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Abstract

:

Small-scale irrigation in Ethiopia is a key strategy to improve and sustain the food production system. Besides the use of surface water for irrigation, it is essential to unlock the groundwater potential. It is equally important to use soil management and water-saving systems to overcome the declining soil fertility and the temporal water scarcity in the region. In this study, the solar MajiPump was introduced to enable dry season crop production in Ethiopia using shallow groundwater sources. The capacity of the MajiPumps (MP400 and MP200) was tested for the discharge head and discharge using three types of solar panels (150 W and 200 W rigid, and 200 W flexible). Besides, drip irrigation and conservation agriculture (CA) farming systems were evaluated in terms of water productivity and crop yield in comparison to the farmers’ practice (overhead irrigation and tilled farming system). Results indicated that the maximum discharge head capacity of the MajiPumps was 18 m, 14 m, 10 m when using MP400 with 200 W rigid, MP400 with 200 W flexible, and MP200 with 150 W rigid solar panels, respectively. The corresponding MajiPump flow rates ranged from 7.8 L/min to 24.6 L/min, 3 L/min to 25 L/min, and 3.6 L/min to 22.2 L/min, respectively. Compared to farmer’s practice, water productivity was significantly improved under the CA farming and the drip irrigation systems for both irrigated vegetables (garlic, onion, cabbage, potato) and rainfed maize production. The water productivity of garlic, cabbage, potato, and maize was increased by 256%, 43%, 53%, and 9%, respectively, under CA as compared to conventional tillage (CT) even under overhead irrigation. Thus, farmers can obtain a significant water-saving benefit from CA regardless of water application systems. However, water and crop productivity could be further improved in the combined use of MajiPump with CA and drip irrigation (i.e., 38% and 33% water productivity and 43% and 36% crop productivity improvements were observed for potato and onion, respectively). Similarly, compared to CT, the use of CA significantly increased garlic, cabbage, potato, and maize yield by 170%, 42%, 43%, and 15%, respectively under the MajiPump water-lifting system. Overall, the solar-powered drip irrigation and CA farming system were found to be efficient to expand small-scale irrigation and improve productivity and livelihoods of smallholder farmers in Ethiopia.
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1. Introduction


Agriculture has been practiced for centuries and is regarded as the main source of food and income for the rural communities of Ethiopia [1], which accounts for more than 80% of the total population [2]. However, rainfed agriculture has frequently suffered from uneven distribution of rainfall and frequent drought shocks, leading to food insecurity of the poor rural communities [3,4]. In response to such recurrent challenges, small-scale irrigation has been considered as one of the main strategies to alleviate food and income shortages [5,6] and enhance the livelihoods of farmers in Ethiopia [7,8,9,10,11,12]. Small-scale irrigation often refers to distributed irrigation, small private irrigation, smallholder irrigation, or farmer-led irrigation [13]. In recent years, there is a keen interest in small-scale irrigation due to its cost-effectiveness [14] and sustainable management as compared to large-scale irrigation [13]. It is believed that Ethiopia has more than 6 million hectares of land that is appropriate for small-scale irrigation use [15] and ample water resources suitable for irrigation [15,16,17,18]. Nevertheless, irrigated agriculture comprises only 3% of the national food production, using less than 5% of the cultivated land for irrigation [4,19] due to various constraints. Xie et al. [13] depicted that Ethiopia has the potential to add about 1 million ha of land irrigated by small-scale irrigation systems by 2030.



Despite the considerably large potential for irrigation, there are several challenges for the wider adoption of small-scale irrigation in Ethiopia. Some of these challenges include temporal water scarcity [10], poor management of soil and water [7,11,20], lack of water storage facilities, limited opportunities for gravity-fed irrigation, lack of access to irrigation technology, high initial and operation cost of irrigation technologies, and limited capital investments [15,19,21]. On the other hand, limited rainfall and prolonged dry spells entail the need for the efficient use of both surface and groundwater sources, conservation agricultural (CA) practices, efficient water distribution and application systems [22,23,24,25]. It is evidenced that in Ethiopia, CA practice provides dual benefits of improved water [11,16,22,25,26,27,28] and improved soil conservation [29]. In terms of water application technology, the drip irrigation system is considered the most efficient and water-saving system [30,31]. CA in this study refers to the minimum soil disturbance with no-till practice, year-round organic mulch cover with grass, and diverse cropping in rotation, whereas CT refers to the traditional tillage with no-organic mulch cover and diverse cropping in rotation.



Groundwater is believed to be stable in the face of climate change as compared to surface water and would serve as a source of irrigation [15,32,33]. The role of efficient, labor-saving, and cost-effective water-lifting technologies is vital in unlocking groundwater potential for smallholder farmers [34]. Treadle pumps, rope and washer, pulley, and bucket have been used by smallholders in Ethiopia as a means of water-lifting technologies. However, these technologies are labor-intensive and only just used as a means of water-lifting beyond domestic use (e.g., drinking and cooking), and not for irrigation. Motor pumps (diesel or petrol) have been used by some farmers for irrigation but constrained due to high energy demand, limited access to fuel, and the alarming increase in the cost of fuel, and thus leading to increased risks in irrigated crop production [34]. In some urban areas, electric motor pumps might be feasible and used for urban agriculture. However, electricity access is rare for the rural community of Ethiopia [35]. In response to such challenges, several researchers suggested the use of solar pumps due to their high labor productivity, environmental sustainability, and use of renewable energy sources [36,37,38]. Ethiopia, as a tropical region, has ample solar energy [39,40] that can be captured for water lifting and pumping systems.



The MajiPump is a solar-powered water-lifting technology that was introduced in Ethiopia in 2017 by the Appropriate Scale Mechanization Consortium of the Feed the Future Sustainable Intensification Innovation Lab (SIIL). The solar MajiPump, a submersible pump, uses solar energy to extract water from wells and surface ponds. A solar panel is connected to the MajiPump by an electric cable driven by the direct current (DC). However, the discharge head and discharge capacity of the MajiPump is not known beyond the company specification. Evaluating the use of these pumps under field conditions and their impact on crop yields is critical for scaling and adoption of these technologies. Widescale use of efficient water applications in combination with improved crop and soil water management technologies are vital for income generation and increase resilience in the face of climate change, and to reverse the decline of soil fertility. Such systems need to be tested for both vegetable production systems, which are becoming more popular due to demand for vegetables from urban markets and for high-value grain crops such as maize (Zea mays L.). Smallholder vegetable production is considered as a strategic approach to minimize children’s death and stunting caused by malnutrition, which is a serious challenge in Ethiopia [41], by providing healthy and nutritious diets. Thus, the objectives of this study were to evaluate small-scale irrigation package: (1) MajiPumps (MP400 and MP200) for its discharge head and discharge capacity with different solar panels; (2) drip water application system with the common farmer’s overhead irrigation practice using hose; and (3) CA with farmer’s conventional tillage (CT) practice; in terms of water productivity and yields of key crops [garlic (Allium sativium L.), onion (Allium cepa L.), cabbage (Brassica oleracea L. var. captata), potato (Solanum tuberosum L.), and maize]. The results from this study would assist decision-makers and other stakeholders in scaling small-scale irrigation technologies and exploring groundwater potential in Ethiopia.




2. Materials and Methods


2.1. Study Area


This study was conducted in the central Ethiopian highlands at two experimental sites: Affesa in Dangila district and Alefa in Bure district (Figure 1). Affesa (36.83° N, 11.25° E) and Alefa (37.06° N, 10.62° E) sites are located about 80 km and 150 km southwest of Bahir Dar, respectively. The elevation of Affesa site ranges from 2132 to 2219 m above MSL, whereas Alefa site elevation ranges from 1983 to 2033 m above MSL. Both Dangila and Bure districts are categorized under moist sub-tropical regions. Dangila has an average annual rainfall of 1578 mm and a mean annual temperature of 17 °C [42], whereas, the mean annual rainfall and temperature in Bure ranges from 1386 mm to 1757 mm and 14 °C to 24 °C, respectively [43]. Based on soil laboratory analysis, clay soil is the dominant soil texture in Affesa (46% clay and 36% silt) and the soil type in Alefa is dominated by loam soil (44% sand and 29% silt). The dominant rainfed crops in both Dangila and Bure districts include maize, millets (sorghum: Sorghum bicolor L., or pearl millet: Panicum sp.), barley (Hordeum vulgare L.), teff [Eragrostis tef (Zucc.) Trotter], and wheat (Triticum aestivum L.), [44]. While, onion, potato, cabbage, pepper, tomato, and garlic are the dominant irrigated vegetables in both Dangila and Bure district [22,45]. In the Affesa site, farmers used to practice irrigation using river sources, whereas groundwater use was limited to domestic purposes in both sites due to lack of access to affordable water-lifting technology.




2.2. Experimental Design


The experiment was laid as a paired t-design to compare the effects of conservation practices and irrigation systems. The paired t-test is mathematically powerful in comparing two-paired measurements that have intrinsic relationships and allows good control of individual differences without necessarily having a large sample size [46]. De Winter [47] proved the applicability of paired t-test as low as two replicates. Several studies, including Yimam et al. [22], Belay et al. [26], and Assefa et al. [11] have used paired-t design for similar purposes. The experimental design and setup were described for each site (i.e., Alefa and Affesa) separately as shown below.



Alefa site



CA was the treatment and CT was the control in which each participant was involved in both (CA and CT) practice with overhead irrigation (hose). A total of 10 replicates (i.e., farmers) were used. The size of each plot was 100 m2 (Figure 2a), which then equally divided; 50 m2 for each management (i.e., randomly assigned to CA and CT). The 100 m2 plot has 10 beds with 30 cm furrows in between (i.e., 70 cm by 10 m bed size and 30 cm by 10 m furrow size). The experimental plots are not evenly distributed, approximately the distance between the plots ranges from 300 m to more than 1 km. CA was evaluated against CT for their impacts on water productivity, crop growth characteristics, and yield.



Affesa site



Drip irrigation was the treatment, and overhead irrigation (hose) was the control in which each participant was involved in both drip and overhead irrigation under CA practice (Figure 2b). A total of 10 replicates (i.e., farmers) were used each having 100 m2 plot size. The size of each plot was equally divided; 50 m2 for each management (i.e., randomly assigned to drip and overhead irrigation). Similar to Alefa, the 100 m2 plot has 10 beds with 30 cm furrows in between. In this case, drip irrigation was evaluated against overhead irrigation for their impacts on water productivity, crop growth characteristics, and yield. Besides, maize-forage vetch (Vicia sp.) inter-cropping (500 m2 in size as shown in Figure 2c) was introduced during the rainy season (i.e., 250 m2 with CA and another 250 m2 with CT practice at random) to provide an alternative source of mulch for conservation practice and simultaneously evaluate the effect of CA on rainfed maize productivity.



A total of 20 farmers participated in this on-farm experiment: 10 farmers in Alefa and 10 farmers in Affesa. A series of discussions were conducted with the local government and community leaders to select potential farmers for this research. Farmer’s willingness to participate in this research was confirmed through a focus group discussion. The availability of shallow groundwater, a 100 m2 plot for vegetable production, and a 500 m2 plot for maize-forage production that was close to the household or at a walking distance was considered as additional criteria as a home gardening principle [48] to identify potential farmers. On the 100 m2 vegetable plot, a total of 10 beds (70 cm by 10 m) were prepared with 30 cm furrows in between. Farmers produced various vegetables (garlic, onion, cabbage, and potato) in the dry season (2018 to 2020) with irrigation. Each farmer used a solar MajiPump to extract water from shallow groundwater well to an elevated (about 1.5 m high from the ground) water storage tank (1000 L in size). Water was then applied to the plots from the water storage tanks through gravity using the drip system or overhead using a hose, depending on the experimental design. In the rainy season, farmers grew maize, and then inter-crop forage vetch after the maize reaches the maturity stage. The vetch forage production uses partly rainfall and then residual moisture from the rainy season. The variety of seeds for the vegetables, maize, and forage vetch was the same for all farmers.




2.3. Soil Physico-Chemical Properties


Soil samples were taken from both Alefa and Affesa sites before the intervention of our treatments mainly to observe if there was variability between experimental plots for a paired t-design. Five sampling plots were randomly selected from a total of 10 plots at each site. Considering the maximum root depth of the various crops grown in the study sites (i.e., onion, garlic, potato, cabbage, and maize) in Yimam et al. [22], Iwama [49], and Gao, et al. [50], and the soil layer classification in Westerveld, et al. [51] and Hsu, et al. [52], soil samples were collected from three depths (i.e., 0–30 cm, 30–60 cm, and 60–90 cm). A total of 30 soil samples were collected: 15 samples from each experimental site. Soil laboratory analysis was conducted at Amhara Design and Supervision Works Enterprise (ADSWE) to determine the various physio-chemical properties (i.e., field capacity, permanent wilting point, soil texture, available organic matter, pH, total N, available P, and available K). A representative soil mass of about 1 kg was sampled from each plot. Soil texture was measured using hydrometer, while field capacity and wilting point were determined using pressure (porous) plate apparatus. The details of each laboratory analysis and approach used by ADSWE can be found from Tesema et al. [53]. Coefficient of variation was calculated from the 15 soil samples at each experimental site (i.e., Alefa and Affesa) for each soil physio-chemical properties.




2.4. Climate Data


Climatic data (rainfall, maximum and minimum temperature, wind speed, sunshine hour, relative humidity) were collected from the nearby meteorological station, Dangila for Affesa site, and Bure for Alefa site. The CROPWAT 8 model was used to estimate the reference evapotranspiration (ETo) using the Penman-Monteith method [54]. Mean monthly rainfall reaches its maximum value in July (401 mm in Affesa and 301 mm in Alefa), and mean month evapotranspiration reaches its maximum value in April (112 mm in Affesa and 128 mm in Alefa) as shown in Figure 3. Spatial and temporal rainfall variability is high demanding irrigation to prevent crop failure and increase the cycle of crop production [11,55]. Irrigation use for dry season vegetable production in the study sites ranges from October to June.



Effective rainfall (Pe) was determined using the United States Department of Agriculture Soil Conservation Service (USDA-SCS) method [56,57] as shown in (Equation (1)). The effective rainfall was used later to determine water productivity for each crop under both irrigated and rainfed systems.


   (      P e = 0.8 P − 25     P > 75   m m / m o n t h       P e = 0.6 P − 10     P < 75   m m / m o n t h      )   



(1)




where Pe and P are effective rainfall and precipitation in mm/month, respectively.




2.5. Agronomic Data


Garlic, cabbage, potato, onion, and maize crops were grown in the study sites. Farmers at each experimental site (i.e., Alefa or Affesa) grew the same crop during each cropping cycle. Activities including planting, mulch application, fertilizer, and pesticide application and crop harvest information were monitored for each crop during each cropping cycle (Table 1). On average, 1 kg m−2 of dried grass mulch was applied for CA plots. Farmers applied Urea (46-0-0: N-P-K) fertilizer at a rate of 100 kg ha−1 for irrigated onion and potato. For rainfed maize, 240 kg ha−1 of DAP (18-46-0: N-P-K), 500 kg ha−1 of Urea fertilizer, and 5 L ha−1 of Diazinon 60% chemical were applied. Crop characteristics such as plant height, potato tuber diameter, garlic and onion bulb diameter, cabbage head diameter, and crop/vegetable yield were recorded. Plant height was monitored every week. Measuring tape and Caliper were used to measure plant height and diameter, respectively. The digital balance was used to determine weight crop yield. A paired t-test was used at a 5% significance level to determine the effects of management practices on all crop characteristics.




2.6. Solar MajiPump and Its Applicability


In this study, two types (i.e., MP400 and MP200) of submersible brushless DC motor MajiPumps were used. Both MP400 (1.8 kg of mass) and MP200 (1.5 kg of mass) pumps have similar looks from the outside (Figure 4a). The basic difference between the two pumps is the water-lifting capacity; MP400 could lift to 25 m discharge head using a 160 W (24 VDC) panel whereas the MP200 pump could lift to 10 m using an 80 W (12 VDC) panel. Both pumps could deliver 34 L/min flow rate for open flow. Two types of solar panels were used for the MP400 pump (monocrystalline 200 W rigid panel and two flexible panels of 200 W connected in series), and a monocrystalline 150 W rigid panel was used for the MP200 pump. The monocrystalline 200 W rigid panel is 1.58 m by 0.85 m in size with 12.7 kg total mass (Figure 4b). Whereas the monocrystalline 150 W rigid panel is 1.48 m by 0.67 m in size with 10.22 kg total mass (Figure 4d). The thin film (amorous) flexible 100 W solar panel (Figure 4d) is 1.05 m by 0.54 m size and 1.4 kg of mass each.



The MajiPumps were tested using the different panels for their discharge head and flow rate capacity. Digital Tenmars TM-207 (Figure 4e) solar power meter (0.1 W/m2 resolution) was used to measure solar intensity. The MP400 and MP200 pumps were immersed in the water after a ¾ inch high-density polyethylene (HDPE) pipe was fitted and a digital stopwatch was used to record the time taken for a specific volume of water. The analog water meter was used to measure flow volume at different discharge head. A tape measure was used to measure water level depth (head) where the pump is installed. When the solar panel and pump setup, a connection cable was used to connect the pump with the panel and supply power. At this instant, where the pump starts to run, both the water meter and stopwatch start recording. The pump runs until the amount of water yield reaches 100L and the flow rate was determined (L/S). The maximum discharge head and flow rate were considered as the capacity of the pumps (MP400 and MP200). At the experimental sites (Alefa and Affesa), groundwater depth from the surface was monitored throughout the year to compare it with the MajiPumps discharge head capacity and determine the applicability of pumps in the study area.




2.7. Water and Crop Productivity Data Analysis


Farmers could decide the irrigation interval and amount based on their field observation on soil moisture. Farmer’s water application practice (i.e., application dates and amounts) were recorded from each plot after every irrigation based on the availability of water in the fixed water storage tanks (1000 L) for the dry season production. Crop yield (Y) was measured as weight during harvest separately for each soil and water management (i.e., CA, CT, and overhead and drip irrigation). Water productivity (WP), the amount of yield per unit volume of water [58], was computed as a quotient of crop yield and amount of water applied (irrigation and effective rainfall) as shown in Equation (2). The effects of management practices on irrigation water use, crop yield, and water productivity were analyzed using a paired t-test at a 5% significance level. Besides, the variability of forage production among participant farmers due to effort and commitment was analyzed using the coefficient of variation.


   (  W P =    Y  I + P e    )   



(2)




where WP, Y, I, Pe are water productivity (kg/m3), yield (kg), irrigated water (m3), and effective rainfall (m3), respectively.





3. Results


3.1. Soil Properties Across Experimental Plots


Several soil physio-chemical properties were analyzed at various soil depths (i.e., 0–30 cm, 30–60 cm, and 60–90 cm) to check variability across experimental plots (Table 2). Gallardo [59] explained that variability of soil properties can be best described using the coefficient of variation (CV); high variability when the CV is greater than 91% and low variability if otherwise. Based on CV analysis, the variability of soil properties was low across experimental plots at both sites (i.e., Alefa and Affesa), satisfying precondition for paired management comparisons. The soil class in Alefa site is clay loam (0 to 30 cm) and clay (30 to 90 cm), whereas it is clay (0 to 60 cm) and silt clay (60 to 90 cm) in Affesa site. Soil salinity was generally low in the highlands of Ethiopia where the experimental sites are located [60].




3.2. MajiPumps Capacity and Groundwater Depth in the Study Area


The MajiPumps (MP400 and MP200) discharge head and discharge relations of the different solar panels (i.e., 200 W flexible, 200 W, and 150 rigid) best fitted (R2 > 0.8) with the natural logarithmic function (Figure 5). The MajiPumps were tested at the various solar intensity in the study region ranging from 1026 W/m2 to 1230 W/m2. The maximum discharge heads for MP400 with 200W rigid panel (Figure 5a), MP400 with 200 W flexible panel (Figure 5b), and MP200 with rigid panel (Figure 5c) were observed to be 18 m, 14 m, and 10 m, respectively. The minimum water yields capacity of the pumps from the shallow groundwater wells at the point of maximum discharge heads (i.e., 18 m, 14 m, and 10 m) were found 0.13 L/S, 0.05 L/S, and 0.06 L/S, for MP400 with 200W rigid panel, MP400 with 200 W flexible panel, and MP200 with 150 W rigid panels, respectively. The maximum pumping discharges for MP400 with 200 rigid panels, MP400 with 200 W flexible panel, and MP200 with 150 W rigid panel were found 0.41 L/S, 0.25 L/S, and 0.37 L/S, respectively.



Groundwater depth at Alefa and Affesa sites were monitored (Figure 6) throughout the year to explore potentials for irrigation using the solar MajiPump water-lifting technology. Water levels were measured from the second week of March 2019 to the first week of August 2020 for Alefa and from the last week of February 2019 to the first week of July 2020. The depth of groundwater level in the shallow well ranges from 1.6 m (in October) to 9 m (last week of April) at Alefa site, whereas it ranges from 2 m (first week of August) to 12 m (first week of April) at Affesa site.




3.3. Effects of Farming and IrrigationSystems on Crop Growth Characteristics


A one-tailed paired t-test was conducted to analyze plant height for garlic, cabbage, potato, onion, and maize (Table 3). The mean plant height was significantly improved under CA for garlic and potato, whereas the improvements for cabbage and maize height was not statistically significant. The mean plant height of garlic and potato were improved under CA, respectively, by 17% and 7% when compared with the CT. Drip irrigation significantly improved potato height by 8% when compared with the overhead water application system, whereas the improvement of onion height was not statistically significant.



Similarly, a one-tailed paired t-test was used to analyze potato tuber diameter, cabbage head diameter, garlic, and onion bulb diameter under the different soil management practices and irrigation systems (Table 4). Both garlic bulb diameter and cabbage head diameter were significantly improved under CA when compared with CT, which were increased by 35% and 26%, respectively, under CA. Potato tuber diameter was significantly improved under the drip water application when compared with the overhead water application system, whereas the improvement for the onion bulb diameter was not statistically significant. The mean potato tuber diameter was improved by 23% under drip irrigation when compared with under the overhead system.




3.4. Direct Effects of Farming and Irrigation Systems on Water Use and Crop Yield


A one-tailed paired t-test was used to analyze the impacts of soil and water management practices on the amount of water applied (irrigation plus effective rainfall), Table 5. The mean water use was significantly reduced (α = 5%) under CA for all vegetables (Table 5). The mean water uses of garlic, cabbage, and potato mean water uses were reduced, respectively, by 18%, 8%, and 9% under CA when compared to CT. However, the water use difference was not statistically significant (α = 5%) between drip and overhead water application systems, both under CA practice.



Crop yields were significantly increased under CA and drip irrigation systems (Table 6) for all crops (i.e., irrigated vegetables and rainfed maize production). The mean crop yields of the garlic bulb, fresh cabbage, potato tuber, and maize grain were increased by 170%, 42%, 43%, and 15% under CA when compared with CT, respectively, though water applications were significantly reduced under CA practice. Similarly, the mean crop yields of potato tuber and onion bulb were significantly increased under the drip irrigation system when compared with the overhead water application using a hose, though both irrigation systems were under CA practice. Potato and onion yields were increased by 43% and 36%, respectively, under drip water application when compared to overhead water application using a hose. On the other hand, farmers were able to harvest from about 5 t ha−1 to 12.5 t ha−1 of forage biomass beside 7.2 t ha−1 of maize production without using irrigation




3.5. Effects of CA and Irrigation System on Water Productivity


Water productivity was found significantly increased under CA and drip irrigation systems for all crops during both irrigated and dry season production (Table 7). The mean water productivity of garlic, cabbage, potato, and maize was increased, respectively, by 256%, 43%, 53%, and 9% under CA when compared with CT. Similarly, water productivity of potato and onion was significantly increased under a drip irrigation system when compared with an overhead system, both irrigation systems were under CA practice. The mean water productivity of potato and onion was increased by 38% and 33% under, respectively, under the drip water application system when compared with overhead water application using a hose.





4. Discussion


4.1. Evaluation of Solar MajiPumps


On the specification of the MajiPumps, MP400 and MP200 would lift water up to 25 m (using 160 W 24VDC solar panel) and 10 m (using 80 W 12 VDC solar panel), respectively, both having 34 L/min open flow rate. During our field experiment, we observed that MP400 and MP200 pumps would lift water to a maximum of 18 m (using 200 W 24 VDC solar panel) and 10 m (using 150 W 12 VDS solar panels). The pipe maximum flow (3/4 inch in size) was found 24.6 L/min for MP400 with 200 W rigid panel and 22.4 L/min with a 150 W rigid panel. Various factors including solar intensity, panel types, and surrounding temperature could affect pump discharge head and discharge.



The minimum discharges from the shallow groundwater wells at the point of maximum discharge heads (i.e., 18 m, 14 m, and 10 m) were 7.8 L/min, 3 L/min, and 23.6 L/min, for MP400 with 200 W rigid panel, MP400 with 200 W flexible panel, and MP200 with 150 W rigid panel, respectively. This minimum pump discharges could fill the 1000 L water storage tanks that farmers used for this experiment in 2.1 hr., 5.6 hr., and 4.6 hr., respectively. When the solar MajiPumps (i.e., MP400 with 200 W rigid panel, MP400 with 200 W flexible panel and MP200 with 150 W rigid panel) provides the maximum water yield capacity (i.e., 24.61 L/min, 15 L/min, and 22.2 L/min), they could fill the 1000 L water storage tanks in 0.68 hr., 1.11 hr., and 0.75 hr., respectively. Considering 8-h effective solar intensity in a day, MP400 and MP200 pumps would lift a maximum of about 11,764 L/day and 10,666 L/day, respectively. This would help to provide irrigation between half and one hectare of land depending on crop types, farming systems, water application systems, and cropping season.




4.2. Effects of CA on Water Productivity, and Crop Yields


The water-saving capacity of CA was found significantly higher when compared to CT for the various irrigated vegetables and rainfed maize production. This was mainly due to a reduction of water loss from soil evaporation associated with the grass mulch cover in CA. Consequently, soil moisture would be maintained and available for crop use in the CA practice. Assefa et al. [28] found up to 49% reduction of evapotranspiration and up to 40% increment of soil moisture in CA practice for various vegetables, supporting the claim that reduction of water loss is mainly from reduced soil evaporation. Significant improvement of water productivity associated with CA practice was observed in the Ethiopian highlands [13,27,28]. CA was tested with drip irrigation previously [11,16,22,25,26,27,28] showed a significant increase in water productivity. Similarly, in our study CA under both a drip irrigation system and overhead irrigation significantly increased water productivity. Thus, farmers who could not afford to buy a drip irrigation system would still get a significant water-saving benefit from the use of CA, even with overhead irrigation.



Crop yield was found significantly higher in CA when compared to CT for the various irrigated vegetables and rainfed maize production. This was mainly due to an improvement in soil quality (nutrients) and water use efficiency in CA. Assefa, Jha, Reyes, Worqlul, Doro, and Tilahun [29] found more than 6% and 4% increment of soil organic C and total N, respectively, under CA when compared with CT. Besides, CA decreased nutrient loss due to either runoff or percolation. Belay et al. [26] found a significant decrease of NO3-N (up to 44%) and PO4-P (up to 50%) in runoff and leachate under CA as compared to CT. This provides more readily available nutrients in CA for plant growth, leading to improved crop yields. Crop yield improvements in CA for this study (15–170%) were found to be consistent with Assefa et al. [11] and Belay et al. [26], which showed 9% to more than 100% yield improvements in CA with the drip irrigation system. This indicates, CA would still provide a significant improvement of soil quality and crop yield regardless of the irrigation practice (overhead or drip system).




4.3. Effects of Drip Irrigation on Water Productivity and Crop Yield


A significant water saving was observed under the drip system (38% for potato and 33% for onion), mainly due to the capability of the drip system in delivering water uniformly to the root of crops and minimizing water losses. Drip irrigation systems reduce water application to open ground or soil spaces that are not directly used by crops, which would rather facilitate weed growth. The result suggests that the combined use of drip irrigation and CA provides a significant water use efficiency as compared to the combination of CA and overhead irrigation. Assefa et al. [16] found nearly a threefold water saving capacity when combined with CA as compared to overhead irrigation with the tilled system. This will help minimize the overexploitation of shallow groundwater wells and maximize irrigated crop production. A similar result was reported by Kigalu, et al. [61] which found a quadratic response of water productivity for the drip system as compared to overhead irrigation in Tanzania.



The effect of the drip irrigation system was significant in improving crop productivity as compared to overhead irrigation. Potato and onion yield was increased by 43% and 36%, respectively under drip irrigation. Dawit, et al. [62] reported similar results, improved crop yields for drip irrigation in the eastern part of Ethiopia. The uniform water application and minimum soil nutrient loss associated with the drip system would be the main reason for improved crop yield. Fandika, et al. [63] result indicated a higher tomato yield response associated with the uniform water application in the drip system. Whereas, Elhindi, et al. [64] and Mirjat, et al. [65] observed minimum loss of soil minerals, and fertilizers when using drip irrigation.




4.4. Comparison of MajiPump with Previous Pulley Studies on Water Productivity


Water productivity was significantly improved under MajiPump water-lifting system when compared with a pulley system [11,22,29] for the same crop types (Figure 7). The water productivity values of garlic, onion, and cabbage under the MajiPump with CA were 3.2 kg m−3, 9 kg m−3, and 20 kg m−3, respectively, while the corresponding values were 1.1 kg m−3, 2.6 kg m−3, and 9.2 kg m−3 for the pulley system with CA (i.e., 190%, 246%, and 117% improvements, respectively). Besides, the MajiPump showed a significant water productivity improvement in the conventional tilled (CT) system. The water productivity of garlic, onion, and cabbage under MajiPump with CT was 1 kg m−3, 6.7 kg m−3, and 14.4 kg m−3, respectively, and 0.6 kg m−3, 0.2 kg m−3, and 6.9 kg m−3 under the pulley with CT system (i.e., 67% to 325% higher than the pulley with CT system). Moreover, the water productivity under the MajiPump with CT was higher than the pulley system with CA. The water productivity under the MajiPump with CT was 6.7 kg m−3 and 14.4 kg m−3, while it was 2.6 kg m−3 and 9.2 kg m−3 under the pulley system with CA, respectively, for onion and cabbage vegetables (i.e., 158% and 56% improvements, respectively).



In general, the highest water productivity benefit could be gained through the combined use of MajiPump with CA practice. The highest water productivity in the MajiPump system was attributed to its additional advantage to increasing labor productivity. Farmers in the study area explained that water-lifting using the MajiPump took 5 to 10 min while a pulley system took 1.5 to 2 h to fill a 1.5 m height elevated 500 L water storage tank. Besides, filling a water storage tank with the pulley system requires two persons at a time when the labor time in the MajiPump system is only to connect the pump and solar panel. The minimum labor demand in using the MajiPump initiated smallholder farmers to provide enough irrigation water for vegetables, and thus increasing their water and labor productivity.





5. Summary and Conclusions


This research showed the potential benefits of the solar-powered water-lifting system (MajiPump) and CA technologies on water productivity and crop yields under on-farm conditions of smallholder farmers in Ethiopia. The capacity of two MajiPumps used in this study (MP400 and MP200) were found to extract water up to a maximum depth of 10 m using MP200 with 150 W rigid panel, 14 m using MP400 with 200 W flexible panel, and to 18 m using MP400 with 200 W rigid panel from shallow groundwater wells. The corresponding flow rate discharge capacity for these pumps and panel sizes were in the range of 7.8 L/min to 24.6 L/min, 3 L/min to 15 L/min, and 3.6 L/min, to 22.2 L/min, respectively.



Water and crop productivity were significantly increased under the CA farming system when compared with CT, both using farmers’ common overhead irrigation (hose system). Water productivity was improved by 9% to 256%, and crop productivity was improved by 15% to 170% depending on the types of crops, and seasons of production (i.e., dry irrigated and rainfed). This shows the CA farming system has increased significant benefits (water-saving and crop yield increment) to farmers even using traditional overhead irrigation. However, the use of drip irrigation with the CA system further improved water and crop productivity as compared to the combination of the CA system with overhead irrigation. Besides, a significant increase in water productivity was observed in the combined use of MajiPump and CA when compared with the pulley water-lifting system. We conclude that the solar MajiPump with CA and drip irrigation is a promising approach to expand small-scale irrigation that can improve some key vegetable and grain crops of smallholder farmers in Ethiopia [7].
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Figure 1. Location map of experimental sites in the northern part of Ethiopia. 
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Figure 2. Experimental design: (a) conservative agriculture (CA) versus conventional tillage (CT) both under overhead irrigation using hose, (b) drip versus overhead irrigation using hose both under CA, (c) CA versus CT intercropped with forage vetch under rainfed maize production 
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Figure 3. Climatic characteristics (rainfall; Pe, effective rainfall; ETo, reference crop transpiration) at the research sites of (a) Alefa and (b) Affesa (2018–2020). 
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Figure 4. Pictures; (a) MajiPump, (b) 200 W rigid solar panel, (c) 150 W rigid solar panel, (d) 2 × 100 W flexible solar panel, and (e) solar meter. The 200 W rigid and 2 × 100 W flexible panels were connected in series with MP400 pumps, whereas the 150 W panel was connected with an MP200 pump. 
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Figure 5. Discharge head and discharge curves of MajiPumps for solar intensity ranges in the study region (1026 to 1230 W/m2). 
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Figure 6. Groundwater depth from surface at Alefa (a) and Affesa (b) sites. 
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Figure 7. Comparison of MajiPump and pulley system on water productivity. 
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Table 1. Crop rotation and management activities at Affesa and Alefa experimental sites.
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Site

	
Vegetable

	
Management Activity

	
Date






	
Alefa

	
Irrigated Garlic

(1st cycle)

	
Plot preparation

	
5 January 2019




	
Mulch application 2

	
14 January 2019




	
Planting

	
16 January 2019




	
Harvest

	
11 May 2019




	
Irrigated Cabbage

(2nd cycle)

	
Tillage 1

	
6 October 2019




	
Mulch application 2

	
19 October 2019




	
Transplanting

	
20 October 2019




	
Harvest

	
25 February 2020




	
Irrigated Potato

(3rd cycle)

	
Tillage 1

	
28 February 2020




	
Mulch application 2

	
3 March 2020




	
Planting

	
5 March 2020




	
Harvest

	
30 June 2020




	
Affesa

	
Irrigated Potato

(1st cycle)

	
Plot preparation

	
5 February 2019




	
Mulch application 2

	
10 February 2019




	
Planting

	
11 February 2019




	
UREA3 application

	
13 March 2019




	
Harvest

	
20 May 2019




	
Irrigated Onion

(2nd cycle)

	
Tillage 1

	
10 December 2019




	
Mulch application 2

	
14 December 2019




	
Planting

	
15 December 2019




	
URAE3 application

	
26 January 2020




	
Harvest

	
25 March 2020




	

	
Rainfed Maize

	
Plot preparation

	
27 March 2019




	

	
Mulch application 2

	
15 May 2019




	

	
Planting

	
23 May 2019




	

	
DAP 3 application

	
23 May 2019




	

	
UREA 3 application

	
14 June 2019




	

	
Diazinon 60% 4 application

	
7 July 2019




	

	
Forage inter-cropping

	
21 September 2019




	

	
Maize harvest

	
18 October 2019




	

	
Forage harvest

	
21 November 2019








Note 1 Only for CT plots; 2 only for CA plots; 3 Fertilizer; 4 Pesticide.
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Table 2. Mean value of soil physio-chemical properties across experimental plots for Alefa and Affesa.
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Site

	
Soil Properties

	
No.

	
Soil Depth




	
0–30 cm

	
30–60 cm

	
60–90 cm




	
Mean

	
Max.

	
Min.

	
CV

	
Mean

	
CV

	
Mean

	
CV






	
Alefa

	
pH

	
H2O

	
5.7

	
6.4

	
5.1

	
9.7

	
5.7

	
3.9

	
5.2

	
2.3




	
Texture

	
% sand

	
43.8

	
61

	
27

	
28.3

	
19.0

	
33.3

	
23.8

	
45.5




	
% silt

	
28.6

	
31

	
27

	
5.9

	
23.8

	
14.1

	
22.6

	
40.3




	
% clay

	
27.6

	
44

	
12

	
43.6

	
57.2

	
16.3

	
53.6

	
36.5




	
OC

	
%

	
3.1

	
4.5

	
2.1

	
29.2

	
1.7

	
22.6

	
1.5

	
37.2




	
OM

	
%

	
5.4

	
5.4

	
7.7

	
29.1

	
2.9

	
22.7

	
2.6

	
37.2




	
TN

	
%

	
0.3

	
0.4

	
0.2

	
30.2

	
0.1

	
21.4

	
0.1

	
39.5




	
Av. P

	
ppm

	
36.9

	
71.8

	
11.1

	
71.7

	
11.1

	
31.5

	
4.6

	
112




	
Av. K

	
ppm

	
127.0

	
163

	
100

	
18.4

	
96.3

	
28.0

	
83.0

	
43.7




	
FC

	
%

	
30.2

	
31

	
29

	
3.7

	
29.7

	
4.4

	
35.9

	
6.8




	
PWP

	
%

	
16.5

	
21.5

	
11.1

	
25.7

	
13.7

	
7.0

	
21.4

	
4.8




	
Affesa

	
pH

	
H2O

	
4.6

	
5

	
4.2

	
7.8

	
4.55

	
4.9

	
4.6

	
3




	
Texture

	
% sand

	
19

	
22

	
14

	
18.2

	
19.5

	
30.6

	
13.0

	
19.9




	
% silt

	
35.5

	
50

	
26

	
31.0

	
18.5

	
29.8

	
20.0

	
21.6




	
% clay

	
45.5

	
55

	
36

	
19.5

	
62.0

	
7.4

	
67.0

	
9.9




	
OC

	
%

	
2.5

	
2.7

	
2.3

	
7.8

	
1.8

	
35.7

	
2.1

	
24.8




	
OM

	
%

	
4.3

	
4.6

	
3.9

	
7.8

	
3.1

	
35.9

	
3.6

	
25.0




	
TN

	
%

	
0.2

	
0.2

	
0.18

	
20.7

	
0.1

	
31.1

	
0.2

	
21.6




	
Av. P

	
ppm

	
8.6

	
13

	
3.6

	
44.1

	
3.7

	
11.5

	
4.7

	
25.5




	
Av. K

	
ppm

	
41.6

	
56

	
28.5

	
27.3

	
38.4

	
30.2

	
33.8

	
30.5




	
FC

	
%

	
27.6

	
30

	
27

	
1.5

	
27.6

	
1.0

	
26.8

	
3.4




	
PWP

	
%

	
17.2

	
18

	
16

	
3.7

	
16.9

	
2.1

	
17.0

	
4.3








Note: CV, Max., Min., OC, OM, TN, Av. P, Av. K, FC, PWP are coefficient of variation, maximum, minimum, organic carbon, organic matter, total nitrogen, available phosphorous, available potassium, field capacity, and permanent wilting point, respectively. Maximum and minimum values of soil properties were provided for the topsoil (0–30 cm).
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Table 3. Mean value of plant height under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.






Table 3. Mean value of plant height under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.





	
Management

	
Statistics

	
Plant Height (cm)

	




	
Garlic

	
Cabbage

	
Potato

	
Maize




	
Sample size

	
N

	
120

	
90

	
90

	
90






	
CA

	
Mean

	
44.8

	
30.6

	
44

	
293.4




	
Max.

	
55

	
56

	
52

	
327




	
Min.

	
13

	
12

	
12

	
118




	
CT

	
Mean

	
38.4

	
29.3

	
41.3

	
292.3




	
Max.

	
50

	
37

	
47

	
325




	
Min.

	
8

	
13

	
9

	
116




	
CA|CT

	
SEM±

	
1.95|2.2

	
0.7|0.7

	
3|2.3

	
16.9|17.3




	

	
p-value

	
0.0005 ***

	
0.3

	
0.02 **

	
0.19




	

	

	
Potato

	
Onion

	

	




	
Sample size

	
N

	
105

	
105

	

	




	
Drip

	
Mean

	
34.1

	
49

	

	




	
Max.

	
46.4

	
67

	

	




	
Min.

	
17.5

	
5

	

	




	
Overhead

	
Mean

	
31.7

	
48

	

	




	
Max.

	
43.9

	
65

	

	




	
Min.

	
15.9

	
4

	

	




	
Drip|Overhead

	
SEM±

	
4.8|4.9

	
0.63|0.93

	

	




	

	
p-value

	
0.00003 ***

	
0.09

	

	








Note: N, SEM, Max., Min., **, *** are sample size, standard error of the mean, maximum, minimum, and significance at p < 0.05 and p < 0.001%, respectively.
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Table 4. Mean value of bulb, tuber, and cabbage head diameter different tillage (CA versus CT) and water management (drip versus overhead water application) systems.






Table 4. Mean value of bulb, tuber, and cabbage head diameter different tillage (CA versus CT) and water management (drip versus overhead water application) systems.





	
Management

	
Statistics

	
Diameter (cm)




	
Garlic Bulb

	
Cabbage Head




	
Sample size

	
N

	
120

	
90






	
CA

	
Mean

	
3.5

	
9.3




	
Max.

	
5

	
11.6




	
Min.

	
1.9

	
7.2




	
CT

	
Mean

	
2.6

	
7.4




	
Max.

	
4

	
9.5




	
Min.

	
1.5

	
5.6




	
CA|CT

	
SEM±

	
0.18|0.17

	
0.6|0.5




	

	
p-value

	
0.001 ***

	
0.0004 ***




	

	

	
Potato tuber

	
Onion bulb




	
Sample size

	
N

	
105

	
105




	
Drip

	
Mean

	
3.8

	
4.0




	
Max.

	
5.2

	
6




	
Min.

	
1.95

	
2




	
Overhead

	
Mean

	
3.1

	
3.8




	
Max.

	
5.34

	
6




	
Min.

	
1.9

	
2




	
Drip|Overhead

	
SEM±

	
0.18|0.09

	
0.13|0.26




	

	
p-value

	
0.002 **

	
0.2








Note: N, SEM, Max., Min. **, *** are sample size, standard error of the mean, maximum, minimum, and significance at p < 0.01 and p < 0.001, respectively.
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Table 5. The mean value of crops totals water uses under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.






Table 5. The mean value of crops totals water uses under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.





	
Management

	
Statistics

	
Water Use (mm)




	
Garlic

	
Cabbage

	
Potato






	

	
N

	
8

	
6

	
6




	
CA

	
Mean

	
316

	
380

	
294




	
Max.

	
425

	
497

	
304




	
Min.

	
267

	
294

	
281




	
CT

	
Mean

	
386

	
414

	
323




	
Max.

	
435

	
301

	
331




	
Min.

	
308

	
549

	
313




	
CA|CT

	
SEM±

	
18.7|16.3

	
33.4|38.7

	
4.5|3.6




	

	
p-value

	
0.0007 ***

	
0. 0002 ***

	
0.0003 ***




	

	

	
Potato

	
Onion

	




	

	
N

	
7

	
7

	




	
Drip

	
Mean

	
341

	
247

	




	
Max.

	
374

	
265

	




	
Min.

	
295

	
204

	




	
Overhead

	
Mean

	
350

	
246

	




	
Max.

	
398

	
270

	




	
Min.

	
304

	
207

	




	
Drip|Overhead

	
SEM±

	
10.3|11.7

	
5.9|6.0

	




	

	
p-value

	
0.21

	
0.5

	








Note: N, SEM, Max., Min., *** are sample size, standard error of the mean, maximum, minimum, and significance at p < 0.001, respectively.













[image: Table] 





Table 6. The mean value of crop yields under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.






Table 6. The mean value of crop yields under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.





	
Management

	
Statistics

	
Crop Yield (t ha−1)

	




	
Garlic Bulb

	
Cabbage Fresh

	
Potato Tuber

	
Maize Grain






	
Sample size

	
N

	
8

	
6

	
6

	
6




	
CA

	
Mean

	
10

	
78

	
38.6

	
8.3




	
Max.

	
17

	
95

	
50

	
10




	
Min.

	
3.55

	
62.5

	
30

	
6.3




	
CT

	
Mean

	
3.7

	
55

	
27

	
7.2




	
Max.

	
6.5

	
72.5

	
35

	
9.5




	
Min.

	
1

	
45

	
20

	
5




	
CA|CT

	
SEM±

	
1.5|0.77

	
4.5|4.3

	
2.8|2.3

	
0.54|0.63




	

	
p-value

	
0.0003 ***

	
0. 007 ***

	
0.00008 ***

	
0.001 ***




	

	

	
Potato Tuber

	
Onion Bulb

	

	




	
Sample size

	
N

	
7

	
7

	

	




	
Drip

	
Mean

	
38.6

	
9.1

	

	




	
Max.

	
43.9

	
11.2

	

	




	
Min.

	
21.9

	
6

	

	




	
Overhead

	
Mean

	
27

	
6.7

	

	




	
Max.

	
35.3

	
9

	

	




	
Min.

	
18

	
3.6

	

	




	
Drip|Overhead

	
SEM±

	
3.5|2.1

	
0.58|0.61

	

	




	

	
p-value

	
0.016 *

	
0.0001 ***

	

	








Note: N, SEM, Max., Min., *, *** are sample size, standard error of the mean, maximum, minimum, and significance at p < 0.05, and p < 0.001%, respectively.
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Table 7. Mean value of water productivity under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.






Table 7. Mean value of water productivity under different tillage (CA versus CT) and water management (drip versus overhead water application) systems.





	
Management

	
Statistics

	
Water Productivity (kg m−3)

	




	
Garlic Bulb

	
Cabbage Fresh

	
Potato Tuber

	
Maize Grain






	
Sample size

	
N

	
8

	
6

	
6

	
6




	
CA

	
Mean

	
3.2

	
20.4

	
13.3

	
1.2




	
Max.

	
4.6

	
24.9

	
16.4

	
1.5




	
Min.

	
1.3

	
16

	
10

	
0.9




	
CT

	
Mean

	
1

	
14.3

	
8.7

	
1.1




	
Max.

	
1.7

	
20.8

	
10.6

	
1.5




	
Min.

	
0.3

	
9.8

	
6

	
0.7




	
CA|CT

	
SEM±

	
0.42|0.18

	
1.6|1.8

	
3.3|1.8

	
0.08|0.09




	

	
p-value

	
0.0001 ***

	
0. 003 **

	
0.002 **

	
0.001 ***




	

	

	
Potato Tuber

	
Onion Bulb

	

	




	
Sample size

	
N

	
7

	
7

	

	




	
Drip

	
Mean

	
9.8

	
3.6

	

	




	
Max.

	
13.9

	
4.7

	

	




	
Min.

	
5.8

	
2.5

	

	




	
Overhead

	
Mean

	
7.1

	
2.7

	

	




	
Max.

	
9.5

	
3.9

	

	




	
Min.

	
3.8

	
1.6

	

	




	
Drip|Overhead

	
SEM±

	
3.5|2.1

	
0.58|0.61

	

	




	

	
p-value

	
0.016 *

	
0.0001 ***

	

	








Note: N, SEM, Max., Min., *, **, *** are sample size, standard error of the mean, maximum, minimum, and significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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