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Abstract

Soil erosion is a prime cause of loss of productivity of land. Decline in land productivity in
most cases triggers the conversion of natural forests into agricultural land. The severe soil
erosion in the highlands of Ethiopia is believed to be a result of agricultural conversion.
The process of natural forest conversion is a growing phenomenon in the southwest region
of Ethiopia. This study was aimed at assessing the magnitude and rate of soil erosion in a
24 km® sub-catchment in the Kefa Zone of southwest Ethiopia, using the '*’Cs technique. A
chronosequence of continuously cultivated fields of 2, 6, 12, 16, 20, 24 and 58 years after
conversion were studied. A reference inventory of 2026 + 176 Bq m™ with a coefficient of
variation of 24.6 % was recorded indicating the applicability of the technique in the region.
Although weak, the distribution of the "*’Cs inventories in the studied fields showed a
declining trend (R’ = 0.2) with increasing years of continuous cultivation after conversion.
The values of the younger and older fields were 1994 Bq m™ and 1164 Bq m™ respectively,
indicating the greater extent of soil erosion in the older fields than in the younger fields.
Estimated rates of soil erosion using the Proportional Model (PM) and Mass Balance
Model 1 (MBMI1) showed an increasing trend (R? = 0.41) with increasing years of
cultivation. The rate of soil erosion ranged between 1 t ha'yr' in the younger field and
25.7 tha''yr" in the older field. Estimated rates of erosion for the sub-catchment were 11.6
+ 2.6t ha'yr! and 17.3 £ 4 t ha'yr" by the PM and MBMI, respectively. An estimate
using the Universal Soil Loss Equation (USLE) yielded a rate of 12.3 t hayr" validating
the results from the '*’Cs models and the applicability of the technique for soil erosion
studies in the Ethiopia. The results of this study showed that soil erosion in the Kefa Zone
is on the verge of surpassing the tolerable level and it should be an immediate concern to
conservationists and development planners at all levels.
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1 Introduction

Conversion of forests into permanent cultivation or short-fallow systems has been a source
of cultivated land in the tropics (Fujisaka et al., 1996; Vlek et al., 1997). In the tropics,
where rainfall is heavy and intense, conversion of forests into agricultural land causes
severe soil erosion on cultivated fields unless appropriate preventive measures are taken at
the initial stages (Lal, 1995). The short-term effect of forest conversion is a rapid decline of
the organic matter in the top soil while the long term effect is a reduced structure and
physical instability of the soil (Charman and Murphy, 2000). Structural decline coupled
with the absence of amendment interventions results in reduced infiltration, accelerated
runoff and accelerated surface soil erosion (Motavalli et al., 2000).

Studies indicate that clearing of forests for agriculture and inadequate erosion prevention
measures in the past many years have been the main causes of soil degradation in the
densely populated highlands of Ethiopia (Feoli et al., 2002). Hurni (1988), from plot-
measurements, reported a mean annual soil erosion rate of 42 t ha™'yr™ or an equivalent loss
of a soil depth of 4 mm yr' from cultivated fields in the central and northern highlands.
Forest conversion in the southwestern highlands had remained insignificant in the past few
decades. The opening of inroads and the start of forest logging increased movement of
people to the region and triggered the conversion forest land into agricultural land. Forest
conversion and cereal crop based farming expanded to new frontiers, especially in the Kefa
Zone, following the resettlement of people from the central and northern highlands
(Alemneh, 1990). However, reports on the state of soil erosion in the region are scanty.

The *’Cs technique has been used for soil erosion studies in many parts of the world.
However, there are not many studies reported from the equatorial region, particularly from
Africa using this technique (Collins et al., 2001; Chappell et al., 1998). This might be due
to the low assumed reference fallout, 200-500 Bq m™, for the region compared to 2000-
4000 Bq m™ estimated for the temperate region (Collins e al., 2001). This study is a
pioneer contribution to the use of the technique in eastern Africa, in the southwestern
highlands of Ethiopia. The main objectives are: 1) to assess the rate of soil erosion in
continuously cultivated fields that were originally established through conversion of natural
forests, and 2) to test the applicability of the '*’Cs method under Ethiopian conditions.

2 Materials and Methods

2.1 The "*’Cs method

The basic principles of the use of *’Cs as an erosion assessment technique are well covered
by other studies (Walling and Quine, 1993; Zapata, 2003). Cesium-137 is an artificial
radioactive element with a half-life of 30.12 years in the environment (Richie and McCarty,
2003). Since this half-life is very short on a geological time scale, it is impossible to find
any measurable '*’Cs remains in cesium bearing rocks. Thus, there are only two sources of
17Cs in the environment: atmospheric testing of thermonuclear weapons in the late 1950s,
1970s, and the 1986 Chernobyl accident (Quine ef al., 1999). From the atmosphere, *'Cs
falls back to the surface of the earth mainly with rainfall. The deposited fallout is rapidly



adsorbed by fine soil particles on the ground surface. Once adsorbed, it is not easily
detached from the soil and moves physically with soil particles that are carried by other
agents. Its mobility and redistribution is associated with the mobility and redistribution of
soil particles. This redistribution in agro-ecosystems is a cumulative result of tillage, soil
erosion and deposition from the time of fallout to the time of sampling (Zapata, 2003).
Loss/gain of *’Cs from a particular point is determined by comparing to a reference site.

Since there is an established empirical and theoretical relationship between the loss and
gain of ’Cs and soil, the rates of soil erosion and deposition are readily estimated from
57Cs measurements using conversion models (Walling and He, 2001). Two conversion
models, the Proportional Model (PM) and the Simplified Mass Balance Model 1 (MBM1),
were used for interpreting the '*’Cs measurements into soil erosion/deposition rates
(Walling and He, 2001). These models are designed for cultivated soils and are widely used
(Wiranatha et al., 2001; Bujan ef al., 2003). Estimations from the '*’Cs method are usually
validated by comparing results obtained from other methods such as runoff plot-
experiments, rainfall simulations and erosion models (Fulajtar, 2003). In this study an
attempt was made to estimate the mean annual rate of soil erosion using the adapted
Universal Soil Loss Equation (USLE) for Ethiopia (Hurni, 1985). The corresponding factor
values of the model parameters were taken from Hellden (1987).

2.2 Description of the study site and sample fields

The study was conducted in the Shomba sub-catchment in the Gimbo District of the Kefa
Zone, southwest Ethiopia. The Kefa Zone is situated in the northwestern part of the
Southern Nations, Nationalities and Peoples Regional State (SNNPRS) (Fig. 1). The sub-
catchment covers an area of 24 km®. Altitude ranges between 1440 m a.s.l. in the valley
bottom and 1725 m a.s.l. at the upper plateaus. The soils of the area belong to the Nitisols
(Tafesse, 1996). Interpretation of the 1967 aerial photo and analysis of the 2001 Landsat
image has indicated that more than 80 % of the natural forest in the sub-catchment has been
converted to agricultural land between 1967 and 2001 (Mekuria, unpublished). The sample
cultivated fields, which were studied for erosion, were selected along the chronosequence
of forest conversion within the sub-catchment (Fig. 1, Table 1). The age of a field was
counted from the first year of conversion up to the time of sampling. Information from
aerial photo interpretation and farmers’ interviews were used to verify the age of a field.

Tablel. Characteristics of the chronosequential sample fields

Age of Year of Area Altitude Mean slope Mean slope

field conversion (ha) (m) gradient (%) length (m)
2 1999 0.86 1695 20.2 21.8
6 1996 1.6 1648 25.8 17.8
12 1990 1.25 1597 19.5 15.6
16 1986 1.5 1545 16.2 12.7
20 1982 2 1558 10.2 5.8
24 1978 1.8 1564 16.8 21.3
58 1944 1.05 1575 12.8 20
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Figure 1. Location of the study area, study sub-catchment, sample fields, reference sites and
sketch of the sampling transects and points.

2.3 Soil sampling, analysis of 3Cs activity and data analysis

The general geomorphology of the fields was linear and soil samples were taken from the
upper, middle and lower slope positions of each field. Bulk core soil samples were
collected along two parallel transects using a 5 cm diameter and 40 cm long Eijkelkamp
(model 04.17) undisturbed Split-Tube-soil sampler. To determine the local '*’Cs reference
fallout inventory, four uncultivated reference sites (R;, Rz, R3, and R4) were sampled at the
middle and lower plateaus of the sub-catchment (Fig. 1). From each reference site, two bulk
core soil samples were collected at two corners of a 30 m x 30 m grid area. Six incremental
depth samples (10 cm each) from two of the reference sites were collected for depth
distribution analysis. Soil samples were air-dried, lightly disaggregated, and ground using a
mortar and passed through a 2 mm wire mesh in order to separate coarse and fine fractions
(< 2 mm). Total fine fractions of each sample were weighed and recorded for determining
the *’Cs inventory.

Activity of *’Cs in the soil samples was analyzed in the isotope laboratory (ISOLAB) of
the University of Gottingen, Germany. Activity of “’Cs was measured by gamma
spectrometry with an HP detector of 26 % relative efficiency and a PC-based multi-channel



analyzer with a total spectrum area of 2000 Kiloelectronvolt (KeV). Caesium-137 was
represented by a peak on the electrical signal spectrum centered at 662 Kev. Inventory (Bq
m™) of each sample point was determined by using the total fine weight of the sample, the
horizontal surface area (surface area of the sampling device) and the '*’Cs concentration
(Bq kg") measured for the sample (Walling and Quine, 1993).

One-way ANOVA was used to assess variations in °'Cs inventories and rates of soil
erosion among the different years of cultivation and among the slope positions. Means were
separated by LSD. Regression analysis was used to determine the relationship between the
97Cs inventories, rates of soil erosion with years of cultivation. Data were analyzed using
the Statistical Package for Social Sciences (SPSS) (Bryman and Cramer, 2001).

3 Results and Discussion

3.1 Reference *’Cs inventory and its depth distribution

The minimum and maximum reference "°'Cs inventories from the bulk core profile samples
were 1292 and 2996 Bq m in the first and third reference sites, respectively (Table 2). The
estimated mean reference inventory, which represents the total fallout inventory at the
study area, was 2026 = 176 Bq m™ with a coefficient of variation (CV) of 24.6 %. This
variability is within the range of the moderate category 15-35 %, which is an acceptable
range for CV of 137Cs reference sites (Sutherland, 1996; Pennock, 2000).

Table 2. Reference *’Cs inventory from bulk core and incremental depths

Core profiles Incremental depths
Sample points (Bqm™) Sample points  0-10 10-20 20-30

R 1 1292 R;3 1878 981 461
R;2 2324 - - - -
R,3 1957 - - - -
R, 4 2065 - - - -
R35 1779 - - - -
R;6 2996 - - - -
R47 2910 R4 9 2072 112 211
R48 1588 - - - -

Mean 2026 Mean 1974 546 336
S.D. 499 S.D. 138 614 125
S.E. 176 S.E. 98 434 176

The depth distribution showed that 69 % of the '*’Cs inventory was found in the upper 10
cm of the soil surface with 19 % and 12 % in the 20 and 30 cm layers, respectively. The
pattern shows an exponential decrease with increasing depth (Fig. 2). Large "’Cs
concentration on surface soil and exponential decline with depth are typical characteristics
of an undisturbed reference sites in many "*’Cs related studies (Walling and Quine, 1993).
These characteristics affirm the reliability of the reference inventories for estimating loss or
gain of *’Cs in the study fields.
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Figure 2. Depth distribution pattern of '*’Cs in the reference profiles.

The mean reference value in this study is in good agreement with the work of Chappell et
al. (1998) in Niger, who found mean reference inventory of 2066 + 125 Bq m™ from 11
uncultivated sites in a soil depth of 60 cm. In northern Ghana, Pennock (2000) reported a
reference value of 925.1 Bq m™ (55 % less than in this study), in an uncultivated site with a
CV of 21.3 % from 12 core profiles in a soil depth of 25 cm. However, the available
evidence is insufficient to explain the variability of fallouts in the region.

3.2 Distribution of *’Cs inventories in the cultivated fields

The mean inventory for the cultivated fields was 1649 + 81 Bq m™ with a CV of 22.5 %.
This value is lower by 19 % than the local mean reference inventory, indicating a net loss
of *'Cs from cultivated fields in the sub-catchment. The negative residuals in Table 3
indicate that each field had experienced a net loss of '*’Cs in the course of cultivation after
conversion. Since the removal and redistribution of "*’Cs is associated with the physical
processes of soil erosion, the net losses from the fields are indicators of soil erosion
(Guimaraes, 2003). The high mean value that was recorded from the field cultivated for 6
years might be a result of deposition of '*’Cs containing soil from the upper slope areas as a
result of water erosion. For instance, Zhang ef al. (2003) in China reported that distribution
of 1*’Cs inventory on cultivated slopes was caused by water erosion and tillage practices.

Table 3. Mean (+ S.E) and residuals of '*’Cs inventories (Bq m™) in the different slope
positions of the cultivated fields (n = 21).

Age of Upper Middle  Lower Mean Residuals
field slope slope slope
2 1475 2215 1795 1828 +£214° -198
6 1622 2164 2196 1994 + 186" -32
12 1396 1777 1141 1437 + 185° -589
16 1679 1229 2331 1746 + 320° -280
20 1703 1801 1752 1752 £ 28 -274
24 1041 1015 1447 1167 + 140° -859
58 1577 1661 1612 1616 + 24° -410

* mean values with similar letters are not significantly different (LSD, - 1)



The increase in "*’Cs inventories in the middle and lower slopes of the younger fields (2, 6
and 16 years) might indicate that redistribution of soil in the early years of cultivation after
conversion was more under the influence of soil tillage than water erosion. This is because
tillage redistributes ploughed soil within the cultivated field, whereas water erosion takes
away soil from the cultivated field (Zhang et al., 2003).

The "*’Cs inventory was negatively correlated with years of cultivation. A general declining
trend in the total amount of '*’Cs inventories was observed with increasing years of
continuous cultivation after conversion (R’ = 0.2) (Fig. 3a). This reflects an increasing
degree of soil erosion with increasing years of continuous cultivation. Low inventory of
7Cs in the upper slopes of the cultivated fields (Fig. 3b) suggests that soil was removed
and either deposited in the middle and lower slopes, or taken away entirely/partially from
the fields.
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Figure 3. Relationship between '*’Cs inventories and years of continuous cultivation (a)
and mean inventories in the slope positions (b). Same letters indicate no significant
difference.

3.3 Estimated rates of soil erosion/deposition

The mean rate of soil erosion/deposition estimated by both the PM and MBM1 showed a
net loss of soil from all the fields (Table 4). The rates of soil erosion were generally higher
than the rates of depositions. Soil deposition was observed in the middle and lower slopes
of the younger fields (2, 6, and 16 years of cultivation, Table 4). There were no soil
depositions in any of the fields cultivated for more than 16 years. This may show that in the
early years of cultivation, soil is accumulated within the slopes. These processes continue
with increasing years of cultivation and culminate in complete removal of the soil from the
fields.



Table 4. Soil erosion (-) and deposition (+) rates (t ha™yr™) in the slope positions and mean
values for each field by the PM and MBM1 (n = 21).

Age Upper slope Middle slope Lower slope Mean
(yearssy PM MBMI PM MBMI PM MBMI PM MBMI
2 -182  -26.1  +6.28 +9.05  -7.7 -9.9 -6.5 -9
6 -125 -172 +43 +5.9 +5.3 +7.3 -1.0 -1.3

12 -20.7  -30.4 -8.2 -10.7  -29.1  -46.8 -19 -29
16 -10.8  -145 248  -38.5 +9.5 +14.3 -8.7 -12.9
20 -9.3 -12.5 -6.5 -8.5 -7.9 -10.4 -7.9 -10.4
24 -295  -493 303 -512  -173 -249 257  -41.8
58 -133  -184 -10.8 -146 -123 -199 -122  -16.6
Mean -163  -24.1 -10 -15 -8.5 -129  -11.6  -173

The net loss of soil was positively correlated with years of cultivation (R’ = 0.41) and
showed an increasing trend with increasing years of continuous cultivation after conversion
(Fig. 4a). More than 46 % of the net loss of soil was recorded from the upper slopes of the
fields. The mean rate of soil erosion in the slopes generally decreases from the upper to the
lower slopes (Fig. 4b). This pattern is consistent with the general characteristics of erosion
dynamics on linear slopes. On linear slopes, the effect of runoff is considerably higher in
the upper slopes, whereas at the middle and lower slopes runoff and magnitude of erosion
could be hindered by the accompanying depositions of sediments from the upper slopes
(Bewket and Sterk, 2003).
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Figure 4. Relationship between the rates of soil erosion and years of continuous cultivation
(a) and mean rates of soil erosion in the different slope positions (b). Same letters on error
bars indicate no significant difference.



The estimated mean rates of soil erosion for a cultivated field in the sub-catchment were
-11.6 + 2.6 and -17.3 + 4 t ha'yr" by the PM and MBM 1, respectively. The adapted USLE
yielded a mean annual rate of 12.3 + 1.5 t ha"'yr"". The result from the USLE and reports
from similar studies support the estimated rates from the '*’Cs models. The results in this
study are in good agreement with the findings of Gunten (1993) and Eyasu (2002) in the
Gununo (Wolayita) area of the southern region of Ethiopia. The rainfall, soil and farming
systems in the Gununo area are similar to the present study area. Gunten (1993) reported a
rate of 13 t ha''yr' for cultivated fields from plot-experiments. From the same region,
Eyasu (2002) reported a range of 6-13 t ha”'yr' from cultivated fields using the USLE. The
estimated rates from the *’Cs models and the USLE indicate that soil erosion in the Kefa
Zone is on the verge of surpassing the tolerable level, which is 2-18 t ha™'yr" (Hurni, 1988).

4 Conclusions

The estimated reference "*’Cs inventory in this study is considerably high compared to
values reported from similar studies in Africa and elsewhere. Thus, the results suggest that
there is a sizeable amount of *’Cs fallout in the equatorial east Africa region, specifically
in southwest Ethiopia so that the '*’Cs technique can be applied for long-term and medium-
term soil erosion studies. The results also indicate that soil erosion in cultivated fields
increases with increasing years of cultivation after conversion. This will impair the
productivity of the land in the long run, and may have a spillover effect on the further
conversion of the remaining natural forests into agricultural land. Thus, soil erosion needs
to be given due policy consideration so that the efforts to conserve the remaining natural
forests and plant genetic resources in the Kefa Zone would become effective.
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