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ABSTRACT
Understanding the basic runoff processes in the Ethiopian highlands is vital for effective management and
utilization of water resources and soil conservation planning. An important question for judging
effectiveness of conservation practices is whether runoff is affected by ecology (mainly type of crop) or
topography (landscape). A study was conducted in the 113 ha watershed of Maybar, located in the
highlands. This watershed has long-term records of rainfall and discharge. To study runoff processes,
piezometers were installed in eight transects up and down the slope. In addition, infiltration rates
(measured earlier) were compared with rainfall intensities. The results show that the amount of runoff at
the test plots was greater for cropland located on mild to intermediate slopes than for grass and wood
lands on the steeper slopes. Water tables were closer to the surface on cropland for the mild to
intermediate slopes than on grass and in woods for the steeper slopes. Thus, although water table
depths and plot runoff were inconclusive on the type of runoff mechanisms, infiltration rates that were
generally in excess of the rainfall rates imply that any ecological effect on the amount of surface runoff is
small. This is because water infiltration is independent of crop type. Only in cases where the soil was
saturated does runoff occur. Piezometer readings show that saturation occurs at the foot of the steep
slopes and therefore demonstrates that topographic processes are dominant. Ecology becomes
important when infiltration rates are in the same order as the rainfall intensities.
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cultivated in order to meet the demands for food
by an ever increasing population (Hurni 1988;
Bewket and Sterk 2003). Many traditional soil
and water conservation practices are in use.
These include shallow furrows that carry any
excess water down the slope without causing
excessive erosion. With the inception of the Soil
and Conservation Research Program (SCRP),
formal soil and water conservation practices
have been implemented since the 1980s. The
SCRP was established in 1981 by the Swiss
Agency for Development and Cooperation aiding
the Ethiopian government in its efforts to
improve the soil and water conservation
activities
employed
to
counteract
land
degradation (SCRP 2000).

INTRODUCTION
The Ethiopian highlands, which are the center of
major agricultural and economic activities, are
the source of much of the water flowing into the
lowlands, which includes Sudan and Egypt. For
example, the Blue Nile River (Abbay) basin
contributes more than 60% of the Nile flow
(Ibrahim 1984; Conway and Hulme 1993) and
increases up to 95% during the rainy season
(Ibrahim 1984). It has experienced soil loss of
approximately 140 million tons per year, or
approximately 7 tons per hectare per year, which
is 60% of the total Nile sediment (Garzanti et al
2006).
In the Ethiopian highlands, all suitable
agricultural areas, in addition to less suitable,
marginal lands on erodible slopes, are intensely

Current soil and water conservation practices
brought about a considerable reduction in soil
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loss and runoff (Herweg and Ludi 1999);
however, the impacts of these efforts were far
below expectations and soil erosion continued to
be a serious problem. This is partly because of
a lack of consideration for local conservation
and farming practices (Amsalu and Graaff 2006)
and lack of consideration for the different
climatic zones and runoff source areas. Mitiku,
et al. (2006) states that 36% of all erosion is
caused by inappropriate soil and water
conservation practices.

soil and water conservation practices.
Most
models, such as Soil and Water Assessment
Tool (SWAT) (Setegn, et al. 2008), Water
Erosion Prediction Project (WEPP) (Zeleke
2000), and the Agricultural Non-Point Source
model (AGNPS) (Haregeweyn and Yohannes
2003; Mohammed, et al. 2004), applied in the
Ethiopian highlands to indicate appropriate sites
for soil and water conservation practices are
mostly ecologically based. This is because they
are based both on the US Soil Conservation
Service (SCS) curve number approach and the
universal soil loss equation (USLE). In the SCS
equation plant cover, soil type and hydrological
condition are part of the “eco” system. Only
antecedent rainfall is a physical parameter. In
the USLE, ecological factors (plant cover and
soil type) are combined with topographical
factors (slope and length) and a physical factor
representing the kinetic energy of rainfall.
These models can reasonably predict monthly
values but fail to predict daily runoff and erosion
values (Steenhuis, et al 2009). In addition, the
values in both the SCS equation and the USLE
are derived statistically from plot data in the US
with a temperate climate. Models that can
predict runoff in periods shorter than a month
were written by Collick, et al. (2009) for four
small watersheds in the Ethiopian highlands and
by Steenhuis, et al. 2009 for the whole Blue Nile
Basin in Ethiopia. Both models use a semidistributed, topographically- derived water
balance model which is based on saturation
excess runoff mechanisms and identifying
exposed hardpan (bed rock) and valley bottom
as runoff producing areas. This topographical
concept, although providing reasonable runoff
predictions, has not been experimentally
validated.

Climate zones are important in choosing the
type and location of conservation measures. In
semi -arid areas in Ethiopia (rainfall of less than
500 mm/year), water conservation is the most
important function while in sub -humid (rainfall of
between 500 and 1300 mm/year) and humid
areas (over 1300 mm/year of rainfall), water
conservation during low rainfall years and
drainage of excess water during wet years
should be used. In all cases, the landscape
should be protected from erosion, especially
during heavy storms (Mitiku et al 2006; Herweg
and Ludi 1999).
The effectiveness of a soil and water
conservation
practice
depends
whether
watershed runoff processes are ecologically or
topographically based.
Inherent
in
the
assumption of
ecological based runoff
processes is the concept of infiltration excess
overland flow in which runoff occurs when
rainfall intensity exceeds the infiltration capacity
of the soil. Thus, for ecological based models,
improving plant cover and soil health will, in
general, reduce overland flow and increase
infiltration and interflow. On the other hand,
topographical-based runoff processes are, in
general, based on the principle that if the soil
saturates either above a slowly permeable layer
or a ground water table, runoff occurs. In this
case, changing plant cover will have little effect
on runoff unless either the conductivity of the
most restricting layer or interception of rainfall by
the plants is altered. These areas, which
saturate easily, are called runoff source areas.
They indicate where soil and water conservation
practices preventing erosion would be most
effective because the majority of erosion
originates in these areas.
For example,
keeping these areas in permanent vegetation
and out of agricultural production would reduce
erosion.
Models are currently being used in many
aspects of planning and in studying the effect of

The objective of this paper is to identify whether
ecological
and/or
topographical
factors
determine the runoff processes in the sub humid Ethiopian highlands. Since only the
Maybar watershed, with annual rainfall amounts
averaging 1325 mm per year, is studied, we
cannot apply our findings to all of the Ethiopian
highlands, especially those in the semi -arid
areas. But our results will be valid at least for a
portion of Ethiopia where the rainfall exceeds
the potential evaporation during the majority of
the rainfall season. More studies are needed to
determine how widely our results will be
applicable.
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MATERIAL AND METHODS

structured (Mitiku et al, 2006). The clay loam,
located on gently flat slopes, is moderately deep
to deep Haplic Phaeozems.

Site Description
Maybar (Figure 1) is located in the sub -humid
northeastern part of the central Ethiopian
highlands
situated
in
Southern
Wollo
Administrative Zone near Dessie Town. Maybar
watershed consists of two different parts (Figure
2) connected by a channel through a rock area.
It is the first of the SCRP research sites and is
located at the Kori River, the main river in the
Kori Sheleko catchment, which is the main
inflow to Lake Maybar. The whole of the Maybar
Watershed drains into to the Borkena River,
ultimately flowing to the Awash River basin. The
o
o
gauging station is located at 39 39’ E and 10 51’
N and is approximately a distance of 0.5 km
uphill of Lake Maybar.

According to Hurni, et al. (2005), approximately
60% of the total catchment area is cultivated
whereas 20% is woodland and 20% is
grassland. The grassland is mainly located on
the lower and flatter slopes. The croplands are
generally at mid-slope and the grass and
woodlands are near the divide of the watershed
and on the shallowest soils. The people of the
Maybar catchment exercise a rain fed,
subsistence -oriented mixed crop-livestock
production farming system with ox -drawn farm
implements. The major crops are tef, wheat,
barley, pulses and maize on an average land
holding of 0.5 to 1 ha per household.
The Maybar research watershed receives an
average annual rainfall of 1325 mm/y, which was
calculated from 11 years of available data, and
has an average runoff coefficient of 0.30. Soil
losses on plots is estimated to be 32 to 36 t/ha·y
and sediment yield from the catchment is 12
t/ha·y (Mitiku et al. 2006).

The area is characterized by highly rugged
topography with steep slopes ranging between
2530 and 2860 m, a 330 m altitude difference
within a 113 ha catchment area. Slopes range
from over 64 % to less than 6%. The soil types
in Maybar watershed are sandy clay loam
covering 80% of the watershed, and the rest is
clay loam (see auxiliary material A1). The soils
are developed from the alkali-olive basalts and
tuffs of the Ashangi group, which are part of the
tertiary volcanic trap series (Weigel, 1986). The
sandy clay loam, located on steep slopes, is
shallow Phaeozems, associated with Lithosols
(soil depth 0-50 cm, with an average of about 15
cm), and is mostly excessively drained and well

DATA AND METHODOLOGY
Infiltration rate and precipitation intensity: In
order to understand whether runoff processes in
the Ethiopian highlands are topographically or
ecologically driven, information from plot runoff,
rainfall intensity, and soil infiltration capacity in
Maybar watershed were collected.
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Water was removed within 24 hours when the
rainfall was in excess of 12.5 mm in less than six

Figure 3: Location of piezometer transects
superimposed on the topographic map. T stands for
transects and P stands for piezometers
hours or if the water depth in the collection tank
was more than 25.5 cm. The discharge at the
watershed outlet was determined continuously
with a flume for the period 1988–1989, 19922000, 2002, 2004 and 2008 using a chart
recorder for measuring water heights. Manual
measurements were made during runoff events
in case the chart recorder failed.

Figure 2 Photo (a): Lower portion of the
watershed with wet area located in the
foreground, the trees mark the river going to the
upper portion of the watershed (not visible);
Photo (b): Upper part of the watershed with
unsaturated hillsides and bottom l
Infiltration measurements were carried out with
a double ring infiltrometer in a previous study by
Derib (2005) in 2004 in the Maybar watershed
and the results were applied in this study.
Rainfall intensity (1996-2004, except data for
2002 and 2003) was obtained from calculation of
continuous pluviograph recordings by dividing
the amount of storm rainfall by its duration.

Perched ground water levels: Perched water
tables were measured with 29 piezometers twice
a day during the 2008 main rainy season. Since
there was no prior knowledge on the water table
heights in the Ethiopian Highlands, the
piezometers were installed from the top of the
hill slope down to the saturated area near the
river in eight transects throughout the watershed
at approximate equal distances for each transect
between the river and the watershed boundary.
This resulted in 4 transects with 16 piezometers
in the upper watershed and 13 piezometers in 4
transects in the lower watershed (near the
gauging station, Figure 3). In case the distance
between the river and watershed boundary was
relatively short only 3 piezometers were used
per transect. An “Idle Man Auger” was used to

Runoff: Discharges were collected from four
test plots from 1988 to 1994. Each test plot
covered a 2 m x 15 m area and represented
different land use areas and different slope
gradients. Test plots 1 and 4 were located on
cultivated land with slopes of 16% and 37%while
Test plots 2 and 3 were located on grassland
and woodland with slopes of 64% and 43%.
Surface runoff water was collected in a tank.
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drill the holes for installing the piezometers. On
the hillsides, drilling was stopped when it
became more difficult, indicating that the
impermeable layer had been reached. In the
deep valley bottom soils, piezometers were
installed to just below the water table. The
piezometers consisted of 5 cm diameter PVC
pipes and were installed to the top of the
restricting layer ranging from 0.65 to 2.0 m. The
bottom 30 cm of the piezometers were
perforated and covered with cloth allowing water
inflow towards the tubes but preventing inflow of
sediment. The bottom end (opening) of the pipe
was closed with a plastic cap and sealed with a
plastic bandage to block inflow and outflow of
water. The above ground opening of the
piezometers was capped to protect against the
entrance of rainfall. Water level response was
measured twice a day using a stick.

grid cell was calculated as the quotient of
upslope contributing area per unit length of
contour and divided by the slope of the cell. This
gives valid results since the slopes of watershed
changed by nearly two orders of magnitude
while the transmissivity (defined as the product
of saturated conductivity and soil depth above
the restricting layer) varied one order. Moreover,
the steep and moderate slopes consisted of
sandy loam soils with relatively greater
conductivities than the flat slopes with the clay
loam soils. Either soil or groundwater depth was
less than 1 m Since transmissivity and slope are
both in the denumerator of Eq. 1, they enforce
each other (i.e., making the small Topographic
Index (TI) values lower and high TI values
greater in the case transmissivity values were
included in the topographic index calculations).

RESULTS AND DISCUSSION
Rainfall Intensity and Soil Infiltration Rate:
One of the main considerations in understanding
whether the runoff processes are ecologically or
topographically driven is by comparing the
infiltration rate of soil to the prevailing rainfall
intensities. The steady state infiltration rates at
the end of the experiment measured by Derib
(2005) for the Maybar watershed ranged from 19
to 600 mm/hr. The average steady state
infiltration rate of all 16 measurements was 4
mm/min and the median was 3 mm/min. or
approximately 180 mm/hr.

Mapping: The saturated area in the watershed
during the wettest part of the year (in August)
was delineated and mapped by combining
information collected using a Global Positioning
System (GPS) instrument, field observation, and
ground water level data (piezometer head
readings).

Topographic index maps: Finally to
examine whether the location of the saturated
areas were in accordance with the concept of
the topographically derived runoff processes,
topographic index maps based on 10 by 10 m
grid cells were derived from the digital elevation
model (DEM).

The average daily rainfall intensity for seven
years (1996-2004, except data from 2002 and
2003) was 8.5 mm/h. The rainfall intensity is
defined as the amount of rainfall divided by the
duration of the storm. Comparing means of
precipitation intensities and steady infiltration
rates is not meaningful. A more meaningful
assessment consists of equating the geometric
mean infiltration rate with the probability that a
rainfall intensity of the same or greater
magnitude occurs. The geometric mean is the
spatially averaged infiltration rate, and the
exceedance probability of average rainfall
intensities of 869 storm events is plotted in
Figure 4. From the figure, the median steady
state infiltration rate is not exceeded while the
minimum infiltration rate is exceeded only 9% of
the time. Thus, only during the most intense
storms
overland
flow
is
produced

From the several topographic indices that have
been employed to find the runoff source areas
within a watershed, the topographic index
developed by Beven and Kirkby, (1979) is used
and modified by Walter et al (2002) for shallow
hill slope soils. It is represented by the following
equation.

where λ is the topographic index, A is the
upslope area per unit length of contour line, R is
the average recharge rate, Ks is the saturated
hydraulic conductivity, D is depth to the slowly
permeable layer and α is slope of the hillside.
Because detailed values of in situ hydraulic
conductivities were not available. A simplified
topographic index (Eq. 1) for each 10 by 10 m
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Figure 4: The exceedance probability of the average intensities of 869 storm events and lowest infiltration
rate
greater than the rainfall intensity. Locally, there
can be exceptions. For example, when the large
pores are destroyed by trampling of cattle, the
infiltration is reduced. Removing the cattle will
increase the infiltration rate and decrease runoff
(Nyssen et al. 2010).

on the soils with the minimum infiltration rates.
Hence, improving infiltration rates by ecological
measures would reduce overland flow on these
soils, but on the majority of watershed ecological
measures would have no effect since in almost
all other times, the surface runoff observed in
the watershed originates from saturated areas
where despite the high infiltration rates, the
water cannot infiltrate because the pores are
filled with water. Areas saturate at locations in
the landscape where the flow uphill is greater
than the flow downhill. This can occur at
locations where the slope decreases, in concave
areas and where the permeable soil over the
restricting layer becomes shallower. In addition if
the impermeable layer is very shallow, the rain
by itself can saturate the soil. Thus the overland
flow is topographically driven, because it is
dependent on the position where it is located in
the landscape and independent of the plant
cover as long as the infiltration capacity is

The concept of topographic induced runoff is
also confirmed by the data in Figure 5 where the
average monthly rainfall and runoff over a 13year period is plotted together with the runoff
coefficients. In this case, the runoff is both
surface and subsurface flow (i.e., interflow and
baseflow). The runoff coefficients generally
increase during the main rainy season starting in
July and then decrease after September,
indicating that the wetness of the watershed and
the extent of the saturated areas (caused by
topographical factors) are likely a better
estimator for total runoff than rainfall intensity
(related to ecological driven factors).
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Figure 5: Long-term average monthly rainfall and runoff of Maybar Watershed with the computed runoff
coefficient. In this case, runoff is both surface and subsurface flow.
Runoff from Test Plots: The rainfall-runoff data collected from runoff plots for the years 1988, 1989,
1992 and 1994 allow us to further clarify the nature of runoff processes in the watershed. The average
annual runoff from the four runoff plots showed that the runoff from the cultivated land with maize on plot
1 and plot 4, having slopes of 16% and 37%, respectively, was greater than the woodland and grassland
of plot 2 and plot 3 which were both on steeper land with slopes of 43% and 64%, respectively. Dividing
the total plot discharge (surface runoff) over the total precipitation, the runoff coefficients were obtained.
The runoff coefficients ranged from 0.06 to 0.15 (Figure 6). Nyssen, et al. (2010) compiled the data of
many small runoff plots in Ethiopia and showed an even larger range of runoff coefficients. In addition to
the factors (e.g. infiltration rate) mentioned by Descheemaeker et al. (2006); and Nyssen et al. (2010),
this study finds that landscape position might play an important role in the magnitude of the runoff
coefficients as well.
Piezometric Data Analysis: To this point, we have mostly been concerned with surface runoff at the
downstream end. Piezometric data allows us to look at the runoff processes within the watershed.
Transect 1 (Figure 3) represents the watershed behavior because it is located on an even slope. This and
other transects have a slowly permeable layer (either a hardpan or bedrock) and the water is ponded
above this layer.
At the beginning of August 2008 (the middle of the rainy season) the water table at the most down slope
location, P1, increased and reached the surface of the soil on August 17 (Figure 7). On a few dates, it
was located even above the surface indicating surface runoff at the time. The water table started
declining at the end of September when precipitation ceased. The water level in P2, located upslope of
P1, reached its maximum on August 29 and the level remained below the surface. It decreased around
the beginning of September when rainfall storms were less frequent (Figure 7). The water table in P3
responded quickly and decreased rapidly. Thus, unlike P1 and P2 the water did not accumulate there and
flowed rapidly as interflow down slope. Finally, the response time in the most upstream piezometer P4,
was likely on the order of the duration of the rainstorm and was not recorded by our manual
measurements.
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The perched ground water depths are, as
expected, the greatest in relatively low-lying
areas.

Runoff Coeffecient
Linear (Runoff Coeffecient)

The average ground water table is similar to
transect 1 where the depth of the ground water
was shown (so saturation could be shown). The
water table behavior is consistent with what
would one expect if interflow is the dominating
conveyance mechanism. All else being equal,
the greater the driving force (i.e., the slope of the
impermeable layer) the perched ground water
depth needed to transport the same water is
smaller. Moreover the drainage area and the
discharge increase with down slope position.
Consequently one expects that the perched
groundwater table depth increases with down
slope position as both slope decreases and
drainage area increases.

Runoff Coefficient

0.16
y = -0.0019x + 0.18
R² = 0.91
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Slope (%)
Figure 6: Plot runoff coefficient computed from
daily 1988,1989, 1992, and 1994 rainfall and
runoff data for different slopes

These findings would indicate that topographic
factors would dominate any ecological factors.
However, when we plotted the average daily
depth of the perched water table under the
different crop types (Figure 9b) we find that
there is a strong correlation of perched water
depth with crop type as well. The grassland at
the bottom of the slope had the greatest perched
water table depth, followed by cropland and
wood land with the lowest ground water level.
Thus it seems that similarly to the plot data both
ecological factors and topographically factors
play a role in determining the perched water
table height.

Thus the piezometric data in this and other
transects indicate that the rainfall infiltrates on
the hillsides and flows as interflow down slope.
At the downstream end of the hillside where the
slope decreases the water is accumulating and
the water table increases and when it intersects
with the soil surface, a saturated area is created.
Rainfall on this saturated area will become
overland flow. In addition rainfall on location
where the water table remains steady such as
for P2 will become runoff too since otherwise
would have risen till the surface. Pipes that have
been seen in many places in this watershed
(Figure 8) might be responsible.

Local knowledge can be used to untangle
whether topographic or ecological factors are
deceive for the hydrology. It is generally
accepted that the grasslands used for grazing
are often saturated lower lying areas (too wet to
grow a crop), while the cropland are in the midslope (with a consistent water supply but not
saturated) and wood land upper steep slope
areas (too droughty for good yield). Since land
use is related to slope class, we expect the
same relationship between crop type and soil
water table height as slope class and water table
height. Thus there is an indirect relationship
between land use and hydrology. The landscape
determines the water availability and thus the
land use

In order to examine further both the effect of
slope and plant cover on ground water level, and
to include the data of the other transects, the
whole watershed was divided in to three slope
ranges; upper steep slope [25°– 53°], mid slope
[14°– 25°], and relatively low-lying areas [0°14°]. For each slope class the daily heights of
the perched ground water were averaged (i.e.,
the height of the saturated layer above the
restricting layer, Figure 9a). The depth of the
perched ground water above the restricting layer
in the steep and upper parts of the watershed is
very small and disappears if there is no rain for
few days. The depth of the perched water table
on the mid slopes is greater than upslope areas.
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Figure 7: Piezometric water level data transect 1 (T1 in Figure 2) in the upper part of the watershed where
slope is even. Water level was measured twice a day during the 2008 main rainy season using the ground
surface as a reference and rainfall in upper gage is a daily measurement.

Figure 8: Pipe in the upper watershed down slope position near to piezometers installed at transect 1(T1)
which drains subsurface water from the nearby saturated area. The diameter of the pipe is around 4 – 5 cm.
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Figure 9a: Average daily water level above restrictive layer for three slope ranges i.e., upper steep slope [25°–
53°], mid slope [14°– 25°], and relatively low-lying areas [0°-14°] calculated above the impermeable layer
superimposed with daily rainfall
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Figure 9b: Average daily water level above restrictive layer for three land uses i.e., grass land, crop land and
wood land calculated above the impermeable layer superimposed with daily rainfall averaged over two
rainfall stations.
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To test of the relative importance of ecological
and topographical factors, we plotted the map of
topographic indices and superimposed the
saturated areas (Figure 10). For the top area
(Atarimesk), the saturated area indicated by the
solid lines was located within the area with the
greatest topographic indexes and is indicated by
the purple color. For the bottom part of the
watershed, the location of the saturated area is
just above of area with the greatest topographic
indices. Not being able to predict the exact
location could be caused by the soil depth and
conductivity values in the topographic index not
being including. Also the topographic map might
not have been precise. However, in general,
there is a good agreement indicating that
topographically controls are most important.

relationship is likely the reason that the models
that use ecological factors as input parameters
such as by Setegn et al. (2008); Zeleke (2000);
Haregeweyn and Yohannes (2003); and
Mohammed et al. (2004) can reasonably predict
the runoff potential under Ethiopian conditions.
CONCLUSIONS
In this paper, we looked at whether ecological
factors or topographic factors affected the
hydrology. Several of the indicators showed that
the topographic factors were more important
than ecological factors. Soil infiltration rates
were greater than observed rainfall intensities
meaning that rainwater would infiltrate into the
soil except in areas where the soil was saturated
and surface runoff was occurring. In addition,
both test plot data and piezometric data
indicated that most surface runoff was
generated from saturated areas at the lower
portions of the hill slopes, while the upper hill
slopes were mainly infiltration zones. Infiltrated
water on the hill slopes became interflow and
flowed downhill to gently sloping areas which
were then saturated and produced surface
runoff.

The results of this study are similar to the May
Zeg Zeg watershed, which is in a much dryer
area in Tigrai which has an average annual
rainfall of around 600 mm/y (Nyssen et al .
2010). In this study, the water table in the valley
bottom was measured with a single piezometer.
Nyssen and colleagues observed that increasing
infiltration on the hillside resulted in a faster
increase in water tables in the valley bottom.
Thus, also in this region, with a rainfall
approximately half of that in Maybar, water
moved via the subsurface which increased the
water levels where the slope decreased.

What this means in practical terms is that
improving infiltration capacity with ecological
methods, such as better plant cover, will not
alter the hydrology. This does not mean that
ecological factors are not important because as
soon as the infiltration capacity decreases to
below the prevailing rainfall intensities, surface
runoff will be produced by infiltration excess
before the soil saturates. Under this condition of
limited infiltration capacity, ecological based
practices that will increase infiltration rates are
effective. Moreover, deep rooted plants could
possibly break up the hardpan and improve
water storages.

Thus, in addition to the study of Nyssen et al.
(2010), both local knowledge and the
topographic
index map
confirmed that
topographic factors were the main driving
factors. Moreover, we found that land use was
directly related to the water availability. Thus,
although there is a relationship between runoff
potential and crop type, the relationship is
indirect. The saturated areas are too wet for a
cereal crop to survive and so grass is grown.
The middle slopes have sufficient moisture (and
do not saturate) to survive the dry spells in the
rainy season. The steep slopes, without any
water table, are likely too droughty for a crop to
survive during dry years and are therefore
covered by trees or shrubs.
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