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Abstract: This study evaluated the best management practices on how to manage soil losses from
catchment and reduce sediment load into a dam reservoir. This study aimed to evaluate the rela-
tionship of runoff, soil loss, and sediment yield with best management practice (BMP) scenarios in
the GeoWEPP environment for the selected three micro-watersheds (hot spot areas) in the Megech
watershed, upper Blue Nile Basin. The impacts of four agricultural BMP scenarios, including forest
five years old, corn, soybean; wheat, alfalfa (4 yr) no till; corn, soybean, wheat, alfalfa (4 yr) conser-
vation till; and winter wheat mulch till, on soil loss, runoff, and sediment yield were quantified. The
results revealed that soil loss ranges between 41.45-66.11 t/ha/year and sediment yield rates ranges
between 36.5-54.8 t/ha/year with the baseline situation (conventional tillage condition) were found
to be higher than the tolerable soil loss (10 t/ha/year) in the region. Implementing BMPs on the crop
land of the micro-watersheds has positive impacts on all variables” runoff, soil loss, and sediment
yield reductions. Among the implemented BMPs, forests with a five-year perennial (agroforestry)
option showed the highest rate of reduction for all runoff, soil loss, and sediment yield, but no cost
benefit analysis was included in this study to choose among the BMPs. This study also identified
that agricultural BMPs play a great role in reducing runoff, soil loss, and sediment yield in the Me-
gech watershed to minimize on- and off-site impacts. In general, it is important to consider how
cost benefit analysis will change throughout project’s implementation among the selected BMP sce-
narios at the watershed level in the future.
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1. Introduction

Soil erosion poses a serious threat to soil biodiversity and conditions, affecting crop
output, causing biochemical changes, and reducing nutrition on a global scale [1]. Soil
erosion reduces productivity, exacerbates food insecurity, jeopardizes ecological integ-
rity, makes people more susceptible to climate change [2], and affects reservoir sustaina-
bility [3-6].

In the upper Blue Nile Basin, land degradation problems [7], loss of livelihoods, res-
ervoir siltation, and canal siltation [8] are caused by soil erosion and sedimentation. To
intervene and prevent negative soil erosion effects, policymakers are required to tackle
the interrelated problems of land degradation, climate change, and biodiversity decrease
[9]. Large investments have been made and implemented for conservation of soil and wa-
ter different parts of Ethiopia [10]. Such investments in physical and agronomic BMP tech-
nologies are able to result in the protection of ecosystem services [11]; enhance freshwater
availability [12,13]; limit runoff, soil loss, and sediment yields [14-16]; improve soil mois-
ture and crop production [17,18]; amend crop yield; improve food security; and improve
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household incomes [19-21]. Despite such efforts to limit runoff, sediment output, or soil
erosion, it is challenging to implement improvements because of the growth of agriculture
and urban areas [22,23].

Estimation of reservoir sedimentation is crucial to plan and construct dams [24]. The
annual reservoir siltation rate in Africa is approximately 1% [25], but in Shumburit, Ethi-
opia, the rate is 1.25% [26], and the loss rate is more than 3% [27,28]. Such high rates of
sediment deposition limit reservoir capacity, lower water quality [29,30], shorten dam life
[31], raise management costs, and decrease dam productivity, necessitating the installa-
tion of water and land conservation measures. However, accurate estimation of watershed
scale spatiotemporal sediment yield and soil loss is critical before the implementation of
conservational mitigation measures [32].

The application of structural best management practices (BMPs), such as terraces,
check dams, bunds, basins, and ponds, is used to reduce sediment yield from the water-
shed to the reservoir [33-36]. Mekonnen and Getahun [37] evaluated the effectiveness of
stone sediment storage and gabion structures and identified 67 and 74% trap efficiency,
respectively. However, their effectiveness decreases as structures age [38]. Uniyal et al.
[39] revealed that structural BMP is better in reducing the sediment yield than agricultural
BMP, however, their combination can reduce runoff, soil erosion, and siltation in better
way when well-managed [40].

Alternatively, agricultural BMP application results shown ranges of reduction levels
for soil loss, sediment yield, and runoff at plot- and watershed-level studies. Bombino et
al. [41] stated that mulching combined with no tillage in clay soil and steep slope water-
shed areas is effective in reducing runoff (20-23%) and soil erosion (75-80%) and no till
also positively impacted soil property and increase crop production [42-44]. Soil and wa-
ter conservation measures, incorporating slope tillage, slope tillage in hedgerows, conven-
tional tillage with straw mulching, and contour tillage, diminished soil loss by approxi-
mately 59.33 to 98.45% [45]. However, Desta, et al. [46] asserted that different land man-
agement practices, such as closure of the area, coverage of perennial vegetation, agro-
nomic techniques, techniques for mechanical erosion control, annual cropland cover, and
drainage techniques, reduced soil loss by 40-74% and sediment yield by 25-26.5%. Du, et
al. [47] reported the use of conservation measures such as agroforestry, cover crops, no-
till, reduced tillage, and residue return to reduce runoff by 67% and soil loss by 80% on
average. In general, applying agronomic BMPs has high impacts on the reduction of soil
loss, runoff and sediment yield but with varying magnitude.

In recent years, using geospatial distributed models to assess the effectiveness of
BMP scenarios has become common [48]. The modelling approach provides options for
soil loss estimation and hotspot area identification. Executing alternative management
scenarios in the model simulation can show the impacts of the alternate scenarios on the
mitigation approach along with the onsite and offsite influences [49-51]. Previous studies
have reported that the land management practices (with scenarios) for the purpose of soil
erosion and sediment yield minimization significantly varied with the reduction rates
compared to the baseline scenarios. For example, Reza Meghdadi [52] reported that ap-
plying alternative cropland areas in hotspot areas can reduce soil erosion by approxi-
mately 33% compared to the baseline. Conversely, researchers [49] considering five land
management alternative scenarios with land capability; they reported a reduction in run-
off of 10-41%, whereas soil loss was reduced by approximately 32-89% from the current
practice.

The Geospatial Water Erosion Prediction Project (GeoWEPP) model is used as a mod-
elling tool to determine the effectiveness of best management practices among the alter-
native scenarios to evaluate its impacts on runoff, soil erosion, and sediment production
[52-55]. According to authors of [53], the GeoWEPP model showed a reduction in runoff
of approximately 55-67% and soil loss of 90-94% due to the application of management
scenarios. However, before applying GeoWEP as a tool for BMP, areas with large sources
of soil loss, runoff, and sediment yield should be identified as being cost effective and
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targeted [56]. Renschler and Lee [57] tried to couple GeoWEPP and SWAT-distributed
geospatial erosion models to automate the application of best management practices
(BMP) to reduce the onsite and offsite impacts caused by soil erosion and runoff reduction
at the watershed scale.

This research assessed the applications of alternative agricultural best management
practice (BMP) scenarios and identified their effectiveness to reduce rates of soil loss (SL),
sediment yield (SY), and runoff (R) at the selected hot spot micro-watersheds of Megech
watershed. Some of specific objectives were identifying hot spot micro-watersheds, ap-
plying BMP scenarios and quantifying runoff, soil loss, and sediment yield rates and fi-
nally compared the reduction rates of soil loss, sediment yield, and runoff. This study
focused on applying agricultural BMP options to cropland areas in the study of a water-
shed that covered a larger share area and anticipated higher soil erosion and sediment
yield using the physically based GeoWEPP model.

2. Materials and Methods
2.1. Study Area Description

This research was carried out at three specific locations in the Megech dam watershed
with an area of 42,400 ha, and discharge of 5.6 m3/s at dam site. Thus, study area is one of
the four main sub-watersheds of the Lake Tana Basin. The dam is designed for Gondar
town water supply and irrigation purposes with an 864 m crest length, a normal water
level (NWL) of 1947.1 m above mean sea level and a volume of 182 million cubic meters
(MCM). Sediment trapping efficiency for the reservoir (98% efficiency) showed that in its
50-year lifespan, the reservoir will accumulate 20.3 MCM of sediment volume. However,
current studies have indicated that the sediment load in the region is more than the design
value mentioned in the design document.

Micro watersheds and plot levels are more accurately predicted by physically based
distributed erosion models than large watersheds in terms of soil loss and sediment yield
[58]. Therefore, three micro-watersheds named micro-watershed 1 (MW1), micro-water-
shed 2 (MW?2), and micro-watershed 3 (MW3) were identified as hotspot sediment-yield-
ing areas to the Megech dam watershed, which are MW1, located at the north tip, but
MW?2 and MW3, two adjacent micro-watersheds located in the south direction (Figure 1).
Micro-Watershed1 (MW1) has an area of 396.22 ha, of which 52.12% is covered with agri-
cultural land use. Micro-Watershed 2 (MW?2) has an area of 684.95 ha, and the cropland
coverage is approximately 68% of the sub-watershed. Micro-watershed 3 (MW3) has an
area of 380.78 ha; its crop land covers 70.78% of the total area. Megech watershed supports
a variety of land use/land cover, crop land (59.31%), grassland (15.4%), forest (7.5%), shrub
land (6.8%), woodland (5.8%), and bare land and built-up areas of approximately 2%
based on the analysis using the 2016 land use map. In the context of this study, the forest
represents land covered with dense trees while woodland represents land with trees dom-
inated by open spaces. Keep in mind that the research area’s primary land use and land
cover is crop land, and it is steadily growing. The dominant soil for the selected micro-
watersheds for MW1 is Eutric Leptosols (clay loam); for MW2, eutric cambisols (light clay
loam); and for MW3, Eutric Leptosols (clay loam).

In the top half watershed, the mean annual precipitation is about 1100 mm, while in
the lower part, it is about 1000 mm. The study area’s maximum temperature ranges from
23 °C in July to 30 °C in March, while the lowest temperature varies from 11.5 °C in Janu-
ary to 15.6 °C. From 39% in March to 79% in August, the relative humidity fluctuates. Low
wind speeds reduce the possibility of evapotranspiration rates between 101 mm per
month in July and 149 mm per month in March. In July and June, the amount of sunshine
is decreased to 4.2—4.9 h.

Rill and gully erosion is responsible for the creation of just a small number of shallow
seated gullies at reservoir catchments. The watershed is characterized by a high popula-
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tion rate that is anticipated to triple in the next fifty years, a steep slope, historically inad-
equate land management, and an ongoing destruction of the natural vegetation. As a re-
sult of the increased agricultural operations carried out in the watershed, such as steep
area farming and aggressive grazing, gullies that directly ran into the Megech river were
being produced. The Megech reservoir basin’s geology is dominated by various types of
basalt, a minor tuff, consolidated paleosoil, and recent soil cover. Over the reservoir ba-
sin’s rocks, a rather thick soil has formed. Major structures in the region are primarily
joints, fractures, and minor faults, with dominant and most frequent directions being
north—-south [59].
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Figure 1. Location of study area.

2.2. Datasets



Water 2023, 15, 788

50f21

In this study, we employed DEM, LULC, soil spatial data, and climate data as Ge-
oWEPP model inputs (see Table 1). Data of streamflow and sediment concentration from
Angereb and Megech watershed rivers were used for model calibration and validation.

Table 1. Data source, description with spatial and temporal scales.

Data Source Description Scale
huttle Rad
Shuttle Radar . DEM of 30 m x 30 m was used to delineate wa-
Topography Mission (SRTM) .
tershed, create stream network and using topo-
DEM http://earthexplorer.usgs.gov down- ) . 30 m
graphic parametrization (TOPAZ) model and
loaded and processed for 2020 released slobe breparation for CeoWEPP
24 June 2021. pe prep
Land use LULC derived from landsat Land and LULC map of 2016 was used satellite processed 30m
land cover Water Resources Centre (LWRC) image
Soil Ministry of Water and Energy (MoWE) Shape file vector map describing contain physi- 250 m

FAO based

cal-chemical properties

Climate data

National Meteorological Agency
(NMA)

Daily precipitation, maximum and minimum
temperature for stations Gondar, Maksegnit, Ad-1986-2015
dis Zemen

Stream flow

Ministry of Water and Energy (MoWE)
and Abbay basin Authority

Angereb and Megech gauging stations 1988-2005

Sediment

Ministry of Water and Energy (MoWE) Angereb and Megech gauging stations (Event

1991-2005

concentration and Abbay Basin Authority (ABA) based data)

2.3. Methods
2.3.1. GeoWEPP Modelling

Since this physically based erosion model is free and suitable for natural resource
management of smaller watersheds (most suitable 260 ha), GeoWEPP of version for
ArcGIS 10.2 and WEPP v2012.8 were chosen for runoff, soil loss, and sediment yield sim-
ulation [60]. Topographic Parametrization (TOPAZ) tool to process DEM and generate
slope, stream network, and sub-catchments. Utilizing observed precipitation, maximum
and minimum temperature in the watershed, Rockclime software was employed to gen-
erate climate input data for GeoWEPP. To link the spatial ASCII file with the GEOWEPP
model database and execute the WEPP onsite and offsite model simulation, a lookup text
file was created for the soil and LULC.

For the purpose of estimating runoff, soil loss, and sediment yield, GeoWEPP mod-
elling was used at the Megech watershed site. Preparing input data for the GeoWEPP
model, running the model and calculating soil loss, sediment yield, and runoff. Prior to
the model being utilized to forecast soil loss, sediment yield and runoff sensitivity analy-
sis, calibration, and validation were carried out. Simulations were carried out for the pre-
sent (baseline) state and for evolved scenarios to determine the effectiveness of the imple-
mentation of agricultural best land management practices (BMPs). Statistics were utilized
to compare the results of the various scenarios with the current results in order to assess
the efficiency of the situation. Instead of applying the same BMP scenarios to all regions
at erosion-prone locations, each hill slope should receive a different set of BMPs based on
the results of the WEPP model, reduced soil loss at a higher percentage and the effective-
ness of grass water to reduce runoff and sediment yield [61].

Model Evaluation

The GeoWEPP model simulation performance in the study watershed was checked
through sensitivity analysis of parameters such as hydraulic conductivity (K), interrill
erodibility (Ki), rill erodibility and critical shear stress (1) that control the surface runoff,
soil loss, and sediment yield rates from the hill slope. After selecting the sensitive param-
eters, calibration and validation for runoff and sediment yield were performed for the
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statistical metrics of coefficient of determination, Nash—Sutcliffe, and percent of bias. The
performance rating described the model’s replication capacity for the monthly time step
for both flow and sediment (Table 2).

Table 2. General performance ratings for recommended statistics for a monthly time steps [62].

Performance
Rating

Very good
Good
Satisfactory
Unsatisfactory

PBIAS (%) Formula
2
e { S(s-5)(0-0)1 [S(s.-5) S(0-0f
i=l i=1 i=1
NSE n 2, 2
Streamflow Sediment NSE=1-S(5.-0) /S (0.-0

; ( 1 1 ) ; ( 1 )

PBIAS =3 (0,-5,)*100/ 30,
i=1 i=l

0.75<NSE <1.00 PBIAS <10 PBIAS < +15

0.65<NSE<0.75 +10<PBIAS<+15 +15<PBIAS<+30
0.65<NSE<0.65 +15<PBIAS<+25 +30<PBIAS<+55
NSE<0.5 PBIAS > +18 PBIAS > +55

Note: R?—coefficient of determination, NSE—Nash-Sutcliffe Efficiency, PBIAS—percent bias, S—
simulated value, O—observed value-number of observations, i —counter.

2.3.2. Best Management Practice (BMP) Scenario Development

BMP in physically based model applications can improve watershed planning and
produce good results in the reduction of soil loss and its influences [63]. In the WEPP
database, various cropping and tillage alternatives are available to be considered to re-
duce the impacts of runoff, soil loss, and sediment yield [64]. Therefore, in the GeoWEPP
model environment, scenario development primarily focused on cropping and tillage
methods or agronomic BMPs to address the issues of soil loss, sediment yield, and runoff
for a specific watershed or hill slope when issues are detected. To examine the effects of
the four BMP scenarios on runoff, soil loss, and sediment yield, we simulated the Ge-
oWEPP model under each scenario and the baseline condition.

e  BL: baseline or current time situation (conventional tillage);

e  Scenario 1 (S1): forest five-year perennial (agroforestry);

e  Scenario 2 (52): corn, soybean, wheat, alfalfa (4 yr) no till;

e  Scenario 3 (S3): corn, soybean, wheat, and alfalfa (4 yr) conservation (consv.) Till;
consv.—represents agricultural conservation, such as strip cropping;

e  Scenario 4 (54): winter wheat mulch till.

Scenario One (S1): Forest Five-Year Perennial

In this case, it is assumed that all crop land will be converted to agroforestry, which
is described as a “five-year perennial forest” in the GeoWEPP management database al-
ternatives. Slope, soil type, and climate model inputs were left unaffected, while crop land
use was changed to forest.

Scenarios 2 and 3

Both scenarios “Corn, Soybean, wheat, alfalfa (4 yr) no till” and “Corn, Soybean,
wheat, alfalfa (4 yr) cnsv.till” in the model’s management scenario options no till and con-
servational tillage agriculture system, respectively.

Scenario 4

This option is the “winter wheat mulch till” tillage practice with mulching as a soil
erosion protection mechanism in the WEPP model environment.

It is important to base decisions on two main factors when selecting micro-water-
sheds for BMP scenarios. Based on the GeoWEPP model and hotspot sediment yield SY
analysis, the first criterion is the sediment yield rates at the reported outlets of micro wa-
tersheds. The percentage of farmland in the micro-watershed is the second criterion since
this land use is a significant source of soil erosion and sediment transport. It is ideal to use
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structural BMPs and the vegetative BMPs available in the field to control soil erosion
[65,66]. Soil conservation structures and best management practices keep the sediment on
the field to protect dam reservoir siltation and retain soil nutrients for crop production.
Once sediment leaves a site, it is no longer considered a valuable resource; instead, it is
considered a pollutant.

3. Results
3.1. Model Performance Measure

Statistical model evaluation indicators, including the coefficient of determination,
Nash-Sutcliffe efficiency, and percent bias metrics, were used to evaluate the performance
of the model. Since continuous and detailed spatial and temporal scale data are scarce in
the study area, monthly time step flow and sediment data are used for model evaluation.
Calibration (2000-2002) and validation (2003-2004) of the model was performed and pro-
vided acceptable performance [62]. Model performance results were achieved by using
manual calibration for soil sensitive parameters in monthly time steps (see Table 3). The
GeoWEPP model was calibrated and validated for runoff and sediment yield to check
how the model simulation repeated the observed values at the Angereb sub-watershed
and resulted in acceptable performance.

Table 3. Model evaluation statistical metrics results.

Runoff Sediment Yield
R2 NSE PBIAS R2 NSE PBIAS
Calibration 0.942 0.941 -2.41% 0.69 0.70 +3.77%
Validation 0.75 0.65 —-38.77% 0.75 0.54 +53.01%

3.1.1. Soil Loss

The frequency distribution of soil loss rates with regard to the various land use types
for conventional tillage conditions was presented using the onsite GeoWEPP model sim-
ulation for the selected three micro-watersheds (Figure 2). The findings showed that
across the micro-watersheds, soil loss rates varied significantly by land use/land cover
types, with a higher proportion occurring on cropland due to its area coverage and
sources of higher rates of erosion in terms of severity. The larger share comes from crop
land regions as the severity of soil erosion increases through (0-5) low, (5-10) moderate,
(10-20) high, (20-30) very high, (30-40) severe, and > 40 t/ha/year —extremely severe; nev-
ertheless, the severity proportion is variable among the micro-watersheds. The conclusion
suggests that implementing the intended BMP scenarios for croplands could result in pos-
itive outcomes to lessen soil losses from the watershed.
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Figure 2. Soil loss and deposition severity frequency distribution against land use/cover: (a) micro-
watersheds 1, (b) microwatersheds 2, (c) microwatersheds 3.
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3.1.2. Onsite Hill Slope Analysis

Micro-watershed 1 (MW1), with an area of 366.22 ha, was redeliberated using TO-
PAZ software with a critical source area (CSA) of 25 ha and a minimum source channel
length (MSCL) of 150 m to change hill slopes from 96 to 18 to visualize the changes in
runoff, soil loss, and sediment yield across the selected BMP scenarios. Runoff, soil loss
and sediment yield were reduced for S1, 52, S3, and S4 every hill slope (see Figure 3). It
can be observed that such analysis provides an advantage of planning and implementing
BMPs prioritized at hill slope levels.

— A9
Hill 16 = On-site hill slope results
Hill 13 |l
S Hill 10 B
Hil 7 [
Hill 4 |
Hill
Hill 17 :_
Hill 14
—
m Hil 11 &
[7,} -
Hil 8 =
Hill -
Hill =
Hill 18 |
Hill 15 [
., Hil12 - Sediment Yield (tones)
Y Hill :
Hill ) .
Hill = Sediment Deposition(tones)
Hill 19 L
Hill 16 = M Soil Loss (tones)
Hill 13 -
A Hill 10
Hil 7 | M Runoff 1022 (m3)
Hl 4k
—HWl 1
Hill 17 o
, Hil 14
SHI 1 e —
8 ——
3 Hill 8 -
Hil 5 |
———————
Hill 2
0 1 2 3 4 5 6 7 8 9
Thousands

Sediment Yield, Sediment Deposition,Soil Loss,Runoff

Figure 3. Onsite hill slope analysis of micro-watershed 1 for runoff, soil loss, sediment yield, and
deposition.
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Runoff, soil loss, sediment yield, and deposition estimation indicated considered
BMP; scenarios S1, S2, S3, and 54 impacted every hill slope to reduce runoff, soil loss, and
sediment yield. Because the reduction level varies with the hill slopes, the GeoWEPP
model provides the opportunity to implement BMPs at selected hill slopes to be more
economical (see Figure 3).

3.1.3. Sediment Yield

After model calibration and validation, it was employed to estimate runoff, soil loss
and sediment yield at sub-watersheds, micro-watersheds, and hill slopes. The three iden-
tified micro-watersheds had the highest mean annual sediment yield simulated for the
baseline (conventional tillage practice) (Table 4). The average annual sediment yield
ranges between 10.3 and 54.8 t/ha/year for the sub-watersheds of the Megech watershed,
with a mean value of 28.57 t/ha/year; the highest values were taken to assess the impacts
of BMP.

Based on the selection criteria of cropland and sediment yielding rate, micro-water-
sheds of crop land areas greater than 50% and hot sediment yielding rates MW1, MW2,
and MW3 were selected. The selected micro-watershed yields were significantly higher
than the desired or acceptable sediment yield value (10 t/ha/year) in the upper Blue Nile
Basin (Table 4). According to previous studies [67,68], the tolerable soil erosion rates or
target value (T) for the region is 10 t/ha/year.

Table 4. Sediment yield rate for the three selected micro-watersheds.

Micro-Watersheds Area (ha) Crop Land (%) Hill Slope Sediment Yield (t/ha/year)
Numbers
MW1 366.22 52.12 19 54.8
MW2 684.95 68.04 47 51.2
MW3 380.78 70.78 87 36.51

Note: MW —micro-watershed.

3.2. Best Management Practice (BMP) Scenarios and Impacts

GeoWEPP model simulation was performed for the four best management practice
scenarios and the baseline (conventional tillage of cultivated lands) to estimate soil loss,
sediment yield and runoff for three micro-watersheds in the Megech watershed. Impact
assessment of implementing BMP scenarios expressed as a percent change with respect to
the current condition. It is negative if

%A = I:(YBMP — Y setine ) /Y,

Baseline

]*100 (1)

where Ysmr indicates estimated value at best management practice scenario values; YBascline
indicates estimated value at baseline condition; and %A represents change.

3.2.1. Runoff Reduction

The average annual surface runoff volume decreased with values ranging between
2.95 and 32.59% for the five-year forest perennial scenario (S1). The no till (52) and con-
servation till (53) scenarios depicted similar trends in surface runoff reduction compared
to the conventional till scenario; however, in the case of the winter wheat mulch till sce-
nario, runoff increased for MW1 and MW3 and decreased for MW2 (Table 5). Applying
mulching mostly delays flow time and increased infiltration to reduced runoff, but when
soils are compacted and low infiltration capacity mulching increases runoff for MW1 and
MW3 due to soil type differences [69].
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Table 5. BMP impacts on annual average runoff for micro-watersheds 1, 2, and 3.

Baseline S1 S2 S3 S4
Average discharge from outlet Pre BMP 577,913
MW1 (m?/year) Post-BMP 389,571 448,898 452914 617,222
% difference -32.59 -22.32 -21.63 6.80
. ) Pre-BMP 1,606,707
My Average discharge from outlet Post-BMP 15588810 153403000 15320660  1,534,349.0
(m?year) % difference 298 452 ~4.65 ~4.50
. ) Pre-BMP 1,234,391.3
Mws ‘verage discharge from outlet Post-BMP 987,294.0 11867950 11867950  1,234,595.0
(m?year) % difference 20.02 -3.86 ~3.86 0.02
Note: MW —micro-watershed.
3.2.2. Soil Loss and Sediment Yield Reduction
The watershed method simulation for the baseline and BMPs illustrated that soil loss
at hill slopes decreased with ranges between 6.73 and 93.52% for the three micro-water-
sheds BMPs implemented; for channels, this value varied between 20.83 and 94.19%. The
sediment yield (SY) per unit area, collected from the hill slopes to the channel and trans-
ported to the outlet through channel routing, decreased by 15.34 to 92.52%. Such a reduc-
tion in soil loss was recorded for all three micro-watersheds and across four BMPs. The
highest reduction percentage was observed for the first scenario (51), forest five-year per-
ennial, implying that this scenario is the most effective scenario compared to the others
(Table 6).
Table 6. Implementation of BMP and responses of soil loss at the hill slope and channel and sedi-
ment yield and sediment delivery ratio for micro-watersheds 1, 2, and 3.
Baseline S1 S2 S3 S4
Avg. Ann. total hillslope soil loss Pre-BMP 89478
Post-BMP 848.4 3874.9 6262.8 6268
(tons/year) % difference ~90.52 56.69 3001 —29.95
MW1 Avg. ann. total channel soil loss Pre-BMP 6232.7
Post-BMP 362.2 659.6 684.1 4017.2
(tons/year) % difference ~94.19 -89.42 89.02 3555
Avg. ann. sed. delivery per unit area Pre-BMP 48
of watershed (t/halyear) Post-BMP 4.1 14.1 22.7 22
% difference -92.52 -74.27 -58.58 -59.85
Avg. ann. total hillslope soil loss Pre-BMP 45,282
Post-BMP 8864.50 30,059.20 36,172.70 36,350.00
(tons/year) % difference ~80.42 -33.62 2012 ~19.73
Avg. ann. total channel soil loss Pre-BMP 96,0702
MW2 Post-BMP 20,147.00 22,646.20 19,730.90 28,107.90
(tons/year) % diff ~79.03 ~76.43 ~79.46 ~70.74
o dlfference A . R .
. . Pre-BMP 51.7
Avg. ann. sed. delivery per unit area Post-BMP 760 11.20 16.60 16.10
of watershed (t/ha/year) -
% difference -85.30 -78.34 -67.89 -68.86
. . Pre-BMP 18,099.2
Avg. ann. tggﬁ:/‘;}:r‘;pe soil loss Post-BMP 1172.60 12,930.40 1293040 16,880.40
% difference -93.52 —28.56 -28.56 —6.73
. Pre-BMP 13,264.2
Mws  Avs-ann total channel soil loss Post-BMP 811.70 7618.30 7618.30 10,500.90
(tons/yr) % difference ~93.88 ~42.56 4256 ~20.83
Avg. ann. sed. delivery per unit area Pre-BMP 365
of watershed (t/halyear) Post-BMP 2.80 16.00 16.00 30.90
% difference -92.33 -56.16 -56.16 -15.34

Note: S1 = Forest five-year perennial (agroforestry plan); S2 = corn, soybean, wheat, alfalfa (4 yr) no
till (52); S3 = corn, soybean, wheat, alfalfa (4 yr) consv. till; S4 = winter wheat mulch till; consv. =
conservational tillage such as contour tillage.
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Figures 4-6 present the average annual sediment yield values relative to the tolerable
soil loss (10 t/ha/year) for the four considered BMPs and baseline scenarios. The green
color indicates sediment yields under the tolerable range, while the red color sediment
yields greater than the tolerable value. For scenario 1 (forestry), sediment yield is below
the tolerable rates in most of the area with SY <5 t/ha/year. In scenarios 2, 3 and 4, sedi-
ment yield is reduced compared to the baseline but still above the tolerable rates. This
shows that scenario 1 is best at trapping sediments and protecting reservoir siltation.

Best Management Practice for Micro-Watershed 1

Basline

Legend

I 0T <= sediment Yield < 1/4T
[ | 1/4T <= Sediment Yield < 1/2T
|| 1/2T <= Sediment Yield < 3/4T
| ] 3/4T <= Sediment Yield < 1T
| | 1T <= Sediment Yield < 2T
|| 2T <= Sediment Yield < 3T
B scdiment Yield > 4T

FT T T 1771771
0 05 1 2 Kilometers

S=Scenario

T=10t/halyr

E

Figure 4. Best management practice scenarios. Sediment yield rates at the outlet of MW1 at (A) base-
line scenario; (B) forest five-year perennial (agroforestry plan); (C) corn, soybean, wheat, and alfalfa
(4 yr) no till; (D) corn, soybean, wheat, and alfalfa (4 yr) consv. till; (E) winter wheat mulch till.
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Best Management Practice for Micro-Watershed 2

-
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B

S2
+ 1ﬁf’
Legend C h
I 1/4T <= Sediment Yield < 1/2T

[11/2T <= Sediment Yield < 3/4T
[ 13/4T <= Sediment Yield < 1T
[]1T <= Sediment Yield < 2T  [Ji=silie
[ 2T <= Sediment Yield < 3T
Il 3T <= Sediment Yield < 4T
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T T T 1 T T 1]
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Figure 5. Best management practice scenarios. Sediment yield rates at the outlet of MW?2 at (A) base-
line scenario; (B) forest five years perennial (agroforestry plan); (C) corn, soybean, wheat, and alfalfa
(4 yr) no till; (D) corn, soybean, wheat, and alfalfa (4 yr) consv. till; (E) winter wheat mulch till.



Water 2023, 15, 788

14 of 21

Best Management Practice for Micro-Watershed 3
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[T 1/4T <= Sediment Yield < 1/2T
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Figure 6. Best management practice scenarios. Sediment yield rates at the outlet of MW 3 at (A)
baseline scenario; (B) forest five-year perennial (agroforestry plan); (C) corn, soybean, wheat, alfalfa
(4 yr) no till; (D) corn, soybean, wheat, alfalfa (4 yr) consv. till; (E) winter wheat mulch till.

The annual average sediment yield distribution delivered to the outlets collected
from the hill slopes entered the channel and reached the outlet after the channel sediment
routing of micro-watersheds; MW1, MW2, and MW3 were computed using the GeoWEP
model, and the results were mapped (see Figures 4-6).
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4. Discussion
4.1. Modelling of Runoff, Soil Loss, and Sediment Yield

Modelling runoff, soil loss, and sediment yield at the watershed scale in data-scarce
areas such as the upper Blue Nile Basin is very challenging [70]. The model simulated
weighted mean runoff depths over three micro-watersheds was estimated to be 238.77
mm; less than 282 mm, estimated by Assfaw [71], using the SWAT model; and also from
416.8 mm including baseflow [59]. This implied that GeoWEPP model underestimated the
annual runoff of the Megech watershed.

In this study, sediment yield rates were estimated to be in the range between 10.3
and 54.8 t/ha/year with an average value of 28.57 t/ha/year. This result is in line with pre-
vious study reports [72]. For instance, values between 5 and 25 t/ha/year and a mean of
19.5 t/ha/year were reported in the Andasa watershed. Studies in northwestern Ethiopia
(Anjeb watershed) revealed SY rates ranging between 2.5 and 157 t/ha/year, higher than
the value in this study with a smaller mean value [73]. The bathymetric approach com-
bined with modelling to estimate the SY rate of the Abrajit reservoir was estimated as
47.33 t/ha/year [74]; previous studies reviewing Ethiopia [75] revealed a sediment yield
rate value of 26 t/ha/year and a sediment yield rate value of 36.47 t/ha/year in the Fincha
watershed [15].

Soil loss rates have also been reported by different researchers. For instance, Endala-
maw et al. [76] reported soil loss rates of 28.68 t/ha/year in the Gilgel Beles, upper Blue
Nile; Sinshaw et al. [16] reported a value of 23.53 t/ha/year in the Rib watershed; and Get-
net and Mulu [77] estimated a soil loss value of 27.7 t/ha/year in the Jedeb watershed.
Sediment yield and soil loss estimation in the Megech watershed showed high spatial var-
iability, which helps to apply BMPs at the hill slope and sub-watershed levels.

4.2. BMP Impacts on Runoff, Soil Loss, and Sediment Yield

The GeoWEPP model was used to evaluate the anticipated changes in runoff, soil
loss and sediment yield due to the application of agricultural BMP scenarios. The appli-
cation of alternative BMP scenarios for the crop lands of all three watersheds was to com-
pare and identify that the most reduced soil loss, runoff, and sediment yields [78]. Ge-
oWEPP model simulations for annual runoff, soil loss, and sediment yield quantified for
more than ten years since long-term (>eight years) simulation results are more consistent
than short-term simulations [57]. At the selected micro-watersheds in the study area, the
percent reduction in the runoff, sediment yield (SY), hill slope soil loss, and channel soil
loss ranges between 0.99 to 13.68%, 51.72 to 88.73%, 18 to 86.17%, and 49.5 to 86.27%, re-
spectively, for the selected BMP scenarios compared to the baseline scenario. In the high-
lands of Ethiopian watersheds, the application of vegetative BMPs such as contour strips
reduces soil loss rates by 63.9% [15], which is in line with the results of this study.

In general, the S1, S2, S3, and S4 BMP options for agricultural land use type reduced
runoff, soil erosion, and sediment yield. In this study, structural BMPs were not included
since the GeoWEPP model has no such packages and focuses on agricultural options in
its management database. However, ref. [18] justified that the GeoWEPP model is an im-
portant tool for assessing how soil and water conservation (SWC) structures work to lower
soil loss rates in the watershed with long period measurement data in preparing slope
changes due to structures.

Figure 7 depicts the effects of BMP scenarios at the micro-watersheds compared to
the baseline scenario in terms of the weighted mean for the micro-watersheds. The highest
impact was from the application of forestry, while the lowest change was from winter
wheat mulch until the scenario for all SL, runoff, and SY. The sediment yield percent re-
duction for alternative BMPs varied from 85.3% to 92.5% under the forest five-year per-
ennial (S1); from 56.16 to 78.34% for corn, soybean, wheat, and alfalfa (4 yr) no till (52);
and 56.16 to 67.89% under corn, soybean, wheat, and alfalfa (4 yr) consv. Till (S3); and
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from 15.34 to 68.86% under the winter wheat mulch till (54) scenarios. The lowest sedi-
ment reduction rate was observed at 15.34% for MW3 under mulch till conditions. With a
high percentage of reduction (85.3% to 92.5%) in the forest five-year perennial scenario,
MW1, MW2, and MW3 produced 4.1, 7.6, and 2.8 t/ha/year, respectively, and 6 t/h/year
was less than the allowable SY (10 t/ha/year). Figure 7 shows the quantitative estimation
of sediment yield, its distribution and a comparison of the baseline and four BMP scenar-

i0s.
100%
90%
80%
c  70%
§=)
+ 60%
S o
= 50%
[T
m SV
X 30%
Runoff Hill slope SL Channel SL
Simulated Variables
Im Forest five years Perennial (agroforestry)(S1) B Corn, Soybean, wheat, alfalfa(4yrs) no till(52)
r corn, soybean, wheat, alfalfa(4yrs) consv. Till;(S3) ® Winter wheat mulch till (S4)

Figure 7. Weighted average percent reduction for BMP scenarios compared to the baseline result.

4.3. Benefits of BMPs and Implementation Challenges

The high rates of soil erosion in the upper Blue Nile Basin (UBN) are caused by an
unmanaged agriculture system and high population stress, which necessitates land man-
agement practices and/or structural erosion controls to mitigate the impact on soil produc-
tivity and reservoir sedimentation. Application of the GeoWEPP model to evaluate runoff,
soil loss, and sediment yield provides an advantage of knowing the degree of seriousness
onsite soil and sediment yield at the outlets as per users’ criteria or the target value in the
area and provides maps of SL and SY relative to targeted values flexibility to assess BMPs
[57,63]. Afforestation and conservation tillage scenarios are known economical BMPs ap-
plied to agricultural lands, while the no-tillage practice option is an environmentally
friendly scenario [79]. Mulches can provide advantages of reducing soil evaporation, can
be applied at varying land scape and different stresses of agriculture, and are economical
[80]. Therefore, agricultural BMPs can provide many benefits for watersheds where more
than 57% is crop land, varying slope soil labelled as high soil loss, and sediment yield
areas.

5. Conclusions

This study’s findings illustrated that geospatially distributed GeoWEPP model ap-
proach by applying alternative vegetative BMP scenarios in addition to conventional till-
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age (baseline scenario) can measure the effectiveness to reduce runoff, soil loss, and sedi-
ment yield in the Megech watershed, upper Blue Nile Basin, a region with limited data
and economic constraints. To estimate runoff, soil loss, and sediment that varied spatially
across the channels, sub-watersheds and hill slopes, a calibrated and validated GeoWEPP
model was utilized. To identify the effects of implementing BMPs on runoff, soil loss, and
sediment yield compared to the baseline scenario, three hotspot high-sediment-yielding
micro-watersheds were selected. The results indicated that all BMPs—scenario 1 (S1), for-
est five years perennial (agroforestry); scenario 2 (52), corn, soybean, wheat, alfalfa (4 yr)
no till; scenario 3 (S3), corn, soybean, wheat, alfalfa (4 yr) consv. till; and scenario 4 (54),
winter wheat mulch till—reduced soil loss and sediment yield at all micro-watersheds.
The application of scenario 1 with highest impact can reduce in average runoff, soil loss,
and sediment yield with 13.68%, 86.27%, and 88.73%, respectively, while scenario 4’s low-
est reduction percentages were 0.99%, 18.0%, and 51.72% for runoff, hill soil loss, and sed-
iment yield, respectively. In general, studied BMP scenarios significantly reduced surface
runoff, SL, and SY compared to the conventional tillage practice of the watershed, imply-
ing that implementation through farmer participation is worth protecting Megech dam
reservoir from silt upstream watershed and maintaining land degradation. Of all four
BMP scenarios applied in the crop lands, the forest five-year perennial (S51) performed best
in the reduction of runoff, channel, and hill slope SL, and SY, indicating that the agrofor-
estry option is effective in controlling cultivated lands. However, studies have indicated
that structural BMPs are better at reducing SY, so further investigation including struc-
tural options is very important.

In general, this study made great effort to identify hotspot soil erosion and sediment
yield areas by applying BMP alternative scenarios in the GeoWEPP model environment
to check how SY, SL, and runoff responded across the scenarios with respect to the base-
line model results. This study employed agricultural BMPs in crop land areas, and future
researches should be conducted by incorporating structural BMPs. Additionally, cost—
benefit analysis was not included in the research work and shall be the focus of future
research.
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