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Abstract

:

Small-scale cultivation of irrigated fodder is emerging as a vital production system in mixed farming communities. Efficient water management plays a key role in enhancing forage production, especially in the face of changing climate. A field-scale experimental study was conducted in Robit Bata kebele, Ethiopia, with the following objectives: (1) to examine the effects of conventional farmers’ irrigation scheduling versus climate-based irrigation scheduling; and (2) to assess the influence of water-lifting technologies (manual pulley and solar Majipump) on dry matter yield (DMY), water productivity (WP), irrigation labor productivity (ILP), and water productivity in terms of crude protein and metabolizable energy (WP.CP and WP.ME) of Napier grass. The experiment used 10 farmers’ plots each with a size of 100 m2. Half of the plots were treated using farmers’ scheduling while the other half were treated using climate-based irrigation scheduling. Monitoring of irrigation water use and crop yield took place over two irrigation seasons from November 2020 to June 2021. Results showed there was an interaction effect of irrigation management (p = 0.019) and water-lifting technologies (p = 0.016) with season on DMY. The highest DMY occurred in the first irrigation season with climate-based scheduling and solar Majipump use. The interaction effect of irrigation management and season affected WP (p = 0.047). Climate-based scheduling had a higher WP in the first season, while farmers’ scheduling had a higher WP during the second season. On average, the solar Majipump outperformed the pulley, achieving 5 kg m−3 WP compared to the pulley’s 4 kg m−3 (p = 0.018). Emphasizing the seasonal impact, it is recommended to promote full irrigation (climate-based) in the first season for maximum yield and WP. Conversely, in the second season, advocating only deficit irrigation is advised due to water scarcity and sustainability concerns. Statistical parity in DMY and lower WP with full irrigation in the second season supports this recommendation, addressing the challenge of optimizing water use in the context of a changing climate and ensuring sustainable smallholder agriculture practices. Therefore, implementing appropriate irrigation management alongside efficient water-lifting technologies holds the potential to enhance fodder productivity and bolster smallholder farmers’ livelihoods. Future research should explore the comparative benefits of irrigated fodder versus other crops and the overall advantages of investing in irrigated fodder over vegetables.
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1. Introduction


Despite previous commendable efforts to alleviate food insecurity, the number of populations affected has risen significantly due to the compounding effects of pandemics and conflicts [1], impacting the food supply chain within the agricultural sector [2] and limiting access to agricultural inputs and technologies, particularly in remote rural areas [3]. This exacerbates crop failures and food shortages, particularly in Africa [4]. In response, sustainable intensification of crop and livestock farming systems has emerged as a potential solution to address food and nutritional security challenges [5]. One approach is by giving attention to the livestock farming system, regarded as a promising approach to ensuring food and livelihood security under climate change and population growth [6]. Investments in livestock farming and forage production have shown promise in boosting yield and income for smallholders, contributing to food security [7,8,9].



Integrating forage production with farmer-led, small-scale irrigation (SSI) is recognized as a chosen strategy for mitigating food insecurity and climate adaptation [10]. Ethiopia, where smallholder farmers contribute over 90% of the country’s total agricultural output and cultivate nearly 95% of the available cropped land, relies heavily on rain-fed agriculture [11]. In this context, small-scale irrigation holds significant promise for increasing agricultural productivity and fostering economic development to alleviate poverty effectively [12]. However, traditional irrigation practices often lack appropriate technology assistance, leading to inefficient water management [13]. Improving irrigation schedules and technologies is crucial to addressing these challenges [14].



There are a few studies on how agricultural water management for vegetable crops during the dry period can enhance productivity. In northwestern Ethiopia, use of climate-based irrigation scheduling enhanced the yield and irrigation water use efficiency of onion and garlic, compared to traditional farmers’ irrigation scheduling [15]. Another study on the climate-based irrigation method showed improved yield and water productivity of maize compared to conventional farmers’ scheduling [16].



While previous studies have primarily addressed water management for vegetable and cereal crops, an important aspect of livestock and a crucial agricultural practice in Ethiopia has been overlooked. Livestock feeding primarily relies on crop residues (43%) and natural pasture (35%), with improved forage production constituting a minimal share (0.2%) [17]. In the Ethiopian highlands, where a shortage of high-quality fodder is a pressing issue, Napier or elephant grass (Cenchrus purpureus) emerges as a promising forage species [18]. It is a preferred forage due to its advantageous characteristics, including its endurance to drought, adaptability to a variety of soil conditions, and high photosynthetic and water-use efficiency [19]. It is among the most important tropical forage grasses and is widely used as a cut-and-carry feed, mainly through rain-fed agriculture [20]. Napier grass is also superior to other tropical grasses in terms of dry-season growth and biomass yield [21].



Livestock feed sourcing based only on rain-fed agriculture is no longer viable. Therefore, there is an urgent need to focus on forage production during dry periods through efficient and sustainable irrigation use. However, there is a lack of widespread adoption of practices by farmers to cultivate fodder during the dry season using irrigation. Napier grass, with proper management, has the potential to supply continuous green forage throughout the year, making it particularly suitable for intensive small-scale farming systems in Ethiopia [22]. Achieving high-quality and quantity Napier grass production requires optimal agronomic practices, including irrigation during dry periods, fertilizer application, cutting management, and pest control [23].



While some attempts to incorporate irrigation into Napier grass production have been made, it has been primarily in experimental plots [22]. The importance of testing its water productivity with smallholder farmers lies in establishing empirical evidence and quantifying its performance under specific irrigation conditions and using technologies. Therefore, studying the dry matter yield and water productivity of Napier grass under different water management practices and technologies on the farmers’ fields is crucial for addressing water scarcity challenges, promoting sustainable agriculture, and ensuring resilience and productivity in the face of a changing climate. The findings of such studies offer valuable insights for making informed decisions regarding the adoption of agricultural water management and water-lifting technologies in livestock agricultural systems. These insights can influence resource allocation, labor management, and contribute to fostering sustainable and efficient fodder production. The information generated from such study serves as input for comparing investments between fodder and other crops, aiding stakeholders in optimizing agricultural practices based on their specific needs and priorities.



The objectives of this research are to: (1) evaluate the effect of irrigation water management treatments on the dry matter yield and water productivity of Napier grass; and (2) evaluate the effect of different water-lifting technologies (manual pulleys and solar Majipumps) on the dry matter yield and water productivity of Napier grass and irrigation labor productivity, under smallholder farm settings in the Ethiopian highlands.




2. Materials and Methods


2.1. Description of the Study Area


This experiment was conducted in the Yinebo and Robit watersheds (Figure 1) of Robit Bata kebele (ward, smallest administrative unit), located in the Bahir Dar Zuriya woreda (district), Amhara regional state, Ethiopia. The Robit Bata kebele is located 20 km north of Bahir Dar city, the capital city of the Amhara regional state. The selection of this area was because it has been an experimental site by the International Livestock Research Institute (ILRI) and Bahir Dar University (BDU) since 2015 to promote fodder production by irrigation during dry periods. Smallholder farmers in the kebele started growing Napier grass by irrigation from shallow groundwater using pulleys and solar pumps. This facilitated in conducting our experiment with smallholder farmers.



The climate is subtropical (Woina Dega), with a mean annual rainfall of 1444 mm (based on data from 2000 to 2019). Rainfall distribution in the area is characterized by a single rainy season, which lasts from June to September, accounting for 82% of the total annual rainfall. The highest rainfall occurs during July [24]. The remaining eight months are dry periods. Air temperature ranges between 8.1 °C and 30.3 °C based on 2000 to 2019 data.



Rural livelihoods are based on mixed crop farming, primarily rain-fed agriculture, and livestock husbandry. During the rainy season, the main crops cultivated are maize (Zea mays), finger millet (Eleusine coracana), tef (Eragrostis tef), and barley (Hordeum vulgare); also, small-scale irrigation is increasing, with 13% of the croplands under vegetable cultivation during the dry season from October to May [25]. The most common irrigated crops are tomato, onion, potato, cabbage, pepper, and garlic [26]. Since 2015, smallholder farmers started irrigating fodder production [27]. The main livestock feeds are crop residues and naturally occurring grass.




2.2. Experimental Design and Treatments


Three main factors were considered in this experiment. The first factor compared irrigation scheduling using reference evapotranspiration (ETO) based on climate and irrigation scheduling managed by farmers’ practices. The second factor assessed the impact of different water-lifting technologies, specifically solar Majipumps and manual pulleys. The third factor took into account irrigation season. Ten farmers were selected for the experiment, with five using the solar Majipumps and five using manual pulleys as water-lifting technologies. The selection criteria included farmers’ willingness to participate in the research, availability of a 100 m2 plot for Napier grass production, access to shallow groundwater wells, and ownership of either a pulley or a solar Majipump as a water-lifting technology. Each farmer prepared two plots, each measuring 50 m2 and planted Napier grass (Variety: Zehone-02 (ILRI accession 16791)) (Figure 2) sourced from the ILRI forage gene bank, Addis Ababa, Ethiopia. The two plots were randomly assigned to either farmers’ irrigation scheduling or climate-based irrigation scheduling.



The study used several response variables, including dry matter yield (DMY), water productivity (WP), water productivity in terms of crude protein (WP.CP), and metabolizable energy (WP.ME). For water-lifting technologies, additional response variables included soil moisture (SM) for climate-based scheduling and irrigation labor productivity (ILP) for farmers’ scheduling. Soil moisture was measured to assess the impact of different conveyance systems used in water-lifting technologies. It is worth noting that soil moisture was not considered as a responsible variable for farmers’ scheduling due to the variations in dates and rates at which farmers applied irrigation water.



2.2.1. Description of Irrigation Treatments


The approach to farmers’ irrigation practice involved farmers making irrigation decisions based on their own experience. In this method, farmers independently decided the amount, date, and frequency of irrigation, with records kept of the dates and amount applied. In contrast, climate-based irrigation followed a weekly schedule based on historical climate data, where the amount of irrigation was determined by actual crop evapotranspiration. Actual crop evapotranspiration (ETC) was calculated as a product of crop coefficient (Kc) and reference evapotranspiration. Irrigation was scheduled at 7-day intervals [28]. To avoid any runoff following irrigation, all sides of each plot were blocked by soil bunds. All other management practices, including weeding and manure application, were maintained the same across all plots. Inorganic fertilizer was not utilized. To ensure the determined amount of irrigation water was applied for the climate-based irrigation scheduling, specific local people were hired as laborers.



In the study site, dry-season irrigation production was practiced twice a year depending on water level and recharge. This study was conducted over two irrigation seasons for the year 2020/2021. The first irrigation season lasted from 20 November 2020 to 8 March 2021 while the second irrigation season lasted from 8 March 2021 to 3 June 2021. The inclusion of irrigation season as a factor in this study aimed to assess whether water availability influences farmers’ irrigation scheduling and productivity. During the first irrigation season, groundwater levels were shallower (average depth at the start of the irrigation season was found to be 4 m) while they were depleted in the second season, reaching 8 m depth on average [29]. In addition, the first irrigation period typically experienced no rainfall whereas some rainfall occurred in the second period.




2.2.2. Irrigation Water-Lifting Technology Treatments


Two water-lifting technologies, namely the manual pulley and the solar Majipump, were used to irrigate the plots. The manual pulley facilitated lifting water from wells, filling a watering can, and subsequently irrigating the plots. In cases where the groundwater level was insufficient for irrigation, a barrel containing stored water was used. The farmers then filled the watering can from the barrel to irrigate their plots. The solar Majipump used in this study was a submersible brushless DC motor solar Majipump (MP200). The pump weighs 1.5 kg, and can lift water to a 10 m discharge head using an 80 W (12 VDC) panel. The solar panel used was a monocrystalline 150 W rigid panel measuring 1.48 m by 0.67 m, with a total mass of 10.22 kg. Further details about the MP200 solar Majipump can be found in [30].



In addition to the solar pump, farmers were provided with a 1000 L water tank and a hose to irrigate their plots. The solar Majipump was therefore used to first fill their tanker, which was elevated to 1.5 m, to the required water level. Once sufficient water was collected, they used the hose to irrigate their plot. To assess whether water availability influenced farmers’ irrigation scheduling, groundwater levels were measured twice a week throughout the experiment. Water level measurement records were conducted in the morning before farmers withdrew any water from the shallow wells. The depth of the shallow water wells in this experiment varied from 8 m to 17.5 m.





2.3. Soil Physiochemical Properties


To assess potential variability between experimental plots, soil samples were taken before the implementation of the treatment intervention. Sampling included two depths: 0–30 cm and 30–60 cm [15]. Soil samples from different locations within each depth and plot were collected and combined for subsequent analysis. Soil laboratory analysis was conducted at Amhara Design and Supervision Works Enterprise (ADSWE) to determine the various physiochemical properties, including texture, pH, organic matter (OM), organic carbon (OC), total nitrogen (TN), electrical conductivity (EC), available phosphorous (Av. P), field capacity (FC) and permanent wilting point (PWP).



In the laboratory, soil texture was determined using the hydrometer method [31]. Before the hydrometer analysis, air-dried soil samples were gently crushed and sieved through a 2 mm mesh to remove gravel and plant fragments. Sodium hexametaphosphate dispersion was used to minimize flocculation and facilitate accurate separation of soil particles. Hydrometer readings were conducted at specified intervals following the instrument’s recommended procedure. Temperature correction ensured accurate particle size distribution, calculated based on formulae incorporating readings and correction factors. Soil classification employed the USDA soil texture triangle.



The water content at field capacity (FC) (−0.33 bar) and permanent wilting point (PWP) (−15 bar) was determined using a pressure (porous) plate apparatus (Eijkelkamp, Agrisearch equipment, The Netherlands) following the method described by Cassel and Nielsen [32]. Soil pH was measured electrometrically using a 1:2.5 soil–water suspension stirred for 30 min. A calibrated pH meter (PHS-3E, Xianxian Rushi Technology Co., Ltd., Cangzhou, China) with reference buffer solutions at the measurement temperature ensured accurate reading of the suspension pH [33].



Available phosphorus was obtained from the extraction of acid-soluble and adsorbed phosphorus with the fluoride-containing solution according to the Bray I test (acid soil) [34]. Extraction used a specific volume of fluoride-containing solution with subsequent phosphorus concentration measurement at a designated wavelength in a UV-5100B spectrophotometer (Shanghai Metash Instruments Co., Ltd., Shanghai, China). A reference standard calibration curve determined Av. P concentration, which was converted to its content in the soil. Total nitrogen was determined using the Kjeldahl method [33]. Digestion with a specific catalyst and acid mixture in the mentioned method allowed for ammonia release, which was quantified after distillation and titration using an indicator.



An electrical conductivity bridge was used to determine the EC (dS m−1) of a 60 min-stirred (stirred at 15 revolutions per minute) suspended soil solution (1:5 H2O ratio). The measurement temperature was recorded, and EC was reported in dS m⁻1. Soil organic carbon (OC) was determined using the Walkley–Black oxidation method [35] with dichromate oxidation (potassium dichromate). Titration with an indicator determined the endpoint, and OC content was calculated from dichromate consumption.




2.4. Crop Water Requirement (CWR) Computation


The amount of irrigation water applied based on the climate was determined through the computation of crop water requirement (CWR). Long-term (2000 to 2019) daily records of rainfall, temperature, humidity, wind speed, solar radiation, and sunshine hours data were obtained from a nearby station (Bahir Dar station) [36] which is around 10 km from the experimental area [25]. These collected data were used to calculate the daily reference evapotranspiration (ETO using the modified Penman–Monteith equation [37] as shown in Equation (1). Additionally, daily rainfall during the experimental period was directly measured using a manual rain gauge installed in the experimental area.


    E T   O   =   0.408 ∆     R   n   − G   + γ   900   T + 273     u   2   (   e   s   −   e   a   )   ∆ + γ ( 1 + 0.34   u   2   )    



(1)




where: ETO is the reference evapotranspiration (mm/day), Rn is the net radiation, G is the soil heat flux, γ is the psychometric constant, T is the mean daily air temperature (°C) at 2 m height, u2 is the wind speed at 2 m height (ms−1), es and ea are the saturation and actual vapor pressure (kPa), respectively, and Δ is the slope of the relationship between saturation vapor pressure and air temperature.



The reference evapotranspiration (ETO represents the water loss from a cropped field due to evapotranspiration and serves as a basis for determining the crop water requirement. The irrigation water depth was determined using crop evapotranspiration (ETC), which was calculated based on the crop coefficient (KC) and the reference evapotranspiration (ETO) [38], which can be calculated using the equation below


    E T   C   =   K   C   ×   E T   O    



(2)




where KC is the crop coefficient. The crop coefficient (KC) for this study was taken from Mulugeta [27]. ETC was calculated according to the last twenty years’ climatic data (2000–2019). The application of climate-based irrigation followed a weekly schedule based on the summation of the weekly calculated crop evapotranspiration based on Equation (2).




2.5. Biomass Yield Measurement


To measure biomass yield, forage was harvested and the total fresh biomass was weighed using a balance. After the fresh herbage from each plot was weighed, a 300–1000 g subsample was taken, dried at 60 °C for 48 h, and then reweighed to determine the percentage of dry matter (DM) and to calculate DM yield. The first-round harvest (first irrigation season harvest) was on 8 March 2021. The second-round harvest after the second irrigation season was on 3 June 2021.




2.6. Water Productivity


The water productivity (WP) of forage crops is calculated based on the seasonal or annual dry matter removal and the total amount of water supplied during that period. In this experiment, the total water productivity (WP) was computed by dividing the total dry matter yield by the unit volume of water applied, which includes both irrigation and effective rainfall, as shown in Equation (3).


    W P =   Y   I + P e      



(3)




where WP is the water productivity (kg/m3), Y is total dry matter yield (kg), I is the amount of irrigation water applied (mm), and Pe is effective rainfall (mm). The United States Department of Agriculture Soil Conservation Service (USDA-SCS) method [37] was used to determine the effective rainfall (Pe) as shown in Equation (4).


        Pe = 0.8 × P − 25               P > 75   mm / month       Pe = 0.6 × P − 10             P < 75   mm / month        



(4)




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




2.7. Soil Moisture


For plots irrigated based on historical climate, soil moisture was measured using a soil moisture profile probe (PR2, Delta-T Devices, Cambridge, UK). An access tube was installed in each experimental plot for this purpose. Soil moisture measurements were conducted to compare the conveyance and distribution efficiency of the water-lifting technologies, assessing how much of the total applied water reached the rooting depth when an equal amount of water was applied. These measurements were taken a day after irrigation, with the soil moisture probe capturing data at depths of 10, 20, 30, 40, 60, and 100 cm. The probe was calibrated using the gravimetric soil moisture on ten different plots, covering a range of water contents from field capacity to wilting point.




2.8. Irrigation Labor Productivity


To compare the water-lifting technologies by irrigation labor productivity, the time required to irrigate a certain amount of water using the two water-lifting technologies was recorded. Hence, the amount of irrigation water applied by each farmer and the time required for irrigation was monitored. To calculate the irrigation labor productivity, irrigation labor hours were converted to labor days required to irrigate (the applied depth of irrigation water by each farmer) one hectare of land (days ha−1). To convert irrigation labor hours to irrigation labor per day, we used a conversion factor of 8 because the average time a laborer is required to work is 8 h per day in the study area. The irrigation labor productivity for each water-lifting technology was calculated based on Hunt [39] as shown in Equation (5).


  I r r i g a t i o n   l a b o r   p r o d u c t i v i t y     k g   d a y   − 1     =   D r y   m a t t e r   y i e l d   (   k g   h a   − 1   )   I r r i g a t i o n   l a b o r   t i m e   (   d a y s   h a   − 1   )    



(5)








2.9. WP in Terms of Crude Protein and Metabolizable Energy


The efficiency of crops to produce protein per unit of land with a specific amount of water is measured by the water productivity for protein production (WP.CP) [40]. Water productivity for metabolizable energy (ME) production (WP.ME) characterizes the efficiency of crops to produce ME per unit of land with a given amount of water [40]. Forage subsamples from each plot were analyzed for crude protein and metabolizable energy in the animal nutrition laboratory of the International Livestock Research Institute in Addis Ababa. The samples were analyzed by near-infrared reflectance spectroscopy (NIRS) using a FOSS Forage Analyzer 5000 with the software package WinISI II (version 1.5, Intra Soft International, LLC, Port Matilda, PA, USA) and specifically developed calibration equations. The metabolizable energy (ME) of the forage was determined from the gas produced and crude protein as shown in Equation (6), according to Menke [41].


   M E = 2.2 +   0.136 × G b   + ( 0.0057   × C p )   



(6)






   G b = (   V 24 − V 0 − G b 0     × 0.2 ) / ( s a m p l e   w t . D M %   × 0.01 )   



(7)




where Gb refers to gas produced, Cp is crude protein (g kg−1), V24 is the 24-h gas produced (i.e., the volume of gas in the syringe after 24 h), V0 is the initial volume of gas in the syringe at 0 h, and Gb0 is gas produced from blank samples.



To compare the WP, in terms of crude protein (CP) and metabolizable energy (ME), among the different treatments, crude protein and metabolizable energy yields were calculated as the product of biomass and CP concentration and ME.


CP yield (kg CP ha−1) = DM (kg ha−1) × CP (g g−1)



(8)






ME yield (MJ ha−1) = ME (MJ kg−1) × DM (kg ha−1)



(9)







In addition to the calculation of the water productivity in terms of dry biomass yield, the water productivity as a function of crude protein yield and metabolizable energy yield was calculated as follows based on Purcell and Currey [42]:


  WP . CP   ( g    m  − 3   ) =   C P   y i e l d   (   g   h a   − 1   )   T o t a l   w a t e r   r e c i e v e d   b y   t h e   c r o p   (   m   3     h a   − 1   )    



(10)







Water productivity (WP) for metabolizable energy (ME)


  WP . ME   ( MJ    m  − 3   ) =   M E   y i e l d   (   M J   h a   − 1   )   T o t a l   w a t e r   r e c i e v e d   b y   t h e   c r o p   (   m   3     h a   − 1   )    



(11)








2.10. Statistical Analysis


Before analysis was conducted, the data were checked for normality using a Q–Q plot and the Shapiro–Wilk test. After checking the data for normality, the three-way (and then two-way) interaction effect of irrigation management, water-lifting technologies, and irrigation season on the amount of irrigation water applied, the number of irrigations, DMY, WP, WP.CP, and WP.ME were checked. Analysis of variance (p < 0.05) with the ANOVA packages of the SPSS® statistics software 26.0 (IBM Corporation, Armonk, NY, USA) was employed. The results presented are based on the interaction of the independent variables with the dependent variables. If there was an interaction, the interaction effects are presented. If no interaction was found, then the main effects are presented.





3. Results and Discussion


3.1. Climate Data


Over the 20 years from 2000 to 2019, the average monthly minimum temperature recorded during the experimental period (November to May) fluctuated, reaching a minimum of 8.1 °C in January and being a maximum of 15.3 °C in May. Similarly, the mean monthly maximum temperature varied, with a minimum of 24.6 °C in August and a maximum of 30.3 °C in April. The highest mean monthly rainfall during the dry period was observed in May (74 mm), while for the rainy period of the year, the highest rainfall (424.8 mm) was observed in July. The long-term average monthly reference evapotranspiration ranged from a minimum of 103 mm in November to a maximum of 120.7 mm in April (Figure 3) during the dry period of the irrigation experiment. The total reference evapotranspiration from November to May was 700 mm, while the total rainfall was 130 mm, indicating a need for irrigation for crop production during this period.




3.2. Soil Physiochemical Properties


The coefficient of variation (CV) was employed to characterize the variability of soil properties across experimental plots, revealing consistently low variability as indicated by CV values below 91% [43] (Table 1). Consequently, the soil characteristics within the plots are deemed to have minimal impact on treatment evaluations. The predominant soil class in the study site is identified as clay within the 0 to 30 cm depth and heavy clay within the 30 to 60 cm depth.




3.3. Interaction Effects


As presented in Table 2, there was no significant three-way interaction effect of irrigation management (IM), water-lifting technologies (WLT), and irrigation season (denoted as season) for any of the response variables (p > 0.05). A significant interaction effect (p < 0.05) indicates that the effect of one independent variable on dependent variables varies based on the level of the second or third independent variable. If no interaction is found, then only the effect of the main factor is presented in this manuscript. Whenever there is an interaction effect, the presentation is different. For example, in Table 2, the effect of irrigation management on water productivity is dependent on the season. In this case, the interaction effects are presented and factors such as irrigation management are discussed using the results between the different seasons.




3.4. Effect of Irrigation Management, Season, and Water-Lifting Technologies on Irrigation Water Applied and Number of Irrigation


3.4.1. Amount of Irrigation Water Applied (IWA)


The irrigation management had a significant impact (p < 0.001) on the amount of irrigation water applied (Figure S1a in Supplementary Material). Farmers applied 25% less water compared to the climate-based irrigation scheduling. Over the entire irrigation period (after combining the data from the first and second irrigation seasons), the climate-based irrigation plots received on average a total of 738 mm of water, while the farmer-managed plots received a total of 558 mm of irrigation water. In the same area, the same trend of applying less water from its requirement by farmers was observed for other crops. Similarly, farmers applied less water for irrigated garlic (377 mm) compared to time-domain reflectometer-based irrigation (470 mm) and climate-based crop water requirement irrigation (417 mm) in the same location [44]. However, in other locations such as Dangishita, where farmers have less experience with irrigation, more water was applied to farmer-managed plots (548 and 420 mm) than climate-based irrigation plots (520 and 260 mm) for onion and garlic, respectively [15]. These variations in application rates by farmers may be attributed to water availability and their knowledge of irrigation practices.



The type of water-lifting technologies did not exhibit a significant impact on the amount of irrigation water applied (Figure S1b in Supplementary Materials). There was, however, a statistically significant difference (p < 0.001) in the amount of irrigation water applied between the two irrigation seasons (Figure S1c in Supplementary Materials). When averaged over irrigation management and water-lifting technologies, 413 mm of irrigation water was applied for the first irrigation season (November to February) with a coefficient of variation (CV) of 14%. In contrast, 235 mm of water was applied for the second irrigation season with a CV of 17% (March to May). This was because of the occurrence of rainfall during the second season (53 mm of effective rainfall) leading to halted irrigation in May, and the growing season was shorter (81 days) compared to the first irrigation season (108 days). Additionally, the decline of the groundwater level after April may have led to less water application, as more labor to access the water was needed. The amount of water applied is often influenced by factors such as overall water availability, knowledge or experience of the plant’s available soil moisture and crop water requirement, and climatic variations within the irrigation season [45].




3.4.2. Number of Irrigation (Frequency) Applications


There was a significant two-way interaction between irrigation management and water-lifting technologies (p = 0.008) and between irrigation management and irrigation season (p < 0.001) for the number of irrigation applications (Table 2).



Throughout the two experimental seasons, combining the data from both irrigation seasons, the highest number of irrigation water applications occurred for the climate-based irrigation scheduling, regardless of the water-lifting technology. The same amount and number of irrigation applications were followed for the climate-based scheduling using both pulleys and solar Majipumps (Figure S2b), totaling 24 applications. In the farmer-based irrigation treatment, those using a manual pulley applied irrigation water an average of 16 times, while those using a solar Majipump applied water 19 times (Figure S3a). However, this difference was nonsignificant.



In comparison to climate-based scheduling, farmer-based irrigation scheduling led to a smaller number of irrigations (i.e., less frequent) in both seasons (Figure S3b in Supplementary Materials). Climate-based irrigated plots had 15 and 9 irrigations (CV = 0) for the first and second irrigation seasons, respectively, while farmers applied water an average of 10 (CV = 13%) and 8 (CV = 17%) times for the first and the second irrigation seasons, respectively (Figure S2a). The difference between seasons 1 and 2 was significant (Figure S3c in Supplementary Material). In season 2, factors such as the onset of rainfall in May that led to halting irrigation, a declining water level in the shallow groundwater, and a short growing period in season 2 likely led to the less frequent number of irrigations in season 2.





3.5. Effect of Water-Lifting Technologies on Soil Moisture Dynamics


To compare the conveyance and distribution efficiency of the two water-lifting technologies, soil moisture readings were taken using a soil moisture probe for the plots irrigated based on climate data. The volumetric soil moisture content (%) in the plots irrigated using the solar Majipump showed a significant (p < 0.001) increase compared to those irrigated using the pulley (Figure 4 and Figure S4 in the Supplementary Materials). The difference can be attributed to the efficient transport of water from the source to the irrigated plots using the solar Majipump, where minimal water is lost, unlike the plots irrigated using a pulley, which may experience substantial water loss during transportation from the shallow well to the plots using a watering can. On average, the soil moisture content for the plots irrigated with the solar Majipump was 16% higher than that for the plots irrigated using a pulley. The highest soil moisture difference, 21%, was observed at a depth of 100 cm while the lowest difference was at a depth of 20 cm (12%). Notably, for both water-lifting technologies, the soil moisture at the shallowest depth (10 cm) was lower compared to other depths, possibly due to high evaporation loss and the high infiltration capacity of volcanic soil [29].



The time series plot of the volumetric soil water content results shows that the soil moisture had a fluctuating trend, depending on the amount of irrigation water applied, ground cover (leaf area index), climatic conditions (evaporation), and rainfall received (Figure 4). For example, there was a sharp decline in soil moisture between the days from 28 February to 14 March (Figure 4), because the forage was harvested on 8 March 2021, which led to very low ground cover and hence high soil evaporation. In addition, the reduction in irrigation water application after harvest occurred because of a lower crop coefficient (KC).




3.6. Effect of Irrigation Management, Season, and Water-Lifting Technologies on DMY


3.6.1. Effect of Irrigation Water Management and Season on DMY


Table 2 shows significant two-way interactions between irrigation management and irrigation season (p = 0.019) for DMY. The main effect of irrigation management and irrigation season is shown in Figure S5a,b, respectively, in the Supplementary Material.



For the first irrigation season, a significant difference (p = 0.005) was observed in the dry matter yield of Napier grass between the two irrigation scheduling methods. The average dry matter yield of Napier grass for the climate-based scheduled plots during the first irrigation season was 23 t ha−1 while farmer-scheduled plots had an average of 14 t ha−1 (Figure 5a). This substantial difference is mainly due to the variations in the amount of water applied between the two irrigation scheduling methods and the associated water losses and hence the difference in yield response to available soil moisture in the root zone. Similar findings were reported by Spencer et al. [46] in the context of corn yield under different irrigation water management methods compared to conventional irrigation scheduling. Improved yields are noted when irrigation depths closely align with the reference evapotranspiration (ET0) [47]. As mentioned in Section 3.3, the amount of irrigation water applied to farmer-scheduled plots was less than that for climate-based-scheduled plots, leading to a reduction in dry matter yield.



During the second irrigation season, the difference in DMY between the two irrigation management methods was not statistically significant (p = 0.185). The DMY for climate-based irrigated plots was, however, higher (14 t ha−1) compared to plots irrigated according to farmers’ schedules (12 t ha−1). In the second irrigation period, the presence of effective rainfall (53 mm) and the decline of groundwater level (Figure S6) during the experiment likely contributed to the non significant difference between the two methods. In general, a statistically significant (p < 0.001) increase in dry matter yield was observed using climate-based scheduling during the first irrigation season (Figure 5a). This emphasizes the potential promotion of full irrigation during the first irrigation season post rainy period to maximize yield. However, during the subsequent irrigation season (second irrigation season), the dry matter yield from climate-based scheduling was statistically similar to farmers’ scheduling. Consequently, in the second irrigation season, promoting deficit irrigation could be beneficial. This approach is warranted due to water scarcity in the second season, and the local groundwater cannot sustainably support dual-season irrigation [29].



The yield result obtained in this study is generally comparable to or higher than those reported in the literature for both irrigation and rain-fed conditions. For example, in a study conducted in Wondo Genet, Southern Ethiopia, the dry biomass yield of six Napier grass accessions under supplementary irrigation conditions ranged from 11 to 20 t ha−1, a finding very comparable with our results. When compared to reports under rain-fed conditions, the forage DMY in the first season under climate based scheduled plots exceeded the reported range of 10 to 17 t ha−1. On the other hand, the result for both treatments in the second season and yield from farmers scheduled plot in the 1st season are comparable with the reported rainfed range [48].




3.6.2. Effect of Water-Lifting Technologies and Irrigation Season on DMY


A significant (p < 0.016) two-way interaction effect between water-lifting technologies and irrigation season was observed for the DMY of Napier grass (Table 2 and Figure 5b). The main effect of water-lifting technologies on DMY is shown in Figure S5c in the Supplementary Material. Specifically, for the first irrigation season, there was a significant difference (p < 0.008) in the biomass yield of Napier grass between the two water-lifting technologies. The average DMY of Napier grass for pulley users (14 t ha−1) was significantly lower than that of solar Majipump users (22 t ha−1). This difference is attributed to the higher amount of water application and the high-water conveyance and distribution efficiency of the solar Majipumps compared to the pulley. Other researchers have shown that the use of a solar Majipump minimized the labor requirements, incentivizing smallholder farmers to allocate enough water for vegetables, thereby boosting both labor and water productivity [30].



For the climate-based irrigated plots, even though the same amount of water was applied for the two water-lifting technologies, a higher amount of water from the pulley may be lost before reaching the plot, as discussed in Section 3.4. Yield is positively correlated with irrigation application uniformity and efficiency [49]. Farmers using pulleys applied less water compared to farmers using solar Majipumps, and pulley users irrigated less frequently, hence exposing the plant to water stress and reducing biomass. The diminished biomass production and yields for pulley users result from reduced transpiration under water-stressed conditions.



For the second irrigation period, the difference in Napier grass biomass yield between the two water-lifting technologies lacked statistical significance (p = 0.337). Solar Majipump users achieved an average dry matter yield of 14 t ha−1 while pulley users attained 12 t ha−1. The less pronounced difference in dry biomass yield between the two water-lifting technologies can be attributed to the same factors mentioned in other sections, such as rainfall and the drop of the groundwater levels. The groundwater levels vary on average between 8 m in the first season and 14 m in the second irrigation season (Figure S6). Because of the groundwater level drop, in the second irrigation period, the amount of water applied and the number of irrigations between farmers using solar Majipumps and those using pulleys were almost equal, and the solar Majipumps were limited by the available water to lift the required amount of water as it did in the first season.



Similar to irrigation management, the highest dry matter yield was attained using the solar Majipump in the first irrigation season (Figure 5b). However, in the second irrigation season, utilizing the solar Majipump did not result in a statistically significant difference compared to the pulley system. This lack of significance can be attributed to the decline in water levels in the shallow water wells. Due to this decline, promoting full irrigation cannot ensure optimal benefits in the second irrigation season. The process of lifting water from the shallow wells using a pulley system would demand substantial labor due to the drop in the water table. Additionally, solar pumps face limitations in lifting water easily from the shallow wells, given that the maximum discharge head of the solar Majipump is 10 m [30]. Therefore, applying deficit irrigation during the second irrigation season emerges as a beneficial alternative.




3.6.3. Effect of Irrigation Management and Water-Lifting Technologies on DMY


The interaction effect of irrigation management and water-lifting technologies on DMY of Napier grass was not significant, as shown in Table 2. Although not statistically significant, the optimal benefit in dry matter yield could be gained through the synergetic use of climate-based scheduling with the solar Majipump (Figure 6). During the whole experimental period (sum of harvests 1 and 2), the highest DMY of 42 t ha−1 was obtained with the climate-based scheduling using a solar Majipump, while the lowest DMY obtained was 21 t ha−1 for farmers’ scheduling with a pulley. The application of climate-based scheduling with the solar Majipump increased the DMY of Napier grass by 36% compared to climate-based scheduling with a pulley. Moreover, it increased the DMY by 100% and 40% compared to farmers’ scheduling using a pulley and farmers’ scheduling using a solar Majipump, respectively. In contrast, climate-based scheduling using a pulley increased the DMY by 47% compared to farmers’ scheduling using a pulley, and only by 3% compared to farmers’ scheduling using a solar Majipump. Farmers’ scheduling with the solar Majipump resulted in a yield increase of 43% compared to farmers’ scheduling with the pulley. These results underscore the significance of selecting the right combination of irrigation management and water-lifting technologies to maximize yield.



Similarly, the introduction of water-lifting technologies in Ghana yielded positive outcomes for agricultural production, contributing to enhanced crop productivity, as observed in a study by Namara et al. [50]. Moreover, Bizimana et al. [51] demonstrated in their study that the adoption of small-scale irrigation technologies enabled farmers to cultivate a greater variety of crops, resulting in improved food availability for households and increased cash profits. The implementation of water-lifting technologies not only increased income but also facilitated double cropping, saved time and labor, alleviated the workload for women and children, and enhanced social status, as highlighted in the study by Nigussie et al. [52].





3.7. Water Productivity


3.7.1. Effect of Irrigation Management and Season on WP


A significant (p = 0.047) two-way interaction effect of irrigation management and irrigation season was observed on water productivity. The main effects of irrigation management and irrigation season on water productivity are presented in Figure S7a,b, respectively, in the Supplementary Materials.



During the first irrigation season, the difference in WP between the two irrigation management methods was not statistically significant (p = 0.119). Despite this, the climate-based irrigated plots had higher WP, averaging 5 kg m−3, compared to those plots irrigated by farmers’ scheduling, which averaged 4 kg m−3. Getachew [44], reported a water productivity value of Napier grass in the same study area as 3.4 kg m−3 under farmer-managed irrigation conditions. Increasing water productivity requires improved irrigation scheduling techniques that consider the integrated effect of climate, soil, and crop characteristics [53].



Even though climate-based irrigated plots received more irrigation water compared to farmer-scheduled irrigated plots, the former exhibited higher water productivity. This was attributed to their higher biomass productivity. Achieving a relatively high yield is crucial for enhancing water productivity. Attaining a relatively high yield is important for attaining higher water productivity [54].



Previous studies showed that irrigation scheduling can improve water use efficiency along with efficient irrigation scheduling management [55]. Numerous studies in the literature have reported that the adoption of irrigation water management, for example, the use of tools such as soil moisture sensors, has led to increased water productivity of crops [46,56]. Farmers employing scheduling tools or efficient irrigation technologies, as opposed to those without such tools, have been shown to reduce water consumption and boost productivity [57].



Similarly, in the second irrigation season, there was no statistically significant difference (p = 0.276) between the two irrigation management methods on irrigation water productivity. Contrary to the first season, farmer-scheduled irrigated plots exhibited higher water productivity than climate-based irrigated plots. The average irrigation water productivity for farmer-scheduled irrigated plots was 5 kg m−3 while the average WP was 4 kg m−3 for climate-based irrigated plots (Figure S8). In the second irrigation season, farmer-scheduled irrigated plots had better irrigation water productivity because the plots received less water (as deficit irrigation) and the yield loss due to the deficit irrigation was not pronounced due to the impact of rainfall. The average irrigation water applied to farmer-scheduled plots in the second irrigation season was 192 mm, while 278 mm of irrigation water was applied for climate-based irrigation scheduling. This resulted in a 30% deficit irrigation, equivalent to 70% of full irrigation, for the farmer-scheduled plots. Consistent with our findings, other studies such as Montazar et al. [58], Fazel et al. [59], and Rathore et al. [60] have also demonstrated that applying 30% deficit irrigation enhanced water productivity and did not significantly reduced the dry matter yield.



Under water-limited conditions, Napier grass undergoes morphological changes, such as lower stomatal conductance and leaf rolling, leading to improved water use efficiency [61]. The right scheduling can boost water productivity when irrigation water is scarce. Overall, water productivity can be improved by good water management practices that involve decreasing the unproductive water losses (runoff, evaporation, conveyance losses, and deep percolation), and increasing the water use efficiency of the respective system components [62]. The findings presented in this section, along with the preceding results from Section 3.6.1 and Section 3.6.2, illustrate that advocating for full irrigation (utilizing climate-based irrigation) during the first irrigation season, and implementing deficit irrigation in the subsequent season, can lead to the optimization of both yield and water productivity.




3.7.2. Effect of Water-Lifting Technologies on WP


A significant difference (p = 0.018) in irrigation water productivity was observed between the two water-lifting technologies (Figure S7c in the Supplementary Materials). On average, solar Majipumps had an irrigation water productivity of 5 kg m−3, surpassing that of the pulley with an irrigation water productivity of 4 kg m−3. The better performance of the solar Majipump in irrigation water productivity can be attributed to the utilization of a hose connected to the tanker, minimizing conveyance loss compared to the pulley system. Efficient irrigation technologies play a crucial role in enhancing control over water delivery, thereby improving water productivity [63]. In comparison to the pulley system, the solar Majipump water-lifting system significantly improved vegetable water productivity [24,26,30].



This study demonstrates that enhanced irrigation management, incorporating efficient irrigation water-lifting technologies and scheduling, has the potential to enhance forage yield and water productivity of fodder, an aspect less explored in prior research compared to that of cereals, fruits, and vegetables [64].





3.8. Effect of Water-Lifting Technologies on Irrigation Labor Productivity


A significant difference (p < 0.001) in irrigation labor productivity was observed between the two water-lifting technologies. The pulley has labor productivity ranging from 2 to 10 kg day−1 with an average of 5 kg day−1, while the labor productivity for the solar Majipump ranged from 14 to 47 kg day−1 with an average of 23 kg day−1 (Figure S9 in Supplementary Materials). The solar Majipump outperformed the pulley, improving irrigation labor productivity by 403%. The reduced need for labor in lifting water compared to the pulley contributed to this enhancement, with labor solely required for the application of water. Notably, using a solar pump resulted in significantly lower irrigation labor requirements compared to methods involving a rope and washer or a rope and bucket [45].



Given that a significant portion of production costs is labor-related, investing in labor-saving water-lifting technologies for smallholder irrigation will increase profitability. Although manual water-lifting devices (i.e., rope and washer, treadle pumps) were found to have a positive performance on food security, poverty reduction, and crop revenue, their labor intensiveness hinders potential adoption [65]. Due to their high labor productivity, researchers advocated solar pumps as a solution to these problems [66]. Using solar pumps resulted in higher profits compared to farmers using a rope and washer for water lifting and farmers who did not use any water-lifting technology [45]. In Ethiopia, with abundant solar energy as a tropical region, there is considerable potential for solar PV-based irrigation, supporting smallholder farmers in climate-smart technology adoption [67].




3.9. WP in Terms of Crude Protein and Metabolizable Energy


In Section 3.8, we have only discussed WP in terms of dry matter yield. By extending the study of water productivity in terms of crude protein and metabolizable energy, we have attempted to assess the efficiency of water use in producing crude protein and metabolizable energy. This can help identify ways to optimize water use in livestock production systems, while ensuring that the nutritional needs of animals are met.



3.9.1. WP in Terms of Crude Protein (WP.CP)


There were no significant three-way or two-way interaction effects involving irrigation management, water-lifting technologies, and irrigation season on water productivity for protein production. The difference between the two irrigation management treatments on WP.CP was not statistically significant (0.947) (Figure S10a in Supplementary Materials). The average WP.CP was 413 g m−3 for climate-based-managed plots and 409 g m−3 for farmer-managed plots. Similarly, there was no significant effect of water-lifting technologies on WP.CP (p = 0.402) (Figure S10b in the Supplementary Materials). The average WP.CP was 387 g m−3 for plots irrigated using pulleys and 434 g m−3 for plots irrigated using solar Majipumps. The water productivity for protein production for the solar Majipump increased by 12.6% compared to the pulley. In addition, there was no significant effect of irrigation season on WP.CP (p = 0.839) (Figure S10c in Supplementary Materials). The average WP.CP was 417 and 405 g m−3 for the first and second irrigation seasons, respectively.




3.9.2. WP in Terms of Metabolizable Energy (WP.ME)


There was a significant (p < 0.026) two-way interaction effect of irrigation management and irrigation season on WP.ME. The average WP.ME was 35 MJ m−3 and 27 MJ m−3 for the first irrigation season and 33 and 38 MJ m−3 for the second irrigation season for climate-based and farmer-managed plots, respectively. The main effect of irrigation management and irrigation season on WP.ME is shown, respectively, in Figure S11a,c (in Supplementary Materials). There was a significant (p = 0.005) effect of water-lifting technologies on WP.ME (Figure S11b in Supplementary Materials). The average WP.ME was 29 and 37 MJ m−3 for the pulley and solar Majipump, respectively. The solar Majipump had a 28% higher WP.ME than the pulley.






4. Conclusions


This study has demonstrated that climate-based scheduling and the use of solar Majipump technology significantly enhanced the productivity of Napier grass under smallholder farming conditions in Robit kebele, Ethiopia. The results highlight the importance of effective irrigation management and efficient water-lifting technologies in enhancing crop and water productivity, particularly in harnessing shallow groundwater potential during the first irrigation season of the post-rainy period. Moreover, this study demonstrated that a second season irrigation is limited by water availability and should be done with deficit irrigation. It is crucial to promote these approaches to farmers through extension services, including training and simple water calendar methods. However, it is important to consider the potential barriers to adoption, such as the high initial cost of solar pumps and challenges in market access for farmers. To facilitate broader adoption, innovative financial mechanisms should be considered. Furthermore, future research should explore the specific benefits of irrigated fodder compared to other crops and evaluate Livestock Water Productivity (LWP) to facilitate comparisons between various forage production methods.
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Figure 1. Location map of experimental sites in Yinebo and Robit watersheds, Robit kebele, Ethiopia. Yinebo River joins Yidemo River which flows to Lake Tana. Robit River directly drains to Lake Tana. 






Figure 1. Location map of experimental sites in Yinebo and Robit watersheds, Robit kebele, Ethiopia. Yinebo River joins Yidemo River which flows to Lake Tana. Robit River directly drains to Lake Tana.



[image: Agronomy 14 01064 g001]







[image: Agronomy 14 01064 g002] 





Figure 2. Experimental layout using a pulley as a water-lifting technology (a) and using a solar Majipump (b) with plots divided between climate and farmer-based scheduling. 
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Figure 3. Long-term and study period mean monthly rainfall, temperature, and reference evapotranspiration in the study area. 
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Figure 4. Time series plot of the average soil moisture of the two water-lifting technologies. 
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Figure 5. Interaction effect of irrigation season and irrigation management (a) and water-lifting technologies (b) on DMY of Napier grass. Values represented by the same letter are not statistically significant. 
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Figure 6. Comparison of irrigation management and water-lifting technologies on DMY of Napier grass. Values represented by the same letter are not statistically significant. 
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Table 1. Soil physiochemical properties across experimental plots.
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Soil Property

	
Unit

	
Soil Depth




	
0–30 cm

	
30–60 cm




	
Min

	
Max

	
Mean

	
CV (%)

	
Min

	
Max

	
Mean

	
CV (%)






	
pH

	
H2O (1:2.5)

	
5.17

	
5.55

	
5.34

	
2.4

	
5.26

	
6.02

	
5.58

	
3.94




	
EC

	
dS/m

	
0.04

	
0.18

	
0.07

	
64.78

	
0.03

	
0.08

	
0.04

	
37.04




	
OC

	
%

	
1.61

	
2.52

	
2.04

	
15.12

	
0.59

	
1.88

	
1.21

	
38.23




	
OM

	
%

	
2.78

	
4.35

	
3.51

	
15.15

	
1.01

	
3.25

	
2.08

	
38.46




	
TN

	
%

	
0.13

	
0.21

	
0.16

	
17

	
0.03

	
0.15

	
0.09

	
45.62




	
FC (gravimetric)

	
%

	
28.1

	
33.5

	
30.82

	
5.33

	
30.1

	
35.9

	
33.29

	
5.65




	
PWP (gravimetric)

	
%

	
17.6

	
21.8

	
19.98

	
7.23

	
19.9

	
24

	
21.94

	
6.9




	
Av. P

	
ppm

	
3.89

	
10.58

	
7.82

	
24.29

	
3.08

	
8.74

	
6.37

	
29.83




	

	
%Sand

	
11

	
25

	
17.8

	
26.59

	
3

	
11

	
7.2

	
42.33




	
Texture

	
%Silt

	
27

	
41

	
32.6

	
14.4

	
11

	
29

	
20.2

	
29.22




	

	
%Clay

	
34

	
60

	
49.6

	
14.33

	
60

	
86

	
72.6

	
12.12











 





Table 2. Significance levels of fitted terms and their interaction.
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	IWA
	DMY
	WP
	NoIrr
	WP.CP
	WP.ME
	SM
	ILP





	IM
	***
	***
	0.714
	***
	0.947
	0.541
	
	



	WLT
	0.103
	0.001
	0.018
	0.008
	0.402
	0.005
	***
	***



	Season
	***
	***
	0.589
	***
	0.839
	0.156
	
	



	IM*WLT
	0.103
	0.701
	0.558
	0.008
	0.93
	0.789
	
	



	IM*Season
	0.666
	0.019
	0.047
	***
	0.655
	0.026
	
	



	WLT*Season
	0.234
	0.016
	0.216
	0.578
	0.574
	0.205
	
	



	IM*WLT*Season
	0.234
	0.893
	0.704
	0.578
	0.937
	0.822
	
	







IM = Irrigation management, WLT = Water-lifting technology, IWA = Irrigation water applied, NoIrr = number of irrigation, WP.CP and WP.ME = Water productivity as a function of crude protein yield and metabolizable energy yield respectively, SM = Soil moisture, ILP = Irrigation labor productivity, *** = p < 0.001.
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