (or no- or minimum~tillage) practices have
Eeen'foﬁnd:to be effective in reducing soil ercsion in some areas.
L2l (1976) reports negligible soil losses from no-tilled maize and
‘-cﬁwpea plots in Nigeria, and several studies have shown its effectiveness
in North America. On the other hand, Othieno (1975) found that soil
Tossés were large on ‘tea plots treated with herbicide (as high as manual
"weediﬁé) and Kalms' (1977) quotes an example from Ivory -Coast where
nb—filiégé cfeéfé& iargér soil losses than conventional ploughing.
Gurnah (19?5) has ‘reviewed the benefits to be gained by
rtiiiégélandrhd;tiliége praétidésa ‘Tillage: increases soil porosity,
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‘aids seed germination and root development, and reduces weed. .
germinétion,'insects and diseases in the crop residue. Detrimental
“”effééfs of‘tillage‘can'be'increasedrrétes of'organic matter
" gecomposition, leaching of nutrieats, création of impermeable pans,
increasedVWater‘evaéoration'énd late planting related to p?qplems of
4dfy:seasonjploughing;r )

| Application of a herbicide followed by minimum-tillage has
been found to produce good crop yields in a variety of te@perate and
Eropicél aféas,‘ Whilst minimum-tillage may be feasible for large
scale farming in Bast Africa, there apelprob;ems facing its.gpplication
to small scale farms. The costs of‘herbicides an@ their application
may outweigh any benefits from labour Saviﬁgrand improvemeqfs in soil
fertility, water conservation and soil erosion. ‘Incomplete sod kills
can’ result in drastically reduced crop yields, and thus“gé;eful
‘applications are reguired. Gurnah (1975) comments that more work is
needed on the effect of zero~tillage practices in Bast Africa, - Thisi
approach cannot be recommended until more is known.abogt‘ifs‘effect on
soil erosion.
Conclusion

Modern studies of soil erosion problems have emphasised the

importance of good crop and-management techniques in reducing soil losses
froﬁ agricultural systems (e.g. Greenland and Lal, 1977; Hudson, 1971) .
Ceftainly,'improvements.in cropping systems through mulching, mixed
cropping @nd increasing plant densities can go a ;ong way in controlling
s0il erosion in humid areas.

| It must be realised, however, that_crop*manageqent techniques
éré of more limited value in areas where the soils are steep, shallow
or infertile, the rainfall.is low andrerratic and thq_pdﬁ#lation
pressures are high. For. example, Fisher (1977) and Thomas (1974)

conclude that there is no effective, readily-available crdpémanagement

I3
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practice to control erosion from the Machakos and Kitui areas of Kenya.
Tn these cases, effective and well laid out mechanical measures, such
as terraces, ridges and cut-offé are the major solution to the soil

erosion problem.
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