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ABSTRACT 

Dunne, T. ,1979.  Sediment yield andland use in t rop ica lca tchments .  J. Hydrol . ,42:  
281--300. 

Analysis of sediment yields from 61 Kenyan catchments allows the refinement of 
regional relationships between the yields and their major controls. Land use, which has 
been ignored in earlier regional analyses, is the dominant control, but within each land- 
use category it is possible to recognize the effects of the climatic and topographic variables 
that other writers have stressed. The long-term geologic rate of erosion in these tropical 
environments is estimated to vary between 20 and 200 t km -2 yr. -1, depending mainly 
upon climate. These values agree closely with Douglas' estimate for undisturbed catch- 
ments. An analysis of the major sources of  sediment in disturbed catchments suggest that 
rural roads contribute a large, and commonly ignored, fraction of the sediment leaving 
agricultural areas. The temporal pattern of sediment transport is also affected by land use, 
and emphasizes the significance of rare wet periods in the removal of soil from tropical 
catchments. 

STATEMENT OF THEPROBLEM 

Various attempts have been made to relate the sediment yields of catch- 
ments to simple climatological indices, such as annual rainfall (Langbein and 
Schumm, 1958; Wilson, 1973), seasonality of precipitation (Fournier, 1960), 
and annual runoff  (Douglas, 1967; Dendy and Bolton, 1976). Wilson (1972, 
1973) reviewed these studies and concluded that  no single relationship is 
valid on a worldwide basis, and that  even within a relatively uniform area, 
the most important  single control is land use. He did not  have data on land 
use to support this conclusion, but nevertheless was able to demonstrate his 
point from circumstantial evidence. Jansen and Painter (1974) incorporated 
an index of natural vegetation into their multiple-regression analysis of sedi- 
ment yields from catchments throughout  the world, but could not allow for 
the extensive alterations of the cover that  had occurred due to land use. Their 
results did not  show a strong influence of cover on sediment yields; climate 
and topography were more important  controls. The influence of land use was 
stressed at a recent symposium (I.A.H.S., 1974), but no a t tempt  was made to 
examine its effect on the regional and global relationships referred to above. 
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In his global assessment, Wilson (1973) pointed out, as many other  authors 
have done, the paucity of measured sediment yields from tropical catchments. 
Fournier (1960) and Jansen and Painter (1974) incorporated some tropical 
data into their analyses. In Africa, there have been few studies of sediment 
yields beyond  broad estimates for the largest rivers of the continent  (Hole- 
man, 1968). In Tanzania, Rapp et al. (1972a, b) have carried out  a broad 
program of soil erosion research including studies of sediment yields from 
small basins (1.5--640 km 2) with mixed land use and vegetation cover. Temple 
and Sundborg (1972) measured the sediment yield of the 156,600-km 2 Rufiji 
basin in Tanzania. 

I have compiled all the available sediment yields from Kenyan catchments 
to examine Wilson's content ion that land use is the most  important  factor 
affecting regional and global variations in sediment yield. The data show clear- 
ly the overwhelming influence of  land use on any a t tempt  to construct  general 
curves. Under a single land use, however, it is possible to recognize the effects 
of runoff  and topography.  The effect of  catchment  size on sediment yield 
does not  seem to make any important  difference to the results that  are being 
stressed here. 

After demonstrating the magnitude of  the land-use effect, I estimate the 
long-term geologic rate of  erosion in Kenya, and discuss the major sources 
contributing to accelerated soil loss. The report  also considers briefly the 
frequency of  river discharges that  transport  sediment. The s tudy supplements 
the small body  of  data on African sediment yields. 

PHYSICAL GEOGRAPHY OF KENYA 

Geology 

A generalized geologic map of Kenya is given in Fig. 1. The following 
account  is based upon the review by Baker (1970). Precambrian rocks out- 
crop over large areas of  the country.  In western Kenya, these rocks consist 
mainly of folded volcanics and sediments intruded by numerous granitic 
bosses and batholiths. In eastern Kenya and in the area immediately east of  
the Rift Valley the Precambrian rocks consist of  folded metasediments and 
granitic intrusions. After considerable tectonic activity throughout  the Pre- 
cambrian, the region has since behaved as a cratonic block characterized by 
broad warping and epeirogenic movements  of  the crust during the late 
Cainozoic. In the eastern quarter of  the country,  marine sediments of 
Mesozoic and Cainozoic ages cover the Precambrian basement.  

Extensive faulting and volcanism began in the Miocene, and continued 
through the Pleistocene as the Rift Valley was formed. Faults with displace- 
ments between 1700 and 3000 m formed single and multiple escarpments 
bounding the Rift  Valley. Volcanism during the middle and late Cainozoic 
generated great thicknesses of  basic and intermediate lavas and pyroclastic 
rocks which form extensive plateaux and mountains in and around the 
margins of  the Rift  Valley. 
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Fig. 1. Geologic map of central and southern Kenya. Source: Government of Kenya (1970). 

The rocks produced by the history outlined above can be classified into 
the three groups shown in Fig. 1 on the basis of their general elevation, the 
manner in which they weather and give rise to landforms, and on their general 
pedologic and hydrologic properties. 

Topography and drainage 

The topography and drainage pattern of Kenya strongly reflect the geologic 
conditions outlined above. Most of eastern Kenya is covered by rolling topog- 
raphy, which rises from about 250--300 m at a range oi~ coastal hills to 900 m 
high mountain ranges inland. This metamorphic region is interrupted by 
occasional volcanic ridges and hills. In the centre of the country volcanic 
plateaux range between 1200 and 2700 m on either side of the Rift Valley. 
Volcanic mountains, such as Mount Kenya {5200 m), the Aberdares (4250 m), 
Mount Elgon (4250 m) and the Nyambeni Range (2150 m) rise above these 
plateaux and form the major drainage divides of the country. The Rift Valley 
cuts through these volcanic highlands as a 50 km wide trough about 1000 m 
deep. To the west of the Rift Valley, the volcanic plateau slopes down to a 
lowland draining to Lake Victoria at an elevation of  1150 m. Steep, dissected 
terrain developed on Precambrian rocks lies north and south of this lowland. 

All perennial streams originate in the volcanic highlands of the country or 
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in the Precambrian mountains in the wet lake region. West of the Rift Valley, 
all streams drain to Lake Victoria. East of the Rift Valley, two major stream 
systems, the Tana and Athi-Galana, flow from the volcanic highlands across 
semi-arid terrain to the Indian Ocean. The lower areas of these drainage basins 
contribute runoff  only during short wet seasons. A third major drainage sys- 
tem, the Ewaso (Uaso) Nyiro, drains from Mount Kenya, the Nyambeni Hills, 
and the northeast  part of the Aberdare Mountains, then flows across an arid 
lowland to the inland Lorian Swamp. The Rift Valley is also an area of in- 
ternal drainage. Details of the drainage network are provided by the national 
atlas (Government of Kenya, 1970). 

Climate 

The pattern of mean annual rainfall (Fig. 2) is closely correlated with 
topography. Values range from 250 mm in the northeastern region to more 
than 3500 mm high on the southeastern flank of Mt. Kenya. Most rain occurs 
in two seasons: March--May and October--December. 

Mean daily air temperatures also vary with altitude. In the coolest month 
(usually July or August) temperatures average about 24°C at sea level and in 
the arid lowlands, and less than 6°C high on the volcanic mountains. In the 
hot test  season (February--March) the variation is from 35°C down to about 
12°C. 
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Fig. 2. Mean annual rainfall in central and southern Kenya. Source: Government of Kenya 
(1970). 
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The distribution of runoff  strongly reflects the rainfall pattern. Mean 
annual runoff  varies from over 2000 ram/yr, on the upper slopes of  Mt. Kenya 
to virtually zero in the dry lowlands in the northeastern part of the study area. 
Mean annual runoff  (Q) is approximately related to mean annual rainfall (P) 
by the expression: 

Q = 0.000033P 2.27 

where both quantities are expressed in millimetres and P ranges from 500 mm 
to at least 3000 mm. 

Soils 

The distribution of soil types reflects the patterns of geology, topography 
and climate. The volcanic highlands are covered with strongly leached dark- 
red and dark-brown loamy soils. Under their original forest cover these soils 
have moderate to high amounts of organic material (2--10% carbon) in the 
A-horizon, well-aggregated structure, and high infiltration capacities; their 
resistance to erosion is high. When these soils are cultivated their organic 
content,  infiltration capacities, and resistance to erosion are substantially 
decreased. 

Around the lower slopes of the volcanic and Precambrian highlands dark- 
brown and black loams, clays and clay loams occur on extensive footslopes 
with impeded drainage. Planosols cover the interfluves, and rendzinas, 
phaeozems and vertisols cover the middle and lower footslopes. The last two 
soil types have deep cracks and absorb large amounts of water during the 
early part of each rainy season. As the clays swell, however, the volume of 
storm runoff  increases sharply and significant erosion occurs even on gradients 
of 0.01--0.02 (Dunne, 1977; Dunne et al., 1978b). 

The gently sloping topography on the Precambrian lowlands of eastern 
Kenya is mantled with sandy loams and sandy clay loams, ranging in depth 
from 0.1 to more than 1.0 m. The topsoils contain little organic material 
(< 1% carbon) and are poorly aggregated. The subsoils are blocky and some 
contain caliche. 

Vegeta t ion  and land use 

Much of the natural vegetation of  Kenya has been removed to promote 
cultivation, pasture growth, or the manufacture of charcoal. Above an altitude 
of 2000--2100 m on the volcanic highlands dense forests survive with a thick 
ground cover of ferns, shrubs and dead vegetation. Below this altitude only 
remnants of the original woodland survive, mainly on the steepest slopes and 
on rocky areas. The woodland has a canopy cover of about 90% and a ground 
cover of shrubs and herbs. Most of the woodland has been replaced by hand- 
cultivated smallholdings covered by annual crops such as maize, pyrethrum 
and vegetables, or by perennial crops such as tea, coffee and bananas. The 
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gradients of these small holdings vary from horizontal on narrow ridgetops 
and valley bot toms to about 70% on hillsides. Very little soil conservation is 
practised, though there has been a small, recent increase in the use of ter- 
racing and strip cropping. This zone also contains some large, commercial 
estates which grow tea, coffee, wheat, sugar and sisal. The estates tend to be 
on the best agricultural land, on the gentlest slopes, and have the greatest 
amount  of capital available for soil conservation. Although some soil con- 
servation works such as terracing, strip cropping and mulching are used on 
these lands, they also contribute significantly to the sediment yields of their 
regions. 

In the areas with less than 750 mm of rainfall, agriculture is marginal and 
is mixed with pastoralism. Crops such as maize, millet and vegetables are 
grown, often on the steepest, highest slopes of an area, where rainfall is a 
little greater than the regional average. The areas which are not cultivated 
tend to be heavily grazed and browsed grassland and bushland. The large 
regions of Kenya with rainfall of less than 500 mm are generally occupied 
by nomadic pastoralists who rear cattle, sheep, goats and camels on grass- 
lands and bushed grassland. Wild herbivores are present in large numbers in 
some of these subhumid areas. 

Further details of the vegetation and land use of the country are given by 
Pratt et al. (1966) and Government of Kenya (1970). 

THESTUDY 

During the period 1948--1968, sediment concentrations were measured 
by the depth-integrating method at a large number of stations throughout  
the southern half of the country (the only portion containing perennial 
streams). At 61 stations the data were sufficient to allow construction of 
sediment rating curves (Dunne, 1974). Daily discharge records for the same 
stations could then be used to calculate sediment yields for basins over a 
wide range of geologic, topographic and climatic conditions. The discharge 
records are of variable but generally high quality. 

For most stations, flow data are available for the period 1960--1970 or for 
1956--1970. For a few stations only 3--5 yr. of discharge records are avail- 
able. The flow records do not  always coincide with the period of sediment 
sampling. This lack of comparability causes some uncertainties in the inter- 
pretation of results, but the overall picture is a coherent one and sheds new 
light on sediment yields from both disturbed and undisturbed areas of a 
tropical country.  

During the period 1948--1968 there was no consistent change in the sedi- 
ment rating curve from any station except for one large sand-bedded stream 
in a grazing region (Dunne, 1976, fig. 2). New sediment measurements were 
made by G.S. Ongweny of the University of Nairobi during 1974--1977 for 
one of the rivers included in this study. The measurements show that  during 
the period since 1968 there has been a shift in the sediment rating curve for 
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the Thiba River, which drains the southern slopes of Mt. Kenya. At another 
station where the original sediment rating curve was known to be inadequate, 
Dunne and Ongweny (1975) made an estimate of  the sediment yield which is 
borne out by Ongweny's (1977) measurements. 

The bedload transport rate could not  be measured, but field observations 
suggest that  this contribution is relatively small. In the volcanic highlands 
the river channels are steep and are floored by bedrock or by a thin layer of 
lava cobbles and boulders which can be moved only in exceptional floods. 
The soils of the region consist mainly of sandy clay loams which travel in 
suspension after entering a river channel. In the semi-arid regions where 
pelitic metamorphic rocks are exposed, sand constitutes a larger fraction of 
the load and in the larger lowland rivers I have observed bedload transport. 
At present, there is no way of assessing its relative importance in these 
streams, although other geomorphologists have concluded that  in most low- 
land rivers the bedload contribution to total load is less than 10% [see Judson 
and Ritter (1964) and Gregory and Walling (1973) for summaries]. This 
value is less than other uncertainties in the data due to the variability of run- 
off  and sediment concentrations. I have therefore ignored bedload transport. 

RESULTS 

Mean annual sediment yields were calculated for each basin and plotted 
against mean annual runoff  in Fig. 3. In a few catchments most of the runoff  
is supplied by the higher portion of a catchment while the intermediate or 
lower portions contribute most of the sediment yield. My field observations 
indicate, however, that  this complication does not distort the general pattern 
of the data to be discussed here. 

In each basin the dominant  land use was classified into one of the following 
categories: (1) completely forested; (2) forest covers 51--100% of the basin 
and the remainder is cultivated; (3) agricultural land occupies more than half 
of the catchment  while the remainder is forested; and (4) rangeland. This 
crude classification was made by measuring the extent  of  forests shown on 
1: 250,000-scale maps made during the sediment sampling period, by exam- 
ining aerial photographs, and by field inspection of each catchment  to assess 
the most widespread land use. In a few catchments in north central Kenya 
where cultivation and grazing had expanded somewhat since the period of 
sediment sampling, the earlier land use was used. A more quantitative treat- 
ment  of this variable is not  possible with the agricultural census statistics that  
are currently available. 

The lines in Fig. 3 separate basins with different vegetation covers. The 
separation is not  complete, of course, because of variations in hillslope gra- 
dient, degree of dominance of the characteristic land use, record duration, 
quality of the sediment rating curves and other characteristics. Even with 
such a coarse grouping of catchments according to their dominant  use, how- 
ever, a pattern is evident. Forested catchments lose 20--30 t km -2 yr. -1. The 
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Fig. 3. Mean a n n u a l  s e d i m e n t  yield and  m e a n  a n n u a l  r u n o f f  fo r  c a t c h m e n t s  wi th  ind ica ted  
d o m i n a n t  land  uses.  

sediment yields of agricultural lands vary enormously  with runoff .  At one 
end of the scale, a basin with fiat topography developed on permeable lavas 
and with sparse rainfall loses approximately  10 t km -2 yr. -1. In the wettest,  
steepest cultivated catchments  the soil loss exceeds 4000 t km -2 yr. -~. The 
great variability among agricultural basins results from differences in the type 
of agriculture and the propor t ion  of  the ca tchment  that  is cultivated, as well 
as differences in climate, soil erodibili ty and other  physical properties. The 
sediment yields from rangeland catchments  are also variable; the driest catch- 
ments lose less than 100 t km -2 yr. -1, while 2.104 t km -2 yr. -~ are expor ted  
from the wettest,  steepest grazed catchment.  

For a single land-use type,  there is a general increase of sediment yield with 
runoff .  Higher runoff  is associated with heavier rainfall and therefore  with 
greater kinetic energy for hillslope erosion and stream transport  of the eroded 
sediment. There are striking differences, however, in the rates at which sedi- 
ment  yield increases with runoff .  As the average density of  cover decreases 
from forest to rangelands, the sediment loss becomes more sensitive to varia- 
tions in runoff .  The data also suggest that  ca tchment  steepness is an important  
control ,  although it is correlated to some degree with rainfall and runoff.  

Multiple regression analysis was used to define the effects of  the three 
variables thought  to control  sediment yields. The literature on erosion (e.g., 
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Wischmeier  and Smi th ,  1965;  K i rkby ,  1969)  at  b o t h  the  hi l ls lope and  catch-  
m e n t  scales suggests t h a t  s e d i m e n t  yields should  vary  wi th  the  mul t ip l i ca t ive  
e f fec ts  of:  rainfal l  or  runo f f ,  t o p o g r a p h y ,  and  cover  dens i ty  and  o the r  aspects  
o f  land use. Di f fe rences  in soil e rod ib i l i ty  are i m p o r t a n t  in s o m e  regions.  In 
this survey  of  K e n y a n  data ,  it was possible  to ob ta in  indices o f  land use, run- 
o f f  and  t o p o g r a p h y .  Fo r  the  last  var iable  the  rel ief  ra t io  (basin re l ie f /main-  
s t r e am length) ,  de f ined  by  S c h u m m  (1954) ,  was used. The  analysis  was con- 
f ined to  i n d e p e n d e n t  c a t chmen t s .  I f  s ed i m en t  yields were  avai lable for  a 
d o w n s t r e a m  s ta t ion  and for  a s t a t ion  on a t r i bu t a ry ,  on ly  the  value f r o m  the  
la t te r  was used. This  r e q u i r e m e n t  exc luded  15 s ta t ions  f r o m  the  61 shown  in 
Fig. 3. The  remain ing  46 were  d i s t r ibu ted  a m o n g  the  land-use categor ies  as 
fol lows:  fores t  4; fores t  d o m i n a n t  9; agr icul ture  d o m i n a n t  28; and  rangeland  5. 

The  da ta  were  c o m b i n e d  into  the  fo l lowing fo rm:  

SY = UQaS b (1) 

where  SY = mean  annua l  s e d i m e n t  yield (t  km -2 y r . - l ) ,  Q = mean  annual  run- 
o f f  ( m m ) ,  S = rel ief  ra t io  (d imensionless) ,  and  U indicates  land use expressed  
in t e rms  of  the  four  ca tegor ies  in Fig. 3. In the  logar i thmic  f o r m  o f  eq. 1 used 
in the  regression analysis,  log U is a d u m m y  variable,  which  takes  on values o f  
zero and  one  accord ing  to  the  land use (Rao  and Miller, 1971) .  The  c o m p l e t e  
f o r m  o f  the  equa t i on  used is, t he re fo re :  

log(SY)  = 5 0 + fi 1 U1 "~ 5 2 U2 + 5 3 U3 -/- a logQ + a l ( U l l o g Q )  + c~2(U21ogQ) 

+ a3(U31ogQ) + blogS + ~ (U~logS)  + ~2(UzlogS) + ~s(U31ogS) 

When the  c a t c h m e n t  is c o m p l e t e l y  fores ted ,  U1 = Uz = U3 = 0. Where  fo res t  
covers  51 - -100% of  the  c a t c h m e n t ,  U~ = 1; U2 = U3 = 0. I f  fo res t  covers  
0 - -50% of  a basin t ha t  is o the rwise  cul t ivated,  U2 = 1; U1 = U3 = 0. Fo r  range- 
lands, U3 = 1, and  the  o t h e r  values are zero.  The  s y m b o l s  a, b, ai, fii and  6i 
are regression pa ramete r s .  

When this regression mode l  was used on the  field data ,  the  fo l lowing  equa-  
t ion  resul ted :  

log(SY)  = 0 .19 -- 1.19U1 - 1.04U2 + 0.44U3 + 0.461ogQ + 0 . 8 2 ( U l l o g Q )  

+ 1.02(U21ogQ) + 1.98(U31ogQ) - 0 .03logS + 0 . 5 0 ( U l l o g S )  

+ 0.54(U21ogS) + 1.15(U31ogS) (R 2 = 0 .77)  (2) 

Use o f  the  s ame  m o d e l  w i t h o u t  the  land use var iable  p r o d u c e d  the  equa t ion :  

log(SY)  = - 0 . 0 6  + 0.691ogQ - 0 .23logS (R 2 = 0 .11)  {3) 

An F- t e s t  using the  residual  sums  o f  squares  f r o m  the  t w o  equa t ions  ind ica ted  
t h a t  the  r e d u c t i o n  in exp la ined  var iance  due  to  the  inclusion of  the  land-use 
var iable  is s ignif icant  at  the  0.01 level. Land  use, t he re fo re ,  is an e x t r e m e l y  
i m p o r t a n t  var iable  t ha t  c a n n o t  be  ignored  in the  c o n s t r u c t i o n  o f  global  or  
regional  analyses  of  e ros ion  rates.  
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The regression analysis also revealed several other important  details about 
the controls of erosion and their interaction. If the four completely forested 
catchments are examined alone (i.e., if the dummy variables are all set to 
zero in eq.2, the result is: 

SY = 1.56 Q°'46S-°°3 (R 2 = 0.98) (4) 

The inclusion of the topographic variable does not  significantly reduce the 
explained variance and the equation simplifies to: 

SY = 2.67Q °'3s (R 2 = 0.98) (5) 

Although it is based upon only four small catchments with less than 400 mm 
of runoff,  this equation is similar to one calculated by Douglas (1967) for 
subtropical forested catchments in Australia (see Fig. 4). 

Eq. 5 indicates that  sediment yields of forested catchments increase only 
slowly with rainfall and runoff  and not  significantly with topographic steep- 
ness. This latter s tatement presumably cannot be extended to some of the 
highest and steepest catchments in the world which lie at active plate margins 
(Ahnert, 1970; Janda, 1972; Li, 1975), but through the range of relief ratio 
encountered in.the forest lands of Kenya (0.01 ~< S < 0.09) the effect of 
topography is not  apparent. This conclusion is in general agreement with a 
number of plot and field studies which suggest that  if the vegetation cover is 
sufficiently dense, sediment yield will be low even on steep hillsides. 

A similar analysis of data from the other land use categories in eq. 2 
produces the following relationships: 

F o r  

SY = 

For 

SY = 

For 

SY = 

forest > agriculture (n = 9): 

0.10Q 1.2sS°.47 

agriculture > forest (n = 28): 

0.14Q1.4ss 0.sl 

rangeland (n = 5): 

4.26Q2.17S 1.12 

(R 2 = 0.76) (6) 

(R 2 = 0.74) (7) 

(R 2 = 0.87) (8) 

Although the sample sizes for forests and rangelands approach the number 
of independent variables and therefore produce misleadingly high correlation 
coefficients, the results indicate that  as the density of  cover decreases the 
effects of increasing runoff  and topographic steepness become more impor- 
tant.  Whereas under forest the sediment yield is proportional only to the 
0.38 power of runoff  and the zeroth power of relief ratio, the corresponding 
exponents in the case of rangeland are 2.17 and 1.12. The interactions be- 
tween land use (or cover density) and the other two variables are represented 
by the positive coefficients of the (UilogR) and (U/logS) terms in eq. 2. 
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THE EFFECT OF CATCHMENT SIZE 

Brune (1948) showed that  sediment yield per unit  area generally decreased 
with catchment  size for basins in the upper Mississippi Valley. The same effect 
has been recognized in several other studies (e.g., Manet, 1958; Roehl, 1962; 
Dendy and Bolton, 1976). The ratio of basin sediment yield to the amount  of 
soil eroded from hillsides is called the sedimerLt delivery ratio. For fixed con- 
ditions of climate and land use this fraction commonly decreases with catch- 
ment  size because small upstream basins are generally steep and have limited 
floodplains in which sediment can be stored. It is questionable whether this 
concept applies to the evolution of catchments over geologic time. However, 
there is considerable evidence (e.g., Happ et al., 1940; Haggett, 1961; Trimble, 
1975; Dietrich and Dunne, 1978) that  when some disturbance, such as land 
use or catastrophic landsliding, increases sediment yields over the long-term 
background value, a portion of the sediment is stored temporarily on foot- 
slopes and in valley-floor deposits. 

Brune estimated that  the sediment yield per unit area decreased in pro- 
portion to the -0 .15  power of basin area. Langbein and Schumm (1958) used 
this factor to correct the yields of small upland catchments to the equivalent 
yield from basins of 3885 km 2 (1500 mi.~). Wilson {1973) suggested that  this 
exponent should be closer to -0.30,  but used the lower value for comparability 
with the earlier results. He corrected all basin yields to their equivalents at 
259 km 2 (100 mi.2). 

Most of the Kenyan catchments referred to in this paper are deeply incised 
into volcanic highlands. The hillslopes are steep and straight; the valley floors 
are steep and narrow with limited floodplain development, and most river 
channels are floored by bedrock. Extensive storage of sediment in the manner 
described by Haggett (1961) and Trimble (1975) is not  possible in catchments 
with areas less than 100 km 2 and in most of the catchments smaller than 
2000 km 2. In these basins (which constitute 87% of the sample studied) the 
sediment yield is an accurate reflection of average hillslope erosion. It is un- 
likely, therefore, that  catchment size has any important  effect on the results 
of the earlier statistical analysis, except in the sense that  relief ratio is weakly, 
but significantly, correlated with drainage area: 

S = 0.11A -°'23, r 2 = 0.31, p ~ 0.005 

Following the example of earlier authors for purposes of comparison, I 
corrected all sediment yields to the equivalents at 259 km 2 and repeated the 
statistical analysis described above. The results are essentially the same as 
those of the earlier analysis except that  the exponents of the relief ratio are 
lower because the correction for drainage area removes a portion of the effect 
of steepness. The regression equations are: 

For forest (n = 4, i.e. almost equal to the number of variables): 

SY259 = 4.23Q °'2~ (R 2 = 0.86) (5a) 
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For forest > agriculture (n = 9): 

SYzs9 = 0.15Q1"14S°'34 (R 2 = 0 . 7 1 )  (6a) 

For agriculture > forest  (n = 28): 

SY2s9 = 0.06Ql'Szs °'33 (R  2 = 0 . 7 4 )  (7a) 

For  rangeland (n = 5): 

S Y 2 s 9  = 1.33Q2"IsS °~1 (R 2 = 0.85) t8a) 

The summary regression equation including the dummy variables is: 

log(SY2s9) = 0.11 - 0.93U1 - 1.33U2 + 0.01U3 + 0.441ogQ + 0 .70(UdogQ)  

+ 1.08(U21ogQ) + 1.71(U31ogQ) - 0.10logS + 0.44(U~logS) 

+ 0.43(U21ogS) + 0.81(U31ogS) (//2 = 0.76) ~2a) 

The analysis that  includes corrections for ca tchment  size does not  yield 
more precise results than the original equation. On the basis of the earlier 
discussion of Kenyan physiography it seems bet ter  not  to include the correc- 
tion until data become available on the effects of catchment  size. 

GEOLOGIC RATE OF EROSION 

Because of the overwhelming influence of  land use on the sediment yields 
of  these tropical catchments it is difficult  to  find areas in which the geologic 
rate of erosion can be evaluated. The same problem has complicated the efforts 
of  others (e.g., Langbein and Schumm, 1958; Fournier,  1960; Schumm, 1963; 
Wilson, 1973). 

Douglas (1967) repor ted sediment yields from catchments in eastern 
Australia that  were "selected to avoid as much human disturbance as possible". 
The regression line which Douglas derived from these data is plot ted in Fig. 4. 
It fits the data from the four forested catchments in Kenya very closely. The 
range of  yields from the small Kenyan sample (~ 20--30 t km -2 yr. -1) there- 
fore, seems to be representative of undisturbed, humid catchments under 
tropical forest in tectonically stable areas. Dunne et al. (1978a) have also 
shown that  such a yield is compatible with the evidence from erosion surfaces 
dating from the early and middle Cainozoic when most of Kenya was covered 
with forest or woodland. 

It is more difficult  to estimate the background rate in the drier areas with 
a cover of  grass and bush. The evidence from late Cainozoic erosion surfaces 
in southern Kenya suggests that  as the climate of  the region became more arid 
during the Pleistocene the long-term erosion rate increased, and was roughly 
equivalent to sediment yields of 75--200 t km -2 yr. -1 (Dunne et al., 1978a). 
The curve of Douglas (1967) for undisturbed lands (Fig. 4) shows a peak sedi- 
ment  yield of 115 t km -2 yr. -~ in semi-arid regions. Five sediment-yield values 
(three measured from whole basins and two calculated by subtract ion of 
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Fig. 4. S e d i m e n t  y ie ld  and mean annual runof f  f rom nine K e n y a n  c a t c h m e n t s  wi th  l i t t le  
or no h u m a n  dis turbance  during the period o f  s ed iment  sampling.  The o p e n  c irc les  indicate  
c a t c h m e n t s  wi th  a cover  o f  dry w o o d l a n d ,  bush and grass; the so l id  squares  represent  
c a t c h m e n t s  that  are c o m p l e t e l y  forested.  The  d a s h e d  line is Douglas '  ( 1 9 6 7 )  regression 
l ine for fores ted  c a t c h m e n t s  in eastern Australia.  The  so l id  curve  is Douglas'  ( 1 9 6 7 )  sum- 
mary o f  s ed iment  y ie lds  for undis turbed  catchments .  

yields measured at two stations along a river) are available for Kenyan basins 
that have a cover of dry woodland, bush and grass and that were grazed only 
lightly at the time of the sediment measurements. These bush-covered catch- 
ments are different from the rangeland catchments included in the earlier 
statistical analysis. The latter are heavily grazed by large nomadic herds of  
domestic livestock and wild herbivores, while the five bush-covered catch- 
ments are managed on a conservative commercial basis and the entry of wild 
game is discouraged. The grazing pressure is probably not much greater than 
that due to wild herbivores alone in earlier times. The sediment yields of these 
lands vary from 50 to 140 t km -2 yr. -~, and agree quite closely with the 
Douglas curve for undisturbed lands in Fig. 4. 

S O U R C E S  OF S E D I M E N T  

In the forested regions landsliding is rare in spite of  the heavy rainfall and 
the steepness of  the hillsides. Soil creep appears to be the only significant 
mechanism that contributes sediment to stream channels. Sediment yields 
in the range 20--30 t km -2 yr. -1 are equivalent to average creep velocities of 
roughly 2 mm yr. -1 with the soil thickness (~1  m) and drainage density 
(~< 5 km km -2) that characterize the montane zones of  Kenya. Such velocities 
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seem reasonable in the light of field measurements in moist, tropical environ- 
ments by other  workers. Eyles and Ho (1970) measured a velocity of 3.2 mm 
yr. -~ in a 0.4 m deep soil on a gradient of 0.18, and Lewis (1976) documented  
velocities of 1.8 and 2.3 mm yr. -~ in 0.4 m deep soils on gradients of 0.32--  
0.35. 

In cultivated catchments  the sediment sources are more diverse. It is im- 
por tant  to identify them separately and to indicate their relative importance 
in order that  soil conservation measures can be planned accordingly. The 
sediment yield of  the agricultural or grazed port ion of  each ca tchment  was 
separated from that  of  the forested port ion by the following method.  The 
area of forest  was measured on 1: 50,000- or 1: 250,000-scale maps. In catch- 
ments west of the Rift Valley, an average sediment yield of  20 t km -2 yr. -~ 
(close to the only measured value of 18.3 t km -2 yr. -1 f rom that  region) was 
assigned to the forest. East of  the Rift Valley, where rainfall intensities are 
generally higher (Taylor  and Lawes, 1971, fig. 1), an average of 30 t km -2 yr. -~ 
was used. The statistical analysis presented above and comparison with other  
published results suggest that  sediment yields from Kenyan forests are un- 
likely to vary greatly from these values. 

When the contr ibut ion  of  the forest has been subtracted from the total  
sediment yield, soil loss f rom the agricultural and grazed subcatchments  can 
be calculated, and plot ted in the form shown in Fig. 3. The results are similar 
except  that  there are only three fields on the graph: forest, agriculture and 
rangelands. The upper  envelopes for cultivated and grazed areas are raised 
somewhat,  as several agricultural areas, for  example, have sediment yields that  
range from 1000 to 5000 t km -2 yr. -~. Because the runoff  values had to be 
calculated for each subcatchment  by subtraction,  and because it was not  
possible to define a relief ratio for the lower port ion of a catchment ,  I did 
not  subject the data to a regression analysis. 

The f requency distributions of  sediment yields f rom the subcatchments  
with various land uses are shown in Fig. 5. The median yield from cultivated 
regions is not  particularly high (90 t km -2 yr. -1), but  the largest decile of the 
distribution includes yields from 1000 to 5000 t km -2 yr. -~. 

A great deal of  research (e.g., Roose, 1975) has focused a t tent ion on soil 
erosion from cultivated fields, and the problem is obvious from field inspec- 
t ion during tropical rainstorms. Signs of intense sheetwash and filling are 
visible on some cultivated areas. It is not  ye t  clear, however, how much of 
the sediment f rom an agricultural ca tchment  originates f rom the fields. The 
5,000--20,000-m 2 smallholdings which characterize the Kenyan highlands 
have a cover of  annual and perennial crops, weeds and grasses. The plots are 
bare at the beginning of  each rainy season, but  their rough surfaces inhibit 
runof f  and soil erosion. 

Runof f  and erosion in the agricultural areas are most  intense on dirt roads 
and tracks. There are no direct measurements of  the sediment contr ibut ion 
from this source, but  it is probably high. The network of roads and tracks is 
dense and is connected  to  the stream network.  The roadbed and adjoining 
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Fig. 5. Cumulative frequency of sediment yields from catchments and subcatchments 
under three land uses. Squares represent forest; solid circles indicate agricultural lands, 
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were calculated by subtracting the soil loss from the forested portion of a basin from the 
total catchment yield. 

banks  e x p o s e  dense,  c o m p a c t e d  subsoil  wi th  a low inf i l t ra t ion  capac i ty .  These  
t h o r o u g h f a r e s  are heavi ly  t ravel led  and  c o n s t a n t l y  d i s tu rbed  b y  vehicles,  
animals  and  pedes t r ians .  S o m e  o f  the  s e d i m e n t  e roded  f r o m  the  roads  is 
washed  o n t o  adjoining fields, bu t  the  larger pa r t  is c o n v e y e d  to  s t r e a m  chan-  
nels by  roads ide  di tches.  

A few m e a s u r e m e n t s  f r o m  rural  roads  and  c o n s t r u c t i o n  sites in N o r t h  
A m e r i c a  indica te  the  p r o b a b l e  m a g n i t u d e  o f  soil loss on K e n y a n  roads  (Table  
I). A l t hough  t h e y  are highly var iable ,  these  da ta  suggest  a lower  l imit  o f  
a b o u t  10 ,000  t k m  -2 yr.  -1. 

T A B L E  I 

M e a s u r e d  r a t e s  o f  so i l  l o s s  f r o m  r u r a l  r o a d s  a n d  c o n s t r u c t i o n  s i t e s  i n  N o r t h  A m e r i c a  

T y p e  o f  s u r f a c e  L o c a t i o n  R a i n f a l l  R a i n f a l l  S o i l  l o s s  S o u r c e  
( r a m  y r .  -1) e r o s i v i t y  ( 1 0 3  t k m  -2 y r .  - l )  

i n d e x  

B u l l d o z e d  s k i d  N G e o r g i a  1 2 0 0 - - 1 5 0 0  3 0 0  9 . 9  H o r n b e c k  a n d  
t r a i l s ;  g r a d i e n t s  R e i n h a r t  ( 1 9 6 4 )  
< 0 . 1 0  

L o g g i n g  r o a d s  W O r e g o n  2 4 0 0  - -  23  S w a n s o n  a n d  
D y r n e s s  ( 1 9 7 5 )  

B u i l d i n g  s i t e s  M a r y l a n d  1 1 0 0  2 0 0  20-- -50 W o l m a n  a n d  
S c h i c k  ( 1 9 6 7 )  

R o a d  c u t s ;  N G e o r g i a  1 2 0 0 - - 1 5 0 0  3 0 0  2 0 - - 6 0  D i s e k e r  a n d  
g r a d i e n t s  R i c h a r d s o n  
0 . 4 7 - - 1 . 0  ( 1 9 6 1 ,  1 9 6 2 )  

T h e  v a l u e s  o f  t h e  r a i n f a l l  e r o s i v i t y  i n d e x  a re  t a k e n  f r o m  U . S . S . C . S .  ( 1 9 7 5 a ) .  
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In an a t tempt  to assess the approximate  magnitude of this sediment contri- 
but ion in Kenyan catchments  the areas of a sample of roads were measured 
in the Chania River basin, located on the deeply dissected backslope of the 
Rift Valley escarpment 40 km nor th  of Nairobi. The agricultural zone has a 
density of at least 0.80 km (4800 m 2) of main rural roads and 1.4 km (7000 m 2) 
of secondary road per square kilometer,  as well as a dense network of  foot- 
paths that  are not  shown on the 1 :50 ,000  maps used for the length measure- 
ments. Road gradients ranged from 0.02 to 0.10. The rainfall erosivity (RE) 
value was estimated from a regression between this factor  and the median 
annual rainfall constructed with tropical data from the Hawaiian Islands 
(U.S.S.C.S., 1975b) and Tanzania (Rapp et al., 1972b). The resulting equation 
is: 

RE = 2 . 0 P ( m m )  °'71, n = 41; r 2 = 0.88; p < 0.005 

The RE value estimated for the agricultural zone of the Chania basin is 300, 
which is similar to the figures for the eastern U.S.A. in Table I. A soil loss rate 
of 104--2 • 104 t yr. -1 per square kilometer of road seems to be appropriate,  
therefore.  Such a rate would generate 118--236 t yr. -1 per square kilometer 
of  catchment .  Since the sediment yield of this agricultural zone is 720 t km -2 
yr.-~, the roads probably contr ibute  between 15 and 35% of the total  basin 
sediment yield. Footpaths  cover at least as large an area as the roads and they 
cross steeper land (gradients <~ 0.25). It is likely, therefore,  that  their  sedi- 
ment  contr ibut ion is of  the same order  as that  from roads, although many of  
them drain onto  fields. 

A similar calculation for a region of  large commercial  grain farms on fiat 
topography in western Kenya, 250 km NW of Nairobi, predicts an annual 
sediment contr ibut ion from roads of approximately  50 t km -2 of ca tchment  
in a region where the sediment yields from agricultural lands range from 23 
to 80 t km -2 yr. -1. The contr ibut ion  from roads through rangelands is insig- 
nificant. Dunne et al. (1978b) have used measurements of t ree-root  exposure 
to document  high rates of  soil loss from heavily grazed hillsides in Kenya. 

The tentative conclusion from these very rough calculations is tha t  erosion 
f rom rural roads and footpaths  may generate a large part of  the sediment 
yield of  catchments  and may cause an over-estimation of the degradation of 
cultivated lands. The magnitude of this contr ibut ion increases with popula- 
t ion density as the ne twork  of  roads and footpaths  becomes denser and is 
disturbed more intensely. The solutions to this erosion problem, of course, 
are quite different  f rom those required on the cultivated fields. 

SEDIMENT TRANSPORT AND FLOW FREQUENCY 

Wolman and Miller (1960) examined the relative amounts  of sediment 
t ransported by flows of  different  frequencies. They concluded that  events of 
moderate  f requency,  occurring at least once or twice per year, carry the 
largest por t ion of  the sediment load, and that  90% of the sediment is trans- 
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ported by discharges which occur at least once every five years. 
The Kenyan catchments lose an average of 41% of their sediment in the 

highest one percent of daily flows, but this average varies between land use 
types, as indicated in Table II. The highest ten percent of flows carry an 
average of 80% of the mean annual yield. These indices of the relative trans- 
porting efficacy of various flows do not  show any country-wide correlation 
with basin characteristics such as area, annual runoff,  flow variability, or sedi- 
ment  yield. Within a single large basin, however, the relative importance of the 
highest flows decreases with increasing catchment  size (Fig. 6). As drainage 
area increases downstream the river retains the competence and capacity to 
transport large amounts of sediment on a greater number of days per year. 
The rapid discharge fluctuations in the upland catchments are also evened 

T A B L E  II 

Percen tage  of  the  long- t e rm m e a n  a n n u a l  s e d i m e n t  yield carr ied by  the  h ighes t  one  pe rcen t  
and  h ighes t  t en  pe r c en t  of  f lows f rom c a t c h m e n t s  wi th  var ious land  uses 

Land  use Highest  one  pe r cen t  Highes t  t en  pe rcen t  
of  f lows of  f lows 

range med ian  range med ian  

Fores t  10 - -70  35 4 0 - - 9 0  60 
Fores t  > agr icu l tu re  5 - -60  35 4 0 - - 9 0  60 
Agr icu l tu re  > fores t  10 - -80  43 40 - -90  81 
Graz ing  20- -80  75 60- -92  95 

, 0 
~" Io . . . . .  '1 

I00 1,000 I0,000 

DRAINAGE AREA (km 2) 

Fig. 6. Pe rcen tage  of  l ong - t e rm  m e a n  a n n u a l  s e d i m e n t  yield car r ied  by  f lows grea te r  t h a n  
ce r ta in  values in c a t c h m e n t s  of  var ious size in the  Tana  River  basin.  The  subscr ip t s  on  
the  Q-values r ep resen t  percen t i l es  on  the  long- te rm f low d u r a t i o n  curve. 

out  by channel storage, so that  the effects of the most catastrophic sediment- 
transporting flows are damped out. 

The highest one percent or ten percent of flows mentioned above do not  
refer to a regularly occurring short period in each year. During late 1961 and 
early 1962, Kenya suffered catastrophic floods from a period of heavy rain- 
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fall following a severe drought. The recurrence interval of the resulting peak 
discharge is unknown,  but  in most  catchments it was the largest in records 
which vary in length from 15 to 33 yr. 

To estimate the amount  of sediment carried by  the highest daily discharge, 
most  sediment rating curves have to be extrapolated,  although the most  im- 
portant  rivers were sampled near the peak of the flood. In the semi-arid 
grazing lands of  northern Kenya, the effects of  this catastrophe were 
particularly severe, and in some areas gullies were initiated where none had 
been present before. In the 15,300-km 2 Uaso Nyiro basin above Archer's 
Post, 100 km north of  Mr. Kenya, the equivalent of  4.75 yr. of sediment 
transport  was accomplished during the month of  highest flows. This yield 
amounted to 22% of all sediment lost during the 21-yr. record. 

SUMMARY 

Sediment yields in Kenyan catchments that  have suffered little or no 
disturbance are low throughout  a range of climate. Although few catchments 
remain undisturbed, their sediment yields are closer to levels proposed by 
Douglas (1967) than to the values of  Langbein and Schumm (1958) and 
Fournier (1960), confirming Douglas' assertion that frequently quoted yields 
do not  represent long-term geologic conditions. 

The most dramatic differences in basin sediment yield result from differ- 
ences in land use, as Wilson (1973) hypothesized. For the major land-use 
types in Kenya, it is possible to construct  general relations between sediment 
yield, runoff  and topographic steepness of the kind that have been sought by  
several hydrologists. The yields become more sensitive to variations in runoff  
and topography as the vegetation thins from forest through agricultural crops 
to rangeland. The resulting regression equations are still not  useful for predic- 
tion elsewhere, as the residuals are large and suggest the influence of other 
variables such as the duration of  record, type  of  agriculture, and regional 
variations of lithology and soil. It seems unlikely that  any relationship will 
give a precise prediction of  yields for a large, variable region. However, the 
equations extend the at tempts  of  Langbein and Schumm, Fournier, and 
others to define the interactions between the major controls of soil loss on 
a regional scale. 
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