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Abstract

Background: In view of a wide range of on-site and off-site impacts of soil erosion, different soil and water
conservation measures have been implemented mainly over the last two decades in the Gumara watershed and
Ethiopia at large. But their effects have not been sufficiently documented, and maintenance of structures received
very little attention. This study investigated the effectiveness of graded soil bunds of zero and 11 years of age in
reducing runoff and soil loss. Six hydrologically isolated experimental runoff plots (three treatments × two
replicates) were prepared to observe rainfall, runoff, and sediment concentrations in the 2019 summer rainfall
season (covering approximately 70% of the annual rainfall).

Results: Newly constructed soil bunds reduced runoff by 34.94 and 25.56% compared to the old and non-treated
counterparts, respectively. Similarly, 59.6 and 48.3% soil loss reductions were observed. The amount of soil loss in
non-treated plots was twice that from the new plots and even 1.6 times higher than that from the old-graded soil
bund treatments. The rate of soil loss in the new- and old-graded soil bund-treated and non-treated plots was 23.5,
45.6, and 58.1 t ha−1 year−1, respectively. However, the effectiveness of the old soil bunds was much lower (only −
12.6 and − 21.7% in runoff and soil loss, respectively) than its new equivalent. Graded soil bunds, in its new form,
reduced runoff, runoff coefficient, and soil loss significantly (P < 0.05). Regardless of the treatments, from the start of
the rainy season to the end, runoff and runoff coefficient showed an increase, but sediment concentration
decreased. Newly constructed soil bund is the most effective in reducing runoff and soil loss.

Conclusion: Graded soil bunds reduced runoff and soil loss significantly, but the rate even in the treated plots was
very high when compared to both the soil loss tolerance (1–6 t ha−1 year−1) and formation rate (10–14 t ha−1 year−1)
estimated for the area. Hence, these structures need to be supported by other measures such as grass strips, agro-
forestry, and percolation ditches, for better results. Besides, regular maintenance by either removing sediments from
bund furrows or increasing the bund height is recommended for sustained reduction of runoff and soil loss.
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Introduction
In Ethiopia, rainfall-runoff led soil erosion is indeed a
fundamental problem (Adgo et al. 2013; Tamene and
Vlek 2008) and the worst in the world (Hurni et al.
2015b). It is considered to be the main driver of land
degradation in the rain-feed agricultural areas of the
country (Hurni et al. 2015b), significantly affecting both
on-site and off-site ecosystems (Yaekob et al. 2020). The
loss of top fertile soil by water erosion creates severe
limitations to sustainable agricultural land use, which
lead to reduced soil productivity and food insecurity
(Hurni et al. 2015a; Taddese 2001; Tamene and Vlek
2008).
Soil erosion not only is jeopardizing agricultural sus-

tainability (Hurni et al. 2015a; Tamene and Vlek 2008;
Yaekob et al. 2020; Yibeltal et al. 2019) but also causes
streams, lakes, dams, and reservoirs siltation (Harege-
weyn et al. 2017; Tamene and Vlek 2008; Yaekob et al.
2020), and downstream ecosystem impacts (Haregeweyn
et al. 2016). This can have severe impacts on irrigation
agriculture and related investments in different parts of
the country. In general, soil erosion has been a great
challenge for agriculture both in its on-site and off-site
effects. It is therefore a potential threat to the national
food supply (Mekuriaw et al. 2018) and the economy of
the country (Tamene and Vlek 2008).
The problem, particularly in the highlands, is wide-

spread, and threatening as a result of long-term intensive
cultivation, erosion-prone topographic, and climatic con-
ditions (Lemma et al. 2019; Nyssen et al. 2004). Ethiopia,
from its highland portions, losses 1.5 billion tonnes of
soil annually, which could reduce crop yield by 1–1.5
million t year−1 (Taddese 2001). Besides, Hurni et al.
(2015a, 2015b) estimated a loss of 940 million t year−1

net soil from its rain-fed agricultural areas. Several
model-based studies conducted in the Upper Blue Nile
basin (hereafter UBNB) over the last decade show that
the estimated soil erosion rate was reaching and may ex-
ceed 200 t ha−1 year−1 on bare and cultivated steep slope
landscapes (e.g., Belayneh et al. 2019a; Bewket and Teferi
2009; Haregeweyn et al. 2017; Mekuriaw et al. 2018).
Field measurement-based studies also reported an aver-
age erosion rate of 31–37 t ha−1 year−1 (Subhatu et al.
2017). The rates are much greater than both the esti-
mated soil loss tolerance 1–6 t ha−1 year−1 (Hurni 1983b)
and soil formation rate of 10–14 t ha−1 year−1 for Gojjam
area in the UBNB (Hurni 1983a).
According to different previously studied research re-

sults, the agricultural land in the highlands is the most
erosion-threatened portion in Ethiopia (Belayneh et al.
2019a; Hurni et al. 2015a; Hurni et al. 2015b; Nyssen
et al. 2004). The dissected/undulating topography, high
rainfall coupled with the more intensified agricultural
system makes it more vulnerable to rainfall-runoff

erosion. Besides, the cultivation of marginal lands, deg-
radation of the forest for crop cultivation, and overgraz-
ing are also considered the major factors (Adimassu
et al. 2014; Hurni et al. 2015a; Nyssen et al. 2004). As a
result, observable erosion features (rills, inter-rills, and
gullies) are common particularly following the period of
monsoon rainfall.
Considering the significant negative effects posed by

soil erosion, a range of soil and water conservation
(hereafter SWC) measures have been practiced in differ-
ent magnitude in the Ethiopian highlands since the
1980s (e.g., Adgo et al. 2013; Adimassu et al. 2014; Dag-
new et al. 2017; Dagnew et al. 2015; Haregeweyn et al.
2015), although the conservation programs were target-
ing frequently drought-affected areas of the northern
and northeastern parts of the country (Ebabu et al. 2019;
Haregeweyn et al. 2015; Mekuriaw et al. 2018). SWC
practices by community mass mobilization as a nation-
wide 30 days public campaign work was strongly imple-
mented since 2009 (Haregeweyn et al. 2012). At present,
large-scale tree planting has been undertaken and mil-
lions of hectares of land have been treated with different
conservation measures such as terraces, trenches, and
percolation ponds through government-led community
mass mobilization (Yaekob et al. 2020). The initiatives
were targeting to reduce soil erosion (both runoff and
soil loss), improving soil fertility, rehabilitation of the de-
graded land, and increase agricultural productivity
(Mekuria et al. 2007). But, conversely, soil erosion has
been increasing from 130 to 182 million metric tonnes
from 1995 to 2005 (Environment for Development
2010).
The effectiveness of SWC measures was evaluated by a

number of studies (e.g., Dagnew et al. 2015; Mekuria
et al. 2007; Sultan et al. 2017; Taye et al. 2015; Temes-
gen et al. 2012). Most of them are focused on the north-
ern and eastern arid and semi-arid parts of the country.
Despite greater investment in financial and labor re-
sources for sustainable land management, studies of run-
off and soil loss reduction have been limited in the
UBNB (Ebabu et al. 2019). On the other hand, the ma-
jority of these studies evaluated soil loss and runoff on
newly constructed SWC structures (e.g., Adimassu et al.
2014; Dagnew et al. 2017; Sultan et al. 2017; Temesgen
et al. 2012). Most of the efficiency measurements are
conducted on structures with only a few years old that
have sufficient furrow depressions and may not be repre-
sentative of the real situations (Nyssen et al. 2007). But
the ability of excavated structures to trap sediment and
runoff decreases with time. Its effect more likely dimin-
ishes due to damage of structures and sediment infilling
(Taye et al. 2015). Unless reconstruction and removing
of sediments’ that are accumulated in the bund furrows,
the amount of water and sediments to be trapped
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decreases year by year. Almost all SWC implemented in
the watershed were constructed by community mass
mobilization, and after construction, the level of mainten-
ance has been very low in both the community and local
government. As a result, SWC structures once constructed
will remain for several years without maintenance. Particu-
larly in cultivated fields, within a few years of construction,
either erosion sediments or farmers while plowing nearly
totally filled furrow depressions. It has been a usual practice
in the Gumara watershed, UBNB (Belayneh et al. 2019b),
and most parts of Ethiopia at large.
In the Gumara watershed, in which SWC has been

practiced for at least the last two decades, its effective-
ness neither in its new or old forms have not been evalu-
ated in a scientific study so far. Continuing the
implementation without scientific evaluation of the im-
pacts and its effectiveness may cause unnecessary wast-
age of capital, labor, time, etc. Most importantly, the
objective of minimizing further soil erosion damages and
land rehabilitation may not be achieved as planned.
Understanding the effectiveness of the most intensively

used graded soil bund with different ages by weighing
against each other and the conventional cultivation
(non-treated) is vital to recommend for future sustain-
able watershed management plans and better manage-
ment implications in the local area. The most commonly
used methods to measure the effectiveness of conserva-
tion measures are soil loss ratio and runoff ratio (Mae-
tens et al. 2012a), which are used in the present study.

The main purpose of this study was to investigate the ef-
fects of graded soil bunds of different ages on runoff,
runoff coefficient, and sediment loss in the Gumara
Watershed.

Materials and methods
Study area
The study area (Gumara watershed) is located in the
Dega Damot district, West Gojjam Administrative Zone
of Amhara region, northwestern Ethiopia (Fig. 1). The
watershed is geographically located at 10° 50′ 15″ to 11°
0′ 40″ N latitude and 37° 30′ 40″ to 37° 41′ 22″ E lon-
gitude. It covers an area of 204.4 km2. The Gumara
stream is among the headwater streams of UBNB that
originates from the northwestern continuation of the
Choke Mountain in Gojjam. The watershed has eleva-
tions between 1864 and 3235 m above sea level. It is part
of the northern highland dominated by the Oligo-
Miocene volcanic trap basalt rock covered by the early
tertiary volcanoes, and part of the Cenozoic volcanic and
sedimentary rock formations (Abbate et al. 2015).
Typical soils’ covering the watershed includes haplic

luvisols, haplic nitisols, and haplic alisols (Ministry of
Water Resources of Ethiopia (MoWR), 1998). Haplic ali-
sols cover the dominant portion (43.76%) of the water-
shed. The soil in the area is characterized by heavy clay
content on average approximately 65% (Belayneh et al.
2019b). The dominancy of clay soils than sand and silts
can cause high runoff and sediment loss (Bashari et al.

Fig. 1 Experimental erosion plots site in Gumara watershed, Upper Blue Nile basin, Ethiopia
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2013). Particularly at the start of the rainfall season, de-
tachment and transport of sediments is high (Bashari
et al. 2013). Heavy clay soil is distinguished as smaller
infiltration capacities (Critchley et al. 1991). Its infil-
tration capacity strongly decreases with increasing
rainfall intensity and duration (Critchley et al. 1991a).
The nature of rainfall in our study area is high and
torrential, which together with that of heavy clay na-
ture of the soil makes it more vulnerable to erosion.
Besides, soils have been intensively cultivated for a
long period and land has been strongly degraded.
Currently nearly, 90% of the local population relies
on subsistence based agricultural activities with a
population density of over 185 persons per square
kilometer. This might be the case that the soil in the
Gumara watershed is characterized by low organic
carbon and total nitrogen contents (Belayneh et al.
2019b).
The mean annual rainfall is approximately 2000

mm (computed from 1997 to 2017 monthly rainfall
depth data collected at Feres Bet station), received
in a unimodal pattern. Rainfall varies seasonally,
with approximately 80% of the rainfall occurring be-
tween May and September. The annual average
temperature is 16.6 °C, ranging between a minimum
value of 9 °C in January and a maximum value of
25.8 °C in April.
Cultivated land, forestland, shrub-woodland, grazing

land, settlement land, and bare land are the major
land use/covers constituting the watershed. However,
the watershed is considered to be an agricultural
watershed, in which cultivated land and grazing land
cover about 58.09% and 6.5%, respectively (Belayneh
et al. 2019a). Subsistence agriculture, in the form of
mixed crop and livestock systems, is the main source
of livelihood for about approximately 90% of the
watershed community. The area is characterized by
its high production potential, intensively cultivated,
mixed farming, and ox-plow cereal production belt in
the northwestern highlands of Ethiopia (Zeleke and
Hurni 2001). The population density of the area was
184 in 2007 (Central Statistical Agency of Ethiopia
(CSA) 2007).

Research design
A complete random block (CRB) design was employed.
The CRB was used to design, collect, and analyze the
runoff and sediment loss from experimental erosion
plots. It is a type of design that a set of experimental
units are grouped (blocked) in a way that reduces the
variation among units within groups. It involves the
principles of replication and randomization to minimize
errors (Kothyari et al. 2004).

Selection of experimental erosion plot site and
conservation method
A preliminary field visit was performed to select an ap-
propriate and easily accessible study site to conduct the
study. Due to different challenges related to plot scale
studies, easy access to the study site is important for fre-
quent supervision, transportation, and laboratory ana-
lysis (Hudson 1993). Experimental erosion plots were
prepared in Shangi Dereke kebeles1, at the upper part of
the watershed. The site is selected for three main rea-
sons. First, it is a cultivated land and is characterized by
a moderately steep slope, which represents much of the
erosion of vulnerable cultivated land. Besides, unlike
other land uses, SWC practices are mostly practiced on
cultivated land. Second, it has been treated with graded
soil bund some 11 years ago (2008) following recom-
mended standards (mainly spacing of bunds, which is
easily identifiable in its old age). It was important to
compare the effectiveness of old against the newly exca-
vated graded soil bund so as to be able to evaluate the
effect of bund maintenance. Thirdly, the site is relatively
accessible for easy transportation of plot equipment,
supervision, and collection of rainfall and runoff data,
and transportation of sample runoff for sediment con-
centration analysis. To study the whole watershed would
have been logically and financially impossible, so we
chose a moderately steep slope (18%) cultivated plot to
better observe its effectiveness on more erosion-prone
cultivated lands in the watershed. Cultivated land is the
most erosion-prone land use in the watershed (Belayneh
et al. 2019a) and other parts of Ethiopia (Hurni et al.
2015a; Hurni et al. 2015b; Nyssen et al. 2004). Indeed,
SWC measures (particularly graded soil bunds) are com-
monly implemented on croplands in the area.
Graded soil bund was selected as it is the most com-

monly used type of SWC measure in the watershed. The
selected cultivated land, which had been managed with
graded soil bund since 2008 was re-constructed as a new
bund for new bund-treated plots2 (Pnew), eliminated or
leveled for non-treated plots3 (Pnon), and kept as it is for
old bund-treated plots4 (Pold). The effects of newly exca-
vated and old-graded soil bund were compared with that
of the non-treated plot (controlled). The difference be-
tween Pnew and Pold was also studied to see the effects of
age with little/no bund maintenance on runoff, runoff
coefficient, and soil loss.

1Kebele is the lowest level of administration in the current Ethiopian
government administration system.
2Plots treated with newly constructed graded soil bund (0 year).
3Plots do not have any form of soil and water conservation treatment/
old graded bund has already demolished.
4Plots treated with previously constructed (11 years old) soil bund.
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Experimental plot preparation
Six experimental erosion plots (three treatments with
two replicates) were prepared at a slope condition of
18% (measured by Suunto PM-5 Clinometer) on the
wheat (Triticum aestivum) cultivated land. The size of
the plots was 4 × 30m (120 m2). Critchley et al. (1991a)
indicated that it is good if the plot size is large but it is
not always possible to handle the runoff generated and
3–4 m width and 10–12 m length is recommended and a
minimum length of 10 m as is explained by Morgan
(2005). Therefore, the 120 m2 plot size in this study is
adequate for runoff and sediment loss measurement for
comparison purposes. Plots were separated by 50-cm-
long geomembrane (1-mm-thick) in which 20 cm was
inserted to the ground to protect lateral flows from and
to the surrounding area (Critchley et al. 1991a; Hud-
son 1993; Morgan 2005). The height of the bund at
the left and right side was 5 cm lower to allow the
flow of excess runoff towards the collection ditch, be-
cause the graded bund (that allows outflow of excess

runoff from the bund furrow) in the erosion plots has
already been closed and hydrologically isolated.
The total runoff generated was collected in a trench

covered with a geomembrane (0.5-mm-thick) at the
lower end of each plot. The size of the trench was large
enough 3.8 m wide, 1.3 m deep, and 1.5 m long (7.41 m3

volume or 6.2% of the plot area) so as to handle all run-
off generated from the plot (Fig. 2). The size of the
trench was developed considering the maximum rainfall
in the past 6 years daily rainfall and previously reported
research results of the maximum runoff coefficient. Plots
were randomized and replicated twice (Morgan 2005)
for the quality of the result and minimize bias among
treatments (Hudson 1993). Accordingly, treatments in
this study were replicated twice and randomized (Fig. 2).
Newly excavated graded soil bunds were constructed

following the SWC implementation guideline developed
for developmental agents by the Ethiopian Ministry of
Agriculture (Hurni et al. 2016) together with kebele nat-
ural resources experts.

a

b

Fig. 2 A simplified representation of experimental erosion plots prepared for the study a schematic representation and b partial view of plot
prepared at the study site
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Data collection
The rainfall, runoff, and soil loss data were collected in
the main monsoon rainfall season of 2019 (from June to
September covering on average ~ 70% of the annual
rainfall). The total runoff accumulated in the tanker
(trench) for each plot was measured using a known vol-
ume plastic tanker and recorded after 6 h of every ero-
sive rainfall event (≥ 8mm of rainfall depth). Event
rainfall having a depth of less than 8 mm yields no run-
off. For soil loss determination (sediment concentration),
a 1-l runoff was sampled after thoroughly stirring the
runoff collected in the trench to mix all sediment settled
at the bottom (Hudson 1993). After taking sample

runoff, all trenches were emptied and cleaned to make it
ready for the next rainfall-runoff event.
Event rainfall depth data was measured from the site

using a manual rain gauge (a plastic rain gauge collected
from the National Meteorology Agency) installed in the
middle of experimental erosion plots.

Runoff, runoff coefficient, and sediment concentration
analysis
One-liter runoff was taken from each erosive rainfall
event to estimate sediment concentration (g L−1) (Hud-
son 1993). Sample runoff was filtered with the What-
manTM grade-1 filter paper (18.5-cm diameter and 2.5-

Fig. 3 A simplified methodological framework employed to study the effect of new and old soil bund treatment on runoff, runoff coefficient, and
soil loss against the non-treated plots
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μm pore size) and then oven-dried for 24 h at 105 °C
(Sultan et al. 2017). After measuring the weight of the
oven-dried filter paper using a Sartorius Type analytical
balance, the mass of the clean filter paper (after filtering
and oven-drying 1-liter clean water) was subtracted to
find the actual soil loss (Kothyari et al. 2004). The la-
boratory analysis was conducted at Debre Markos soil
testing laboratory and construction technology manage-
ment laboratory of Debre Markos University.
Total event and monthly and annual5 runoff (in liters)

generated from each plot was calculated by measuring
the total runoff collected in the trench for every erosion
event. The direct rainfall into the runoff collection
trench was subtracted from every event rainfall total
runoff. The event and monthly and annual runoff depth
in millimeters was calculated as follows (Satriawan et al.
2015).

Rd ¼ V r

Ap

where Rd is runoff depth (in millimeters), Vr is the vol-
ume of runoff (in cubic millimeters), and Ap is plot area
(in square millimeters)
Runoff coefficient (RC) was determined by the ratio of

runoff to the corresponding rainfall both expressed in
depth (in millimeters) (Adimassu and Haile 2011;
Critchley et al. 1991a). The runoff coefficient indicates
how much proportion of rainfall become runoff, and the
infiltration and retaining (including transpiration and
evaporation) capacity of each treatment type.

RC ¼ R mmð Þ
RF mmð Þ � 100

where RC is runoff coefficient (in percent), R is runoff
(in millimeters), and RF is rainfall (in millimeters)
Following the determination of sediment concentra-

tion (in g L−1), the total event and monthly and annual
soil losses in t ha−1 were calculated as follows (Satriawan
et al. 2015).

SLtot¼ SC� Vr

Ap
� 106

Where SLtot is total soil loss (in t ha−1), SC is sediment
concentration (in g L−1), Vr is the total volume of runoff
(in liters), and Ap is the area of the plot (in square
meters)

Statistical analysis
One-way analysis of variance was applied to test whether
there is a significant difference in runoff and runoff coeffi-
cient between Pnew, Pold, and Pnon. Although the runoff
data is non-normal, if the sample size within groups is lar-
ger (n > 40) the sampling distribution can be normal, and
using ANOVA is recommended (Elliott and Woodward
2007; Urdan 2010). The robust test of ANOVA (Welch)
was used for heterogeneous soil loss data analysis because
the Welch test is the best method for heterogeneous but
balanced data (Liu 2015; Stevens 2007). Regression ana-
lysis was employed to show monthly and annual rainfall-
runoff-soil loss relationships under different treatments.
The analysis was performed using SPSS version 20 and
Microsoft Excel software. Generally, the methodological
procedures followed in this study to analyze runoff, runoff
coefficient, and soil loss are presented in Fig. 3.

Results and discussion
The effectiveness of graded soil bunds in reducing runoff,
runoff coefficient, and soil loss
A total of 112 rainfall events were recorded during the
monsoon (summer) rainfall season of 2019, but 76 of the
rainfall events were ≥ 8mm (Table 1; Fig. 4). A rainfall
depth exceeding 8mm yields runoff to the runoff collection
trench, and therefore, runoff, runoff coefficient, and soil loss
were studied using these events. Event rainfall depth from
June to September ranged from a minimum of 0.6mm to
as high as 65.4mm, with a total depth of 1732.2mm.

Effects on runoff
Event-based, monthly, and annual runoff and rainfall for
Pnew, Pold, and Pnon are shown in Table 1 and Fig. 4. The
maximum event runoff depth of 42.07, 37.42, and 33.62
mm was recorded at mid-August (14 August 2019) for
Pnew, Pold, and Pnon, respectively. The cumulative monthly
runoff depth showed that the maximum runoff for all the
treatments was recorded in August (267.63, 241.49, and
198.10mm for Pnew, Pold, and Pnon, respectively), although
the rainfall depth was greater in July. This might be due to
the saturation of water table and lesser infiltration in Au-
gust, but the unsaturated surface and disturbance of soil ag-
gregates by plowing creating furrows that facilitate
infiltration, and on-surface storage of runoff in June and
July can minimize runoff. Runoff processes in northwestern
Ethiopia have been driven by saturation excess overland
flow (Zegeye et al. 2016). A study by Gebreegziabher et al.
(2009) showed that unlike the situation at the beginning of
the rainy season, infiltration decreased and surface runoff
increased significantly at its end following the saturation of
the soil and the sealing of cracks formed in the dry season.
Pnew shows a greater reduction of runoff compared to

that of both Pold and Pnon. However, the effect was more
strong at the beginning (June, 60.13%) than the mid

5Annual rainfall, runoff, and soil loss in this study context refers to the
summation value of four summer rainy months (June–September),
which accounts approximately 70% of the annual rainfall.
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(August, 32.37%), and ending (September, 38%) of the
rainy season. On average, Pnew reduced the annual run-
off by 34.94% as compared to the Pnon. The ANOVA F
test result indicates that the mean differences of runoff
depth among treatments are significant at P < 0.05
(Table 2). Tukey HSD multiple comparisons further
showed that Pnew significantly reduced average runoff
depth compared to Pnon (P < 0.05) (Table 3). The con-
sistently lower volume of runoff in the newly excavated
soil bund was due to the capacity of bund furrows that

can hold and infiltrate a greater proportion of runoff. It
was also observed that at the end of the rainfall event
the bund furrows were filled with runoff.
The effect of Pnew in runoff reduction for all events

was higher, but relatively its effect decreases during high
rainfall events. At the time of peak rainfall, the bund fur-
rows quickly filled with runoff and overflows, which can
lower its effect of runoff reduction. The intensity and dur-
ation of the rainfall events can also affect the runoff rate
regardless of the rainfall depth. For instance, the depth of

Table 1 Monthly and annual rainfall (RF), runoff (R), runoff coefficient (RC), and the relative effect (RE) of conservation measures

Treatment Monthly Annually (four months)

Month RF (mm) R (mm) RE (%) RC (%) RF (mm) R (mm) REc (%) RC (%)

New soil bund (Pnew) Jun 293.6 38.53 − 60.13a (− 49.5b) 13.12 1544 479.85 − 34.94a (− 25.56b) 31.08

July 509.3 175.55 − 32.73a (− 23.1b) 34.47

Aug. 483.5 198.10 − 25.98a (− 18.0b) 40.97

Sep. 257.6 67.67 − 39.72a (− 31.2b) 26.27

Old soil bund (Pold) Jun 293.6 76.50 − 20.84 26.06 1544 644.61 − 12.60 41.75

July 509.3 228.28 − 12.53 44.82

Aug. 483.5 241.49 − 9.77 49.95

Sep. 257.6 98.34 − 12.40 38.18

Non-treated (Pnon) Jun 293.6 96.64 - 32.91 1544 737.51 - 47.77

July 509.3 260.98 - 51.24

Aug. 483.5 267.63 - 55.35

Sep. 257.6 112.26 - 43.58

RF is total monthly and annual rainfall depth (in millimeters), R is total monthly and annual runoff depth (in millimeters), RE is the relative effect of treatments on
runoff (in percent), RC is the monthly and annual runoff coefficient (in percent), “a” and “b” are the relative effects of Pnew as compared to Pnon and
Pold, respectively
cThe relative effect is calculated by considering the runoff from non-treated plot 100%

Fig. 4 Event-based rainfall depth (RF, in millimeters) and observed runoff depth (in millimeters) in plots treated with new- and old-graded soil
bund and non-treated plot
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rainfall of 2 consecutive days (28 and 30 June 2019), was
18.9 and 32.5mm but runoff reduction was 54.68 and
34.48%, respectively. The infiltration capacity of heavy clay
soils strongly decreases with increasing rainfall intensity
and duration (Critchley et al. 1991a). This implies that
since the rainfall is very high in the Gumara watershed
(the long-term average rainfall is ~ 2000mm), soil bunds
need to be supported by other biological and physical
measures that can facilitate water infiltration and hold a
greater proportion of runoff.
The findings of this study are consistent with the results

reported by Adimassu et al. (2014) in the central highlands
of Ethiopia, Taye et al. (2013) in the semi-arid northern
Ethiopia, Ebabu et al. (2019) in the Upper Blue Nile basin,
and Haregeweyn et al. (2012) in northern Ethiopia. All
these studies reported that plots treated with SWC gener-
ate significantly lower runoff volume as compared to the
non-treated counterpart. Adimassu et al. (2014) indicated
that soil bund-treated plots generate a significantly lower
amount of runoff (− 28%) than conventional plots. A 27%
reduction of runoff volume was observed in the Enabered
watershed (Haregeweyn et al. 2012). A plot-based evalu-
ation of the effect of SWC showed a rise of runoff volume
by 2 times in the non-conserved than the conserved plot
in China (Zhao et al. 2019).
This is because the soil surface around SWC struc-

tures is characterized by high water infiltration (Taye
et al. 2013). Conservation structures can act as a sink
system of runoff, which consequently reduces overland
flow (Taye et al. 2013). Further, they act as a barrier to
the moving water and decrease the energy of runoff by

decreasing slope length and steepness. The use of SWC
structures decreases slope steepness by 1% every three
years (Nyssen et al. 2007). The steepness and length of
the slope determine the velocity and volume of runoff
(Prasannakumar et al. 2012), which considerably affects
the rate of soil erosion (Gashaw et al. 2017).
On the other hand, Pnew reduced the annual runoff

depth by 25.56% compared to that of the Pold. But the
relative effect is slightly lower than with that of Pnon.
Nevertheless, the mean difference between Pnew and Pold
was not statistically significant (P > 0.05). Similarly, the
annual runoff generated from Pold was smaller than that
of the Pnon by 12.6%, but ANOVA could not detect the
difference at P < 0.05. This implies that the effect of old
and un-maintained soil bund does not show a significant
runoff reduction. This is mainly because after a certain
years (mostly from 3–5 years) particularly on the culti-
vated land, the bund furrows nearly totally filled with
sediments through runoff, plowing, or animal effect (free
grazing is a common practice). Furrows at the beginning
are constructed with a known depth and width purpose-
fully to trap sediments and runoff until it overflows to a
channel. But, when the furrows become filled, they do
not hold any more sediment and runoff, although their
effectiveness in decreasing the slope length and steep-
ness is still important. This result implies that the effect-
iveness of SWC structures in reducing runoff diminishes
as of time unless continued maintenance. Hence, fre-
quent maintenance of bunds and sediment removal is
needed (Wolancho 2015). But, conversely, maintenance
of structures particularly making furrows empty for the
next rainy season has been very limited in the watershed
(Belayneh et al. 2019b).

Effects on the runoff coefficient
The runoff coefficient indicates the water infiltration
and retaining capacity (including a portion of water lost
through evaporation and transpiration) of specific land
use or SWC treatment. The runoff coefficient can also
imply how much rainfall becomes runoff (Adimassu and
Haile 2011). Land use and its treatment generating the

Table 2 Significance test results of runoff (R), runoff coefficient
(RC), and soil loss (SL) between plots with different treatments

Treatments R (mm) RC (%) SL (t ha−1)

New soil bund (Pnew) 479.85 31.08 23.50

Old soil bund (Pold) 644.61 41.75 45.56

Non-treated (Pnon) 737.51 47.77 58.15

ANOVA F-ratio 25.22a 3.59b 3.07b

“a” and “b” indicate the mean difference is significant at 0.001and
0.05, respectively

Table 3 Multiple comparisons of mean differences of runoff (R), runoff coefficient (RC), and soil loss (SL) between the three
treatments

Treatments (I) Treatments (J) Mean difference (I − J)

R (mm) RC (%) SL (t ha−1)

New soil bund (Pnew) Old soil bund (Pold) − 2.17 − 11.23a − 0.29

Non-treated (Pnon) − 3.39b − 17.19a − 0.46b

Old soil bund (Pold) New soil bund (Pnew) 2.17 11.23a 0.29

Non-treated (Pnon) − 1.22 − 5.96b − 0.16

Non-treated (Pnon) New soil bund (Pnew) 3.39b 17.19a 0.46b

Old soil bund (Pold) 1.22 5.96b 0.16

“a” and “b” indicate the mean difference is significant at 0.001 and 0.05, respectively
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lowest runoff amount imply its high ability to hold and
infiltrate water, and consequently decrease runoff and
soil loss. It can increase an understanding that how
much of the rainfall can be converted to on-site sinks
and retained instead of to be a runoff for each SWC
treatment.
The runoff coefficient results show greater disparity

among treatments. The lowest runoff coefficient was re-
corded in the Pnew (31.08%; Table 1). Pnew reduced run-
off coefficient by 34.9% and 25.6% against the Pold and
Pnon, respectively. The variation in runoff coefficient be-
tween Pnew (31.08%), Pold (41.75%), and Pnon (47.77%) is
significant (Table 2; P < 0.001). Similarly, from the mul-
tiple comparison analysis results of the runoff coeffi-
cient, significant differences were observed between Pnew
with Pold and Pnon (P < 0.001) and Pold with Pnon (Table
3; P < 0.05). This result is slightly higher than the finding
of Adimassu et al. (2014), who reported a reduction of
runoff coefficient by 19% compared against the non-
conserved plots in central Ethiopia. On the other hand,
our result is much lower than that of the finding of Nys-
sen et al. (2010), who reported increased infiltration rate
and a reduction of runoff coefficient by 81% in the May
Zegzeg catchment. A long-term plot data-based meta-
analysis result in Europe and the Mediterranean showed
a mean annual runoff coefficient ranging from 5 to 10%
in bare soils, tree crops, and vineyards (Maetens et al.
2012b). This is a very low result compared to that of
the Gumara watershed. The runoff coefficient from
runoff plots having an area of less than 200 m2 is
highly variable, ranging from 0 to 50% (Nyssen et al.

2010). The observed variation may be related to the
prevailing characteristics of the plot in terms of soil
type, type of land use, intensity, and amount of rain-
fall (Adimassu et al. 2014; Nyssen et al. 2010).
However, as it was observed on runoff, the effect of

the soil bund on runoff coefficient decreased as it be-
comes older without regular maintenance. This was ob-
served by an increase of runoff coefficient by 34.32% as
compared to Pnew and showed reduction only by 12.5%
from the Pnon. On the other hand, the runoff coefficient
continuously increases from the start to the end of the
rainy season (Table 1). A similar trend was also observed
regardless of the treatments (Gebreegziabher et al.
2009). The reason might be attributed to the increasing
water table, stabilization of the soil, and crop covers.
Nyssen et al. (2007) explained that the runoff coefficient
becomes higher when vegetation cover decreases.

Effects on soil loss
Event-based sediment concentration (g L−1) and monthly
and annual total soil loss (t ha−1) are presented in Fig. 5
and Table 4. Unlike that of runoff and runoff coefficient,
sediment loss in all the treatments was decreasing con-
tinuously from the start to the end of the rainfall season.
At the beginning of June (5 June 2019), 9.1, 13.8, and
14.5 g L−1 of sediment concentration was recorded for a
32.5-mm rainfall depth from Pnew, Pold, and Pnon, re-
spectively. But, at the ending of August (26 August 2019),
the observed sediment concentration value for the same
rainfall depth (30.1mm) was 0.9, 2.9, and 3.4 g L−1 (Fig. 5),
showed a drastic reduction. Similarly, regardless of the

Fig. 5 Event-based rainfall depth (RF, in millimeters) and sediment concentration (SC, in g L−1) were observed in the new- and old-graded soil
bund-treated and non-treated plots
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high variation of monthly rainfall depth (293.6 and 483.5
mm in June and August, respectively), the rates of soil loss
were 5.75, 12.13, and 15.85 t ha−1 in June and 5.74, 14.31,
and 14.81 t ha−1 in August for Pnew, Pold, and Pnon, respect-
ively (Table 4). This shows that the rate of sediment loss is
nearly similar irrespective of the greater variation of rain-
fall depth of months.
During the start of the monsoon rainfall mainly in

June up to July, most of the cultivated land has been
bare and the soil disturbed through tillage (preparation
of the land for sowing). These situations make the soil
easily detachable, transportable, and more vulnerable for
splash and rill erosion, which could probably cause high
sediment concentration. However, in August and Sep-
tember, the growth of crop canopy, attachment of soil
by crop roots, and stabilization of tillage-disturbed soils
decrease the vulnerability of the soil for splash and rill
erosion. Vegetation cover in cultivated plots increases
from nearly zero during May and June (start of the rainy
season) to exceeding 84 % around September (end of the
rainy season; Taye et al. 2013). The concentration of
sediments within an event runoff decreases as crops
growing in cultivated fields even in an increasing rainfall
(Gebreegziabher et al. 2009). The growth of crops pro-
tects the soil surface from raindrop impact and slow-
down runoff speed (Gebreegziabher et al. 2009; Taye
et al. 2013). On the contrary, our result was not consist-
ent with the finding of Gebreegziabher et al. (2009), who
reported increased total soil loss due to the rise in runoff
volume in the Gum Selasa area of Southern Tigray. In
line with this, Bewket and Sterk (2003) described that
plowing the soil created large rainwater storage space,

minimized soil erosion, and increases infiltration cap-
acity. But, on the other hand, Taye et al. (2013) argued
that the effect of tillage on water storage and infiltration
was found to be minimal due to the impact of the rain-
drop, crust formation, and sediment infilling.
The contribution of peak rainfall events to the total

seasonal sediment loss in the season was high. For in-
stance, a peak rainfall event (53 mm) occurring on 28
June 2019 on bare and disturbed soils contributed 16.14,
15.31, and 15.33% of the total sediment loss from plots
under Pnew, Pold, and Pnon, respectively. Similarly, seven
rainfall events (with ≥ 30mm) covering 20% of the total
seasonal rainfall represents 66.7% of the seasonal sedi-
ment loss from the Pnew. Most of these events are oc-
curred in June and July where the land was barren and
disturbed for sowing crop seeds. As a result, a high rain-
fall in the exposed land (without land cover) can cause
easily and high removal of sediment. Besides, high and
torrential rainfall with high intensity led to high flow ac-
cumulation and consequently has high energy to detach
and transport sediments. The amount, intensity, size of
raindrop, duration, pattern, and associated runoff exerts
influence on erosion (Farhan and Nawaiseh 2015). In as-
sociation with a high intensity of rainfall, the raindrop
size, and its kinetic energy increases and strongly dispatch
soil particles and aggregates. This can make the soil to be
easily transported by runoff and/or fine particulates can
cause clogging of soil pores and limit infiltration (Critch-
ley et al. 1991a). Several research results reported the
dominancy of some peak rainfall events from the catch-
ment total soil loss. The contribution of daily peak sedi-
ment load in different catchments of the Debre Mewi

Table 4 Monthly and annual soil loss (SL) of treatments and the relative effect (RE) of graded soil bund treated as compared to the
non-treated plots

Treatment Monthly Annual (four months)

Month SL (t ha−1) REc (%) SL (t ha−1) REc (%)

New soil bund (Pnew) Jun 5.75 − 63.69a (− 52.6b) 23.50 − 59.59a (− 48.3b)

July 11.53 − 54.51a (− 44.2b)

Aug. 5.74 − 61.27a (− 49.3b)

Sep. 0.48 − 77.75a (− 67.1b)

Old soil bund (Pold) Jun 12.13 − 23.44 45.56 − 21.66

July 20.66 − 18.47

Aug. 11.31 − 23.65

Sep. 1.45 − 32.38

Non-treated (Pnon) Jun 15.85 - 58.15 -

July 25.34 -

Aug. 14.81 -

Sep. 2.14 -

SL is monthly and annual soil loss (in t ha−1), RE is the relative effect of treatments on runoff (in percent), and “a” and “b” are the relative effects of Pnew compared
to Pnon and Pold, respectively
cThe relative effect is calculated by considering the runoff from non-treated plot 100%
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watershed ranged from 25 to 75% (Dagnew et al. 2017).
Gonzalez-Hidalgo et al. (2010) reported that five of the peak
rainfall events produce about 50% of the total soil loss in dif-
ferent catchments in USA. Three largest rainfall events con-
tributed from 25 to 71% of the total sediment loss in the
central-western Pyrenees, Asia (Romero et al. 2012).
The event, monthly, and seasonal soil losses were rela-

tively lower in the Pnew followed by Pold, but it was ex-
ceptionally high in the Pnon. In total, the highest amount
of soil loss was observed in the Pnon (58.15 t ha−1), twice
as much as in the Pnew, and even 1.6 times higher than
that of Pold (Table 4). The rate of soil loss in the Pnew
was found to be 23.5 t ha−1 year−1. Newly constructed
soil bund reduced annual soil loss by 59.6 and 48.3% as
compared to Pnon and Pold, respectively. However, the
observed difference between Pold and Pnon was compara-
tively smaller, i.e., only 21.7% lower in the Pold. The total
amount of soil loss during the rainy months was signifi-
cantly reduced due to newly constructed soil bund
(Pnew) as compared to Pnon (P < 0.05), but not with that
of Pold and between Pold and Pnon (P > 0.05; Table 3). As
all plots were similar in all parameters other than bund
treatment and age, the variations in sediment loss gener-
ated from experimental plots were attributed to the im-
plementation of bund treatments and its age.
Several previously conducted studies reported a signifi-

cant reduction of soil loss as a result of SWC implemen-
tation. Haregeweyn et al. (2012) and Taye et al. (2013)
observed that conservation practices have reduced an-
nual soil loss by 89% and 40% in northern Ethiopia. Adi-
massu et al. (2014) in the central highlands reported a
soil loss rate of 24 t ha−1 and 50 t ha−1 from plots treated
with soil bund and non-treated plots, respectively. On
average, annually, sheet, rill, and tillage erosion contrib-
uted 57.26 t ha−1 and 18.64 t ha−1 in partially conserved
and totally conserved cultivated plots in Zala Daget,
northern Ethiopia (Nyssen et al. 2007). A comparatively
lower amount of soil loss observed in the conserved
plots is mainly attributed to a greater proportion of sedi-
ments trapped by the bund furrows. Similarly, Gebremi-
chael et al. (2005) reported that a measured amount of
119 kg m−1 year−1 soil was accumulated behind stone
bunds in Tigray highlands.
On the other hand, our findings have been much greater

than that of the findings of Taye et al. (2013), who reported
7.2, 4.3, and 1.1 t ha−1 in the non-treated, stone bund, and
stone bund with trench-treated cultivated fields, respectively,
in the Mayleba catchment. Similarly, rolling cultivated land
treated with stone bunds generates 9.9 t ha−1 year−1 of soil due
to sheet and rill erosion in the Zala Daget, northern Ethiopia
(Nyssen et al. 2007). The observed variation may be caused
due to the existence of high (~ 2000mm long-term average)
and erosive rainfall in the Gumara watershed as compared
to its low depth in northern Ethiopia (724mm long-term

average in the Mayleba catchment). Sheet and rill erosion
have relatively little importance in northern Ethiopia (Ti-
gray), mainly due to the fact that much of the soils have
already been removed, less rainfall, and active implemen-
tation of SWC implementation (Nyssen et al. 2007).
Research results in different parts of the world also ac-

knowledged the effect of SWC. Plot-based evaluation of
the effect of SWC conducted by Zhao et al. (2019) in
China resulted in a soil loss rate of 3.5 times larger in
non-conserved (28.63 t ha−1 year−1) than the conserved
plots (8.63 t ha−1 year−1). Anache et al. (2017) reported
that annual soil loss in the agricultural land ranges from
7.7 to 14.4 t ha−1 year−1 in Brazil. A plot data-based study
result in Europe and the Mediterranean showed a mean
annual soil loss rate of 10–20 t ha−1 in bare soils, tree
crops, and vineyards (Maetens et al. 2012b). A study by
Panagos et al. (2015) in the European Union reported a
mean soil erosion rate of 2.46 in the erosion prone areas
including agricultural land. As compared to these, soil
erosion in the Gumara watershed is relatively high. High
rainfall, intensive cultivation, and heavy clay nature of
the soil may cause the variation.
Bunds accumulate a greater proportion of sediments at

its young age, but the rate of accumulation decreases with
increasing age due to lack of regular maintenance (Gebre-
michael et al. 2005). The effect of SWC structures more
likely diminishes with time due to damage of structures
and sediment infilling (Taye et al. 2015; Gebreegziabher
et al. 2009; Gebremichael et al. 2005). Similarly, in the
current study, the amount of soil loss in the Pold was much
greater than that of the Pnew. This is due to the infilling of
depression behind soil bunds with sediments by runoff
erosion, tillage operations, and animal and human effects.
This implies the significance of soil bund maintenance
(renewing) on both runoff and soil loss reduction. How-
ever, structures in its new or old form affect the slope
length and steepness, which can reduce soil erosion. Run-
off travels at a high speed in steeper slopes, increases its
shear stress on the surface, and transports a high amount
of sediment (Wischmeier and Smith 1978).
In general, the result of this study showed that the im-

plementation of SWC measures had reduced total soil
loss significantly, particularly the newly constructed
graded soil bund. However, the rate of soil loss observed
in all the treatments is much greater than both the toler-
able limit (1–6 t ha−1 year−1) (Hurni 1983b) and the rate
of soil formation (10–14 t ha−1 year−1) estimated for the
study area (for Gojjam, Hurni 1983a).

The relationship between rainfall-runoff-soil loss under
different treatments
Monthly and annual rainfall-runoff relationship
The monthly and annual rainfall and runoff relationship
under different treatments are shown in Fig. 6. In all the
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rainy months the correlation was strong but it becomes
highest in August (R2 = 0.988, 0.988, and 0.991 for Pnew,
Pold, and Pnon, respectively). In total, the annual R2 value
was higher in the Pnon (R2 = 0.94) and lower in the Pnew
(R2 = 0.87). The correlation of rainfall and runoff in Pnew
was not as strong as that of the Pold and Pnon, because of
the existence of bund furrows and its variation in the
water holding capacity in different months and intensity
of rainfall events. The high coefficient of determination
result implies that monthly and annual rainfall and run-
off have a positive strong relationship in all the treat-
ments. Although significant variation was observed
between treatments, the relationship of rainfall and run-
off for all studied plots were strong (Fig. 6). This result
is in agreement with the findings of Adimassu et al.
(2014), who reported a strong and significant relation-
ship between rainfall and runoff in the central highlands
of Ethiopia.

The R2 value for all plots showed that the correlation
could not be altered by the implementation of SWC
measures. This is an important indication that runoff is
highly influenced by the prevailing rainfall regardless of
the treatments.

Monthly and annual rainfall-soil loss relationship
Figure 7 shows the monthly and annual relationship be-
tween rainfall and soil loss for Pnew, Pold, and Pnon. The
linear relationship indicates a strong correlation between
rainfall and soil loss in all treatments. The R2 value
showed that the highest relationship for Pnew (R2 = 0.85)
was observed in July but the lowest in all months as
compared to Pold and Pnon. The relationship continuously
increases starting from June to August and starts to de-
cline in September for all treatments. This might be re-
lated to the depth of rainfall and the crop cover of the
land. The correlation was stronger in Pold for all months.

Fig. 6 Monthly and annual rainfall-runoff relationship under different conservation treatments
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On the other hand, the observed relationship between an-
nual rainfall and soil loss was found much lower than that
of monthly basis for all treatments (Fig. 7). But, as com-
pared to rainfall with runoff, the correlation is less strong
with soil loss. A strong and significant correlation between
rainfall and soil loss was observed in the central highlands
of Ethiopia (Adimassu et al. 2014).

Monthly and annual runoff-soil loss relationship
A positive and strong correlation was observed between an-
nual runoff and soil loss for all treatments (Fig. 8). The rela-
tionship of runoff and soil loss for Pnew was stronger in June
(R2 = 0.86) and July (R2 = 0.85) but decreased in August (R2

= 0.75) and September (R2 = 0.68). Although the reduction
in R2 was observed in Pold and Pnon, the highest was recorded
in the Pnew. This is because the occurrence of a high amount
of runoff on disturbed bare agricultural soils at the start of

the rainy season can cause high runoff-sediment concentra-
tion and vice versa. But, at the ending (August and Septem-
ber), sediment concentration becomes very low due to crop
covers and soil sealing, and most of it may be left behind
bunds even during high runoff. In general, as compared to
rainfall with runoff and soil loss, a less strong correlation was
observed between runoff and soil loss. This implies that other
factors such as land use/cover, the stability of the soil, and
treatments are also important factors to sediment loss to-
gether with that of runoff depth. The result is in agreement
with the findings of Adimassu et al. (2014) and Adimassu
and Haile (2011), who reported a significant relationship be-
tween runoff and soil loss.

Limitations of the study
This research had two main limitations. The first limita-
tion is that the study used two replicates for each

Fig. 7 Rainfall-sediment loss relationship within plots treated with new soil bund, old soil bund, and non-treated
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treatment. Because of its nature of high financial and
labor requirements, the treatments were replicated two
times. Secondly, the data was collected for 1 year (one
rainy season comprising of greater than 70% the annual
rainfall). This is mainly because of the financial limita-
tions of the study. Therefore, the results of the study can
be interpreted in view of these limitations. Further stud-
ies with large number of replicates of treatments and
covering more rainfall seasons are recommended to con-
sider the effect of seasonal variations and better average
results from replicates.

Conclusion and implications
This study investigated the effect of the most commonly
implemented graded soil bund (new and 11 years) in re-
ducing runoff and soil loss. Rainfall, runoff, and sedi-
ment concentration were observed using erosion plots in
the 2019 summer rainfall months. The results of the
study showed that graded soil bund in its new form

significantly reduced runoff, runoff coefficient, and soil
loss (P < 0.05) but the effect of its old equivalent
was only on runoff coefficient (P < 0.05). Pnew reduced
runoff by 34.94% and 25.56% as compared to that of the
old and non-treated counterparts, respectively. However,
the effect of the Pold (12.6%) was much lower than that
of the Pnew. Runoff and runoff coefficient continuously
increased from the start to the end of the rainy season.
It is mainly due to increased saturation of the soil and
crop cover at the end of the rainy season and vice versa.
Similarly, the highest amount of soil loss was observed
in the Pnon, twice as much as in the Pnew and even 1.6
times higher than that of Pold. The rate of soil loss in the
Pnew, Pold, and Pnon was found to be 23.5, 45.56, and
58.15 t ha−1 year−1, respectively. This shows a net soil
loss reduction by 59.6 and 48.3% compared to the old
and non-treated plots. Sediment concentration and total
soil loss were very high at the beginning of the rainy sea-
son (June and July) than at the ending, because, at the

Fig. 8 Runoff-soil loss relationship within plots treated with new soil bund, old soil bund, and non-treated
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start, most of the cultivated land was bare and disturbed
through tillage, which makes the soil easily detachable,
transportable, and vulnerable to splash and rill erosion.
Later on, the concentration becomes reduced due to the
stabilization of the soil and improved crop cover.
Pnew with furrow depressions was found most effective

in runoff and sediment loss reduction as compared to
the Pold and Pnon. The reduction in runoff and sediment
loss in the Pnew is attributed to the furrows constructed
as depressions to trap runoff and soil loss. However, the
effect of bunds was not limited due to furrows with suf-
ficient depressions and also in old soil bunds in which
furrows are nearly totally filled with sediments. In gen-
eral, conservation structures showed important implica-
tions to reduce runoff and sediment loss in the sub-
humid Gumara watershed. The runoff and soils pro-
tected from erosion can improve ground water recharge,
soil fertility, better plant growth, and finally increase
agricultural productivity. A positive and significant cor-
relation was observed between rainfall, runoff, and soil
loss regardless of the treatments.
Although soil bund reduced a significant amount of

runoff and sediment loss, the net soil loss even in treated
plots was very high. Thus, graded soil bunds need to be
supported by different SWC measures that can facilitate
infiltration and trap sediments such as grass strips, phys-
ical structures, and agro-forestry practices with legumin-
ous trees. Therefore, it is recommended that the
government together with the local residents and NGOs
(where possible) need to develop a culture of regular
maintenance and implement supportive SWC measures
at the micro-watershed level for sustained reduction of
soil erosion and make it below the tolerance limit.
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