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Abstract

:

Restoration of degraded landscapes through the implementation of soil and water conservation practices is considered a viable option to increase agricultural production by enhancing ecosystems. However, in the humid Ethiopian highlands, little information is available on the impact of conservation practices despite wide scale implementation. The objective of this research was to document the effect of conservation practices on discharge and sediment concentration and load in watersheds that have different soil depths and topography. Precipitation, discharge, and sediment concentration were measured from 2010 to 2012 in two watersheds in close proximity and located in the Lake Tana basin, Ethiopia: Tikur-Wuha and Guale watersheds. The Tikur-Wuha watershed has deep soils and a gentle slope stream channel. The Guale watershed has shallow soils and a steep slope stream channel. In early 2011, the local community installed upland conservation measures consisting of stone and soil bunds, waterways, cutoff drains, infiltration furrows, gully rehabilitation, and enclosures. The results show that conservation practices marginally decreased direct runoff in both watersheds and increased base flow in the Tikur-Wuha watershed. Average sediment concentration decreased by 81% in Tikur-Wuha and 45% in Guale. The practices intended to increase infiltration were most effective in the Tikur-Wuha watershed because the deep soil could store the infiltrated water and release it over a longer period of time after the rainy season than the steeper Guale watershed with shallow soils.
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1. Introduction


Soil erosion is a serious global environmental problem and constrains food production for the increasing world population [1]. Erosion is a natural process that is enhanced by human activities. It causes the loss of agricultural productivity and a decline of water quality [2,3,4]. It is estimated that about 10 million ha of cropland is lost in the world due to soil erosion every year [5] and is often a common occurrence in the Mediterranean and China [6,7]. Erosion rates vary throughout the world: In the hilly areas of the northern Mediterranean region, along the Atlantic coastline and stretching from France to Greece, the annual sediment losses are in the order of 1.5 Mg ha−1 y−1 [8]. USDA estimates that the average erosion rate in 2010 was 6.7 Mg ha−1 y−1 overall cropland in the United States, while the average erosion rate for pastureland was 0.4 Mg ha−1 y−1 [9]. The total sediment load of the Yellow River in China is 1.6 billion Mg y−1 or 20 Mg ha−1 y−1 [7].



Severe erosion is also a problem in the Ethiopian highlands, where nearly 1.5 to 2 billion ton y−1 soil loss is reported [10,11,12]. The Blue Nile River alone transports over 130 Tg y−1 (million tons) of sediment per year (or 7 Mg ha−1 y−1) [13]. Fifty-eight percent of the Chemoga watershed, a part of the Blue Nile basin in Ethiopia, lost more than 80 Mg ha−1 y−1 of soil [14]. About 39% of the Blue Nile basin area contributed more than 30 Mg ha−1 y−1 of soils [15]. Based on the findings of [16], upland soil losses in the Lake Tana basin of the Blue Nile were 30 Mg ha−1 y−1 on average, most of which was deposited on the plains around Lake Tana. Similarly, in the Koga watershed of the Lake Tana basin, 45% of the watershed is vulnerable to soil erosion [17]. Sheet erosion from the Gilgel Gibe catchment area, in southeastern Ethiopia, is estimated to be about 45 Tg y−1 [18].



Most of the factors contributing to high soil erosion rates and land degradation are human induced [15,19]. To meet the increasing demand for food and fuel by the rapidly growing population, the land has been deforested and the subsequent loss of organic matter has led to a lower soil aggregate strength and finer soils. As a result, sediment concentrations have increased in the runoff water, greatly increasing the natural rate of hardpan formation. The hardpan is a typical characteristic of degraded soils [20,21]. While the hardpan affects the watershed hydrology by restricting the downward water movement, the surface soil remains highly permeable and has infiltration rates greater than the prevailing rainfall intensity. Thus, surface runoff in the degraded watershed mainly occurs when the soil is saturated by either a perched water table above the hardpan or by regional high ground water in the valley bottoms [16,21].



To mitigate the effects of land degradation, local communities and international donors have been implementing conservation practices since the 1980s [22]. Starting in 2010, the Ethiopian government intensified its effort to improve agricultural production by forcing farmers to install soil and water conservation practices for two months per year [23]. Annually, more than 15 million farmers contribute free labor [24].



In addition to government-led programs, conservation programs were implemented with foreign donor money. One of these programs is the Tana Beles Integrated Water Resources Development Project (abbreviated as Tana Beles Project) funded by the World Bank, which improved 80 watersheds in the Lake Tana basin in collaboration with the community. Our study was carried out in two of these watersheds.



The effect of conservation practices on the hydrological response of runoff and sediment in the Lake Tana basin is not well studied. The studies that have been carried out in the Lake Tana basin focused on modeling the sediment load, lake level fluctuation and water balance, and runoff volumes and identifying the erosion hot spot areas, analyzing runoff processes through conceptual hydrological modeling, and hydrological and suspended sediment modeling [3,16,25,26,27]. Studies outside the Lake Tana basin found that infiltration furrows decreased direct runoff and sediment load but not sediment concentrations in the first three years of observation when gullies were present [23,28,29]. Another study 200 km south of Lake Tana [30] found that the long-term impact of conservation practices was minimal. None of these studies related the effectiveness of the conservation practices to watershed characteristics. The latter is important for prioritizing watersheds for the implementation of conservation measures. The objective of the study is, therefore, to examine the effects of watershed characteristics on the sediment and runoff reduction rate after soil and water conservation implementation. The two agricultural watersheds, Tikur-Wuha and Guale, were chosen from 80 watersheds rehabilitated by the Tana Beles Project, where in the same year (2011), soil and water conservation practices were installed by the communities and discharge, sediment, and rainfall data was available before and after implementation. In addition, these two watersheds were in close proximity and had the same soil type but were different in soil depth and topography.




2. Materials and Methods


2.1. Description of the Study Area


Both Tikur-Wuha (38°05′25″–38°06′45″ E–W; 11°48′22″–11°49′26″ N–S) and Guale (38°08′19″–38°09′19″ E–W, 11°45′18″–11°46′41″ N–S) watersheds are located in the headwaters of the Ribb watershed (Figure 1). The Tikur-Wuha watershed is 500 ha (Figure 1c,e) and the Guale watershed is 190 ha (Figure 1d,f). Slightly more than half is cropland (Table 1). The Ribb is one of the main tributaries of Lake Tana, which is the beginning of the Blue Nile. The climate can be characterized as humid monsoonal. The warmest month is April with an average temperature of 16.5 °C in January and the coldest is 13.3 °C in July. The annual average rainfall is around 1600 mm y−1 with the major portion falling in the rainy phase from May to September.



The soils are of volcanic origin and classified as Chromic Luvisols [31]. A soil depth map was developed for the two watersheds based on the soil pits excavated for the three slope positions by the Tana Beles Project. The slope at the soil pit location was determined from a digital elevation map. Soil depth was assigned to the slope categories and soil depth maps were created using ARC GIS. Based on observation from soil pits, the Guale watershed depth has a shallower soil depth than the Tikur-Wuha watershed (Figure 1e,f). In the Guale watershed, 20% of the soil is less than 15 cm, 41% has a depth of 15 cm, and only 39% of the soil is 25 cm deep (Figure 1e). In the Tikur-Wuha watershed, soils are much deeper with 12% of the soils being less than 25 cm deep and the remaining area soils being 55 or 90 cm deep (Figure 1f). Gullies occupied slightly less than 1% (or 4.2 ha) of the Tikur-Wuha watershed and just above 1% (or 2.4 ha) in the Guale watershed (Table 1). They were 3 m deep on average and were primarily found in the valley bottom areas that become saturated during the rainy phase.



A 30 m × 30 m digital elevation map made by the Shuttle Radar Topography Mission (SRTM) was available for both watersheds. The elevation of Guale watershed ranges from 2685 to 2859 m and Tikur-Wuha watershed from 2870 to 3298 m (Figure 1c,d). Regarding the channel slope, the Guale watershed channel slope (11%) is steeper than the Tikur-Wuha watershed (5%). The profile curvature (defined as the curvature of the surface in the direction of steep slope with respect to the vertical plan of flow line) of both watersheds is shown in Figure S1. A large portion of the Guale watershed has a negative profile curvature (Figure S1a), whereas in the Tikur-Wuha watershed, a large portion has a positive profile curvature (Figure S1b). This means that the Tikur-Wuha watershed is concave with decreasing slopes towards the outlet (Figure S2a). Soil will be deposited in the center of the watershed forming deep soils that can store water (Figure 1f). On the other hand, the Guale watershed has a convex slope with increasing slopes towards the outlet (Figure S2b). Erosion is therefore dominating sedimentation resulting in shallow soils with very little water storage (Figure 1e).



The two watersheds had a similar land cover with slightly more than half represented by cropland. Wheat, barley, and potato are mainly grown. Approximately a quarter is in forest shrub and woodland, 10% is bare, and 10% is grassland (Table 1). The main differences between the two watersheds are the slope and depth of soils (Figure 1e,f, Table 1). This is also the reason that the grazing land is larger in the Tikur-Wuha watershed where, due to the flatter slope, a larger portion of the bottom area is saturated and is thus too wet for crops and is used for grazing instead.



In 2011 and 2012, soil and water conservation practices were installed in the two watersheds by watershed committees under the auspices of the Tana Beles Project (Table 2). The village watershed committee for each watershed, consisting of six female and six male members, was established in 2010 with the responsibility of facilitating implementation of soil and water conservation from planning to actual implementation. Members of the committee were first trained in SWC design and construction by the Tana Beles Project, and then, in close consultation with the community, made a tentative watershed conservation plan with preference for the installation of soil and water conservation practices aimed at increasing dry season baseflow and reducing the sediment load from the upper catchment.



The community watershed development program proposed the construction of site specific conservation techniques that included 50–60 cm deep infiltration furrows with soil bunds downhill (some of which were faced with stones) and stone buds with stones gathered from the surrounding area, waterways, cut off drains, gully rehabilitation with gabions and check dams, hillside terracing, micro basins, and planting of fodder and woodlots on communal lands (Figure 2a–c, Table 2). In the two years, 23% of the Guale watershed and 18% of the Tikur-Wuha watershed was treated with conservation practices (Table 2).



The infiltration furrows with bunds were built along the contour across the sloping lands to decrease runoff by reducing or stopping the overland flow and increasing the infiltration of rainwater into the soil in the furrows. Note that due to erosion and filling up of the furrows, most of these practices are only effective for approximately five years [30]. Enclosures are areas closed for free grazing and cultivation, commonly found on degraded marginal lands not suitable for crop cultivation and in valley bottoms where gullies are being formed. Natural vegetation is regenerating, erosion is reduced, and the soils are stabilized on the enclosures. Check dams reduce the effective slope of the channel, thereby reducing the velocity of flowing water, allowing sediment to settle and reducing channel erosion. Check dams require maintenance to be effective [32,33].




2.2. Data Collection


Precipitation, discharge, and sediment concentration were measured during the 2010–2012 period.



Precipitation: Beginning in 2010, the daily precipitation was measured with manual rain gauges located near the outlet of each watershed by the Tana Beles Project. The daily precipitation was measured from the beginning of 2010 to the end of 2012 using manual rain gauges at the outlet of the two watersheds. Data collectors measured the rainfall twice a day and several times during a rain storm. The data collectors recorded the depth of the water inside the graduated cylinder in mm. For both watersheds, the depth and duration of each rainfall event were recorded.



Discharge: River gauges were established at the outlet of both watersheds in 2010. The daily stream flow depth was recorded twice a day during base flow and every 30 min during storm events. The measurements were taken manually. A stage-discharge rating curve was developed. The flow depth was measured with a staff gauge. Manual measurements of flow depth and velocity started when the water in the stream became turbid. Both water depth and surface water velocity (V, m s−1) at the outlet of the two watersheds were recorded at 30-min intervals until the water became less turbid. The surface velocity was determined with a float that was released at 5 to 10 m upstream from the outlet of the watersheds, which was then divided by the time taken to reach the staff gauges. The velocity distribution was not uniform in the stream [34]. The mean velocity in the stream was obtained by multiplying the surface velocity by two-thirds for the fast-flowing streams in mountainous areas [34]. The discharge was determined by multiplying the mean velocity by the cross-sectional area of the stream [35].



Sediment concentration: This was measured manually twice a day during the base flow and at 30-min intervals during a storm event. Samples were collected in 1 L plastic bottles. At the end of each month, the bottles were transported to the lab. Sediment concentrations were determined by adding 5–25 mL of Al2SO4 coagulant to the 1 L sample in the graduated beakers and left to settle overnight. Samples were decanted and placed in an oven for 24 h to determine the oven dry weight.




2.3. Data Analysis


Monthly and annual runoff coefficients were calculated as the ratio of runoff depth and precipitation over the respective periods. Sediment load was calculated as the sum of the products of the sediment concentration and discharge over the period between the mid-points of subsequent sampling events.



A flow duration curve was constructed from the daily stream flow of each watershed by sorting the daily discharge for the 2010–2012 period from the largest to the smallest values, and assigning each discharge value a rank (r), starting with 1 for largest values and N for the lowest values. Then, the exceeding probability was calculated using the Weibull plotting routine [36].


   P =  (   r  N + 1    )  × 100   



(1)




where P is the percentage of time that the flow is equaled or exceeded, N is the total number of daily flow in the 2010–2012 period, and r is the rank assigned to each daily streamflow value.





3. Results


3.1. Precipitation


The precipitation for the two watersheds was similar (Figure 3). In the Tikur-Wuha watershed, the average annual precipitation over the three-year period was 1602 mm y−1 and ranged from 1676 mm y−1 in 2011 to 1552 mm y−1 in 2012 (Table S1). In the Guale watershed, the mean annual precipitation in 2010–2012 was 1561 mm y−1 and ranged from 1682 mm y−1 in 2011 to 1470 mm y−1 in 2012 (Figure 3, Table S2). Eighty-five percent of the annual precipitation was concentrated in the period of May–September (Tables S1 and S2).



As shown by the average monthly rainfall distribution in both watersheds (Figure 3), the months from October to December constitute the dry season; the wet season extends from June to September, with a heavy rainfall concentration in July and August. Rain also occurs in January, March, April, and May, with a peak in March, but it is a very small amount. The driest season is February. During the dry season between October and December, the stream flow of the watershed is only base flow [37]. In the Tikur-Wuha watershed, base flow from October to December increased after conservation practices were installed.




3.2. Discharge


The daily (Figure 4 and Figure 5) and monthly discharge (Figure 3) follow the typical pattern in the northern Ethiopian highlands with the greatest discharge in the two wettest months of July and August. The mean annual runoff depth for 2010–2012 in Tikur-Wuha was 419 mm y−1 and 493 mm y−1 in the Guale watershed. Thus, the steep Guale watershed with shallow soils had 76 mm y−1 more discharge with an average rainfall that was 50 mm y−1 less than the Tikur-Wuha watershed with deep soils and gentle slopes (Tables S1 and S2). The greater discharge in the shallower watershed agrees with saturation excess runoff theory, where the portion of saturated soil increases for a given storm with decreasing soil depth. This results in more direct runoff generated, shortening the residence time in the watershed and consequently leading to less evapotranspiration from the rainwater [38,39].



As expected, during the rain monsoon phase from May to September, a similar difference in discharge was found (Table 3). The average discharge of the Guale watershed compared to the Tikur-Wuha watershed was 165 mm y−1 greater with 88 mm more precipitation. In addition, runoff in the Guale watershed started in the beginning of the rain phase, while in the Tikur-Wuha, the runoff responses was towards the middle and end of the rainy periods (Figure 3, Figure 4 and Figure 5) since it took longer to bring the soil to field capacity and flow to start. Moreover, the deep soil in the Tikur-Wuha watershed had more water stored at the end of the rain phase than the Guale watershed. The stored water was released after the rains ended and hence the Tikur-Wuha had more baseflow from October to December than the Guale watershed (Figure 4 and Figure 5). Finally, the flow stopped earlier in the Guale watershed because the water flowed faster down the hill due to the steeper slope. Consequently, the retention time was shorter (Figure 4 and Figure 5). Despite the shorter retention time should be related to more baseflow initially in the Guale watershed, it was still less than the Tikur-Wuha watershed because of the smaller amount of water stored in the Guale wathershed.



The discharge during the rain phase in the Tikur-Wuha watershed increased in 2011 despite the installation of the conservation practices because the increased rainfall had a greater effect (Table 3 and Table S1). The discharge decreased slightly in 2012 compared to 2010 (Table 3 and Table S1). In the Guale watershed, the runoff volume during the rainy phase increased in 2011 and 2012 due to the greater rainfall amounts after soil and water conservation implementation (Table 3 and Table S2). Despite a greater portion of the Guale watershed being treated with conservation measures (Table 2), the baseflow hardly changed due to these practices (Figure 5).



3.2.1. Runoff Coefficients


To compare the discharge between the two watersheds independent of the amount of rainfall, runoff coefficients (e.g., the ratio of runoff to rainfall) were calculated for the rain season (May–September). We found that the annual runoff coefficients of the Tikur-Wuha watershed ranged from 23% to 18% and the Guale watershed ranged from 31% to 33% (Table 3). This is due to the difference in soil depth in the two watersheds as described further in the discussion section. The Tikur-Wuha watershed runoff coefficient increased by 10% in 2011 due to an increased rainfall amount; as compared with 2010, it decreased by 14% in 2012 (Table 3). In the Guale watershed, the runoff coefficient increased in 2011 and then decreased in 2012, but to a much smaller degree (Table 3). Thus, conservation measures increased infiltration when the rainfall amounts were similar (2010 vs. 2012) in the Tikur-Wuha watershed. The implementation of soil and water conservation practices had a relatively small effect compared with the increase in precipitation.




3.2.2. Flow Duration Curve


The annual flow duration curves for the 2010–2012 period clearly indicated the different runoff patterns between the two watersheds (Figure 6). The shape of the flow duration curve is determined by the hydrological and geological characteristics of the drainage area and can be used to compare the watersheds with each other [40].



The Tikur-Wuha watershed, with deep soils and gentle channel slopes, exhibited flow during the entire period, while the low flows in the Guale watershed ceased. High flows in the Guale watershed were greater than in the Tikur-Wuha watershed, while the low flows were less. This stark contrast in discharge was related to soil depth and slope. The greater the slope, the greater the velocity of the subsurface moving water and the faster the flow stopped. Additionally, the shallow soil depth meant that less water could be stored in the watershed resulting in greater saturated areas and consequently more surface runoff, as discussed in more detail in the Discussion.





3.3. Sediment


3.3.1. Sediment Concentrations


In both watersheds, sediment concentrations were generally greater at the beginning of the rainy phase (May and June) and decreased toward the end of the wet season (August and September) (Figure 6). This was especially distinct before the implementation of the soil and water conservation practices (Figure 7a) and in 2011 during a large storm in the Tikur-Wuha watershed (Figure 7b).




3.3.2. Sediment Yield


After soil and water conservation implementation, there was a reduction of sediment load in both watersheds. However, the magnitude of reduction was quite different between the two watersheds. Before the implementation of soil and water conservation, the sediment load of the Tikur-Wuha watershed was higher than the Guale watershed. However, after implementation, the result reversed (Table 4). As expected from the sediment concentration and discharge results, the greatest reduction in sediment yield during the implementation of the soil and water conservation practice was found in the Tikur-Wuha watershed, where sediment yield decreased by 58% in 2011 and by 84% in 2012. In the Guale watershed, the sediment yield decreased by 6% in 2011 and 45% in 2012 (Table 4).






4. Discussion


We will first discuss the impact of soil and water conservation on hydrology and then explain the differences in hydrological responses in the two watersheds.



4.1. Overall Impact of Soil and Water Conservation on Hydrological Response of Watersheds


The implementation of conservation measures (infiltration furrows, waterways, cutoff drains, hillside terracing, and micro basins), together with the treatment of gullies and enclosures (Figure 2a–c, Table 2) in the two watersheds, had the greatest positive impact on reducing sediment transport from the watersheds. Although the conservation measures might have reduced the discharge during the rain phase slightly, the amount of rainfall was clearly more important in determining the total amount of discharge (Table 3, Tables S1 and S2). Other studies have shown that upland conservation practices decreased direct runoff in Ethiopia [18,22,41] and elsewhere in the world [42,43]. The effect on discharge of the soil and conservation practices at the outlet in the Guale watershed was minimal, while in the Tikur-Wuha watershed, which could store the additional amount of infiltrated water, the direct runoff was decreased for comparable amounts of annual rainfall (Table 3, Tables S1 and S2).



After the rain stopped in September, the baseflow in the Tikur-Wuha watershed (Figure 3) was increased due to both the implementation of the conservation practices and because of greater amounts of rains (Figure 4 and Figure S1). In 2011, when soil and water conservation practices were implemented, and the greatest amount of rain fell (Table 3), the baseflow was the greatest (Figure 4b). In 2010 and 2012, when the precipitation was comparable during the rain phase (Table 3), the baseflow in the dry phase after September was greater in 2012 after the implementation of practices than for 2010 (Figure 4a,c). In the Guale watershed, with the shallow soil and steep gradient, the effect of the conservation measures and amount of rainfall on the baseflow, if any was exhibited, was much less significant (Figure 5 and Figure S1).



Unlike other watersheds in the highlands, the decrease in peak sediment concentration (Figure 7) was not very distinct with the progression of the rain phase [22,23]. In most watersheds, sediment concentrations are elevated in the beginning of the rain phase after the soils are plowed and rills form [22,23,28,44,45,46,47]. Once the rills have formed, sediment concentrations decrease. When gullies are present downstream, any decrease in sediment is negated by unconsolidated sediments of the slipping banks that can easily be picked up by the flowing water in the gullies [48,49]. Under these circumstances, the peak sediment concentrations remain elevated throughout the rain phase, as seen in the Tikur-Wuha and the Guale watersheds, especially in 2010 before gully rehabilitation practices were in place (Figure 7a).



Sediment concentrations and loads decreased greatly in both watersheds after the implementation of conservation measures (Figure 7b,c). In the Debre Mawi watershed [22,28,48,49], in cases where gullies were not treated, we found that the sediment concentration at the outlet did not decrease after the installation of upland conservation practices because the unconsolidated soil in the gullies added the sediment back into the water that was taken out by the upland practices. Here, gullies were treated (Table 2) and sediment concentration decreased because gullies are the major sources of sediment [50,51,52].




4.2. Effect of Topography and Soil Depth on Effectiveness of Soil and Water Conservation Works


4.2.1. Discharge


The runoff coefficient in the Tikur-Wuha watershed was much smaller than in the Guale watershed (Table 4). To discuss the differences in discharge and runoff coefficients between the two watersheds, we note that prior experimental studies have found that the main runoff generation mechanism in the (sub) humid Ethiopian highlands is saturation excess runoff [15,20,22,24,45,46,47,48]. Saturated excess overland flow occurs at locations either where the soils become saturated above an impeding layer or where the regional groundwater reaches the surface. In addition, since the soil types of the watersheds are similar (both Chromic-Luvisols) and consequently have the same infiltration capacity, the observed differences in direct runoff (Table 3) cannot be explained by the infiltration excess runoff mechanism. Based on this, we can conclude that the runoff coefficients and discharge are less for the deeper soils in the Tikur-Wuha watershed than for the Guale watershed, where soils are shallower (Figure 1e,f). The deeper soils could store more of the rain water before the soil was saturated. Consequently, in the Guale watershed, the saturated areas formed earlier after the beginning of the rain phase and resulted in both an earlier start of and more direct runoff than in the Tikur-Wuha watershed (Figure 4 and Figure 5, Table 3).



The flow duration curve in Figure 6 confirms the above findings. The curve, with a steep slope for the Guale watershed, indicates the highly variable stream flow with flows that are largely from direct runoff; whereas a curve with a flat slope for the Tikur-Wuha watershed shows that baseflow is also substantial (Figure 6). The flat slope at the lower end in the Tikur-Wuha watershed indicates a large amount of water storage [53]. However, a steep slope at the lower end in the Guale watershed indicates a negligible amount [53]. This confirms, again, that watershed storage affected by both slope and depth of soil plays an important role in the hydrological characteristics of these watersheds.



Finally, our findings agree with [38,54] in that soil depth is highly significant in controlling the portion of flow, i.e., direct runoff and base flow. As the depth of soil increases, interflow and base flow increase. However, as the soil depth decreases, direct runoff increases in regions with saturation excess overland flow, such as in the Ethiopian highlands. For the same reason, the baseflow was not affected in the Guale watershed by the conservation practices because the watershed was at its maximum storage throughout the rain phase. Any additional infiltration by conservation practices could not be stored. In contrast, the storage in the Tikur-Wuha watershed was not restricted and additional infiltration water could be held and released during the dry phase, thereby increasing baseflow.




4.2.2. Sediment Loss


The peak sediment concentrations in the Tikur-Wuha watershed were greater than in the Guale watershed before soil and water conservation implementation (Figure 7a), while this was nearly reversed after implementation (Figure 7b,c). Despite its relatively flatter slope near the outlet and expected deposition of sediment, the sediment concentrations in the Tikur-Wuha watershed were greater before implementation in 2010 because peak discharge volumes were greater due to its larger size (Table 1).



The sediment load reduction of 71% in 2012 was greater in the Tikur-Wuha watershed with a smaller portion of the watershed being treated than the 23% of the Guale watershed (Table 2 and Table 4). Although there was a relatively small reduction in runoff, the greatest effect was the reduction in sediment concentration. The sediment concentrations decreased in 2011 and 2012 in both watersheds because of the gully rehabilitation and enclosures, but were likely more effective in the moderately sloping Tikur-Wuha watershed (Figure 7).



The lesson learned from the comparison of these two watersheds, as well as from other watersheds such as the Debre-Mawi watershed, is that gully treatment should be incorporated into conservation programs in the Ethiopian highlands to increase its effectiveness. The results also show that conservation programs are generally more effective in watersheds with deeper soil depths and with gentle slopes than in watersheds with shallow soils (with limited storage) and steep slopes.






5. Conclusions


The implementation of soil and water conservation practices as part of the Tana Beles Integrated Watershed Management Project in the watersheds has reduced sediment concentration and sediment load, and marginally reduced runoff volumes, thereby contributing to the reduction in sediment transported in the upper Blue Nile basin. Soil depth and slope position of the watershed influenced the effectiveness of the integrated watershed management practices. The Tikur-Wuha watershed, which has deep soil and a gentle channel slope, has shown a greater reduction in sediment load and runoff than the Guale watershed, which has shallow soil and a steeper slope. Further studies are needed to confirm the findings.
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Figure 1. Location, topography, and soil depth of the Guale and Tikur-Wuha watersheds. (a) Ethiopia; (b) Ribb watershed and the Gumara River below and Lake Tana at the left; (c) topography of the Guale watershed; (d) topography of the Tikur-Wuha watershed; (e) soils depth distribution of the Guale watershed; and (f) soil depth of the Tikur-Wuha watershed. 
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Figure 2. Typical soil and water conservation practices in the watersheds (Guale and Tikur-Wuha): (a) enclosed areas; (b) treated gully; and (c) stone faced bund. 
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Figure 3. Mean monthly precipitation and discharge from 2010 to 2012: (a) Tikur-Wuha; and (b) Guale watershed. 
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Figure 4. Daily rainfall and runoff of Tikur-Wuha watershed in 2010, 2011, and 2012. 
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Figure 5. Daily rainfall and runoff of Guale watershed in 2010, 2011, and 2012. 
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Figure 6. Flow Duration Curve of the Tikur-Wuha and Guale watersheds. 
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Figure 7. Daily sediment concentration during the rainy phase in (a) 2010; (b) 2011; and (c) 2012 in the Tikur-Wuha and Guale watersheds. 
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Table 1. Characteristics of the Tikur-Wuha and Guale watersheds.
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Watershed Characteristics

	
Watersheds




	
Tikur-Wuha

	
Guale






	
Stream slope (%)

	
5

	
11




	
Soil type

	
Chromic Luvisols

	
Chromic Luvisols




	
Land use/cover (%)

	

	




	
Crop land (%)

	
53

	
60




	
Forest, shrub & bush (%)

	
25

	
21




	
Bare land (%)

	
13

	
7




	
Grazing land (%)

	
8

	
12




	
Settlement area (%)

	
0.2

	
0.4




	
Elevation range (m)

	
2868–3303

	
2677–2863




	
Gully area (ha)

	
4.2

	
2.4




	
Major crops were grown

	
Wheat, barley, potato

	
Wheat, barley, potato








Source: Baseline survey report of the Tana Beles project (unpublished data).
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Table 2. Soil and water conservation measures implemented in the Tikur-Wuha and Guale watersheds (2011–2012).
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Soil and Water Conservation Type

	
Tikur-Wuha Watershed

	
Guale Watershed




	
2011

	
2012

	
2011

	
2012






	
Fodder and woodlots (ha)

	
0.3

	
8.5

	
2.4

	
0




	
Gully rehabilitation (m2)

	
2100

	
100

	
1100

	
0




	
SWCPs on agricultural lands (ha)

	
40

	
14.8

	
38.1

	
3.7




	
Degraded land treatment (ha)

	

	
29

	

	




	
Treated area (ha, (% of total area))

	
40 (8%)

	
52.3 (10%)

	
40.6 (21.4%)

	
3.7 (2%)
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Table 3. Runoff depth during rainy period phase (May–September) precipitation in mm month−1 and runoff coefficient (RC) for the Tikur-Wuha and Guale watersheds from 2010 to 2012.
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Tikur-Wuha Watershed




	

	
2010

	
2011

	
2012




	
Runoff

	
Rainfall

	
RC

	
Runoff

	
Rainfall

	
RC

	
Runoff

	
Rainfall

	
RC






	
May

	
41

	
115

	
0.36

	
25

	
127

	
0.20

	
13

	
77

	
0.17




	
June

	
33

	
151

	
0.22

	
22

	
193

	
0.11

	
46

	
280

	
0.16




	
July

	
79

	
461

	
0.17

	
110

	
500

	
0.22

	
73

	
487

	
0.15




	
August

	
81

	
435

	
0.19

	
125

	
458

	
0.27

	
64

	
330

	
0.19




	
September

	
39

	
168

	
0.23

	
51

	
165

	
0.31

	
34

	
132

	
0.26




	
Total

	
273

	
1330

	
0.21

	
333

	
1443

	
0.23

	
230

	
1306

	
0.18




	
Guale Watershed




	
May

	
20

	
83

	
0.24

	
33.3

	
145

	
0.23

	
0

	
39

	
0.00




	
June

	
75

	
232

	
0.32

	
40.2

	
152

	
0.26

	
85

	
270

	
0.31




	
July

	
135

	
426

	
0.32

	
153.4

	
445

	
0.34

	
142

	
484

	
0.29




	
August

	
126

	
409

	
0.31

	
146

	
449

	
0.33

	
137

	
446

	
0.31




	
September

	
67

	
194

	
0.35

	
106.9

	
285

	
0.38

	
66

	
186

	
0.35




	
Total

	
423

	
1344

	
0.31

	
479.8

	
1476

	
0.33

	
430

	
1425

	
0.30
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Table 4. Monthly and annual sediment yield (Mg ha−1 y−1) of the Tikur-Wuha and Guale watersheds from 2010 to 2012.
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Month

	
Tikur-Wuha Watershed

	
Guale Watershed




	
2010

	
2011

	
2012

	
2010

	
2011

	
2012






	
January

	
1.0

	
0.0

	
0.0

	
0.9

	
0.0

	
0.0




	
Febuary

	
1.3

	
0.0

	
0.0

	
0.3

	
0.0

	
0.0




	
March

	
1.4

	
0.1

	
0.1

	
0.3

	
0.0

	
0.0




	
April

	
4.6

	
0.1

	
0.0

	
0.3

	
0.0

	
0.0




	
May

	
7.1

	
8.4

	
0.1

	
0.7

	
0.6

	
0.0




	
June

	
12.2

	
4.5

	
5.0

	
17.5

	
0.6

	
1.3




	
July

	
12.1

	
6.5

	
1.4

	
13.0

	
23.5

	
17.6




	
August

	
9.9

	
1.1

	
1.4

	
10.1

	
18.5

	
6.7




	
September

	
1.3

	
0.4

	
0.1

	
6.2

	
2.6

	
1.2




	
October

	
0.2

	
0.1

	
0.2

	
0.1

	
0.2

	
0.4




	
November

	
0.1

	
0.1

	
0.0

	
0.1

	
0.2

	
0.0




	
December

	
0.0

	
0.1

	
0.0

	
0.0

	
0.2

	
0.0




	
Total

	
51.1

	
21.5

	
8.3

	
49.4

	
46.4

	
27.2




	
Difference

	

	
−58%

	
−84%

	

	
−6%

	
−45%












© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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